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Introduction 
In forensic identification mitochondrial DNA (mtDNA) is used for kinship analysis and in 
the cases of degraded/low quality DNA samples (e.g. teeth, hair, bones, touch traces). 
Although mtDNA has lower discrimination power compared to nuclear DNA short 
tandem repeat (STR) markers, lack of recombination and strictly maternal inheritance 
make mtDNA a valuable marker system for kinship analysis. In addition, high number of 
mtDNA copies per cell – on average 500 copies versus two copies of nuclear DNA – 
increases the success rate of the analysis of low level DNA samples.  

Based on commonly shared single nucleotide polymorphisms (SNPs) mtDNA 
sequences, i.e. haplotypes, are divided into genealogical groups (haplogroups) that share 
a common ancestor. The migration map of women 150,000 years before present from 
Africa onto different continents has been reconstructed using mtDNA analysis. 
Haplogroup assignment has been suggested to be used as a quality-control measure for 
mtDNA profiles. In the forensic context mtDNA typing of population samples is important 
for database establishment and estimating mtDNA haplotype frequencies.  

Mixtures - samples originating from two or more donors and are commonly recovered 
from touch, sexual and/or physical assault crime scenes - are one of the most challenging 
samples in forensic investigations. Mixture deconvolution via autosomal STR loci and the 
following statistical assessment of the results can be complicated (e.g., addressing allele 
overlap among an unknown number of contributors and allele drop out). The allele ratios 
of mtDNA mixture positions can be used as an alternative or adjunct tool for mixture 
interpretation. 

The gold standard for mtDNA analysis in forensic investigations is the Sanger-type 
sequencing (STS) of hypervariable regions I and II (HVI and HVII, respectively). Sequencing 
beyond HVI/HVII, that is approximately the other 96.3% of the mitochondrial genome 
(mtGenome), is rarely attempted as the technique is laborious, time consuming and 
expensive. However, it has been shown that discrimination power of the entire 
mtGenome data is much higher than that of HVI/HVII and can provide resolution of 
common HVI/HVII haplotypes. Moreover, it has been shown that STS has a number of 
limitations when mixture deconvolution is attempted.  

Massively Parallel Sequencing (MPS) provides substantial increase in throughput 
which makes it a desirable alternative to STS. MPS tracks the incorporation of each 
nucleotide of each molecule (or clone) as the DNA chain is elongated during primer 
extension. Therefore, interpretation of point as well as length heteroplasmy can be 
attempted. The sequencing of the entire mtGenome via MPS as well as the quantitative 
data generated can provide additional information for mixture interpretation.  

The aim of this thesis was, firstly, to evaluate the feasibility of an MPS system for 
generating entire mtGenome sequences.  Secondly, to compare the discrimination 
power of mtGenome to HVI/HVII data in different population samples. Thirdly,  
the interpretation of mixture samples by using MPS generated mtDNA quantitative data, 
phasing information and phylogenetic assignment. 
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Abbreviations  
AFA African-American population 
aiSNP ancestry informative SNP 
ATP adenosine triphosphate 
bp base pair 
CAU Caucasian population 
CE capillary electrophoresis  
ChrX chromosome X 
ChrY chromosome Y 
CO cytochrome c oxidase 
CODIS Combined DNA Index System 
CR control region 
CRS Cambridge Reference Sequence  
cyt cytochrome 
ddNTP di-deoxynucleotidetriphosphates  
ENFSI European Network of Forensic Science Institutes 
ESS European Standard Set 
EST Estonian population 
FBI US Federal Bureau of Investigation  
Gb gigabases 
GD genetic diversity  
HFH high-frequency heteroplasmy 
HIS Hispanic population 
HVI hypervariable region I 
HVII hypervariable region II 
IGV Integrative Genomic Viewer 
Indel insertion/deletion 
MMR mismatch repair  
MPS massively parallel sequencing 
mtDNA mitochondrial DNA 
mtGenome mitochondrial genome 
mt-MRCA the Mitochondrial Eve 
MYR million years 
NADH  reduced nicotinamide adenine dinucleotide 
ND reduced nicotinamide adenine dinucleotide dehydrogenase 
nDNA nuclear DNA 
NDNAD UK National DNA Database  
NER nucleotide excision repair 
NGS next generation sequencing 
NHEJ nonhomologous end joining 
np nucleotide position 
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NTC no-template control 
NUMT mitochondrial DNA segments inserted in the nuclear genome 
OH origin of heavy strand 
OL origin of heavy strand 
PCR polymer chain reaction 
PGM Personal Genome Machine 
PHP point heteroplasmy  
rCRS revised Cambridge Reference Sequence 
RLP relative locus performance 
RMP random match probability 
rRNA ribosome RNA 
SBS sequencing-by-synthesis 
SD standard deviation 
SNP single nucleotide polymorphism 
STR short tandem repeat 
STS Sanger-type sequencing 
SWGDAM The Scientific Working Group on DNA Analysis Methods 
tRNA  transfer RNA 
YBP years before present 
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1 Literature overview 

1.1 DNA typing for human identification 
DNA analysis is a valuable approach in forensic investigation in case of biological evidence 
such as body fluids (blood, saliva and semen stains), hair, teeth and bones. A number of 
markers used in forensic genetics have been established. The choice for DNA analysis 
approaches to be performed, and therefore markers used, is based on the collected 
sample type, assumption of the DNA quantity and quality, and the reference samples 
available. One the biggest challenges in human identification with this technology is low 
level DNA samples as well as mixture samples (Scientific Working Group on DNA Analysis 
Methods, 2017; ENFSI DNA Working Group, 2017).  

Short tandem repeats (STRs) have become the primary markers in forensic genetics 
due to their high discrimination power as well as relatively short amplicon size. Among 
the various types of STRs, tetranucleotide (four base pair, bp) repeats are most 
commonly used markers as they enable design of small polymer chain reaction (PCR) 
product size assays that increase the success rate of the recovery of data from degraded 
samples; have a low stutter formation increasing the interpretation success of the data 
and are suitable for separation during capillary electrophoresis (Scientific Working Group 
on DNA Analysis Methods, 2017). In order for data exchange between local, national and 
global jurisdictions, core STR loci have been chosen. The UK National DNA Database 
(NDNAD) launched in 1995 by the United Kingdom Home Office was the world’s first 
national DNA database and originally stored data from six STR loci. The Combined DNA 
Index System (CODIS) based on 13 STR loci was adopted in 1998 in the United States 
(Budowle, 1998). One year later, the DNA working group of the European Network of 
Forensic Science Institutes (ENFSI) decided on a European Standard Set (ESS), which 
included seven loci and adapted five additional loci in 2009 (Council of the European, 
2001, 2009). Using all ESS 12 STR loci the random match probability among unrelated 
Caucasian individuals is approximately 9.66 × 10–16 (Butler, Hill & Coble, 2012). The US 
Federal Bureau of Investigation (FBI) CODIS Core Loci Working Group announced the 
adoption of an additional seven STR loci expanding the CODIS core loci to 20 starting 
from the 1st of January, 2017 (Hares, 2015). The random match probability for CODIS 20 
STR loci is approximately 9.35 × 10–24 (Butler et al., 2012).   

Single Nucleotide Polymorphisms (SNPs) is the second group of most common 
markers used in forensic genetics. The benefits of SNPs over STRs are: no shutter 
artifacts; smaller PCR product size which should increase the successful recovery of DNA 
from degraded samples; more loci can be multiplexed than with current STRs; and 
provide additional data on phenotypic traits (hair, skin, iris colour etc.) as well as ethnic 
origin. Data on external visible characteristics and ethnicity provide important 
investigation leads in case STR data yield no DNA database match or there is no 
apprehended suspect to compare with the evidence DNA profile. Walsh et al., presented 
IrisPlex, the initial eye colour prediction test based on six SNPs and demonstrated its 
capability of generating complete results from common crime scene sample with DNA 
quantity as low as 31 pg (Walsh, Liu, et al., 2011). The team suggested IrisPlex is ready 
for immediate implementation and use in any accredited forensic laboratory for aiding 
DNA intelligence investigations (Walsh, Lindenbergh, et al., 2011). IrisPlex was followed 
by development and validation of the HIrisPlex assay which targeted 24 eye and hair 
colour predictive DNA variants including all six IrisPlex SNPs (Walsh et al., 2014; Walsh  
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et al., 2013). In 2018 Chaitanya et al., published data on the HIrisPlex-S system composed 
of two multiplex assays – previously validated HIrisPlex assay targeting 24 SNPs and a 
novel 17-plex assay targeting skin colour-prediction SNPs. These 41 targeted SNPs 
generate probabilities for three eye colour, four hair colour and five skin colour 
categories. The majority of the skin 17-plex SNP assay PCR amplicons’ size is 170 bp or 
less. The assay was validated based on the Scientific Working Group on DNA Analysis 
Methods (SWGDAM) guidelines, and full profiles were generated from samples with as 
little as 63 pg of input DNA. The eye, hair, and skin colour predictions were in 
concordance in 28 of the 30 samples (93.3%) (Chaitanya et al., 2018). A number of SNP 
panels for bioancetry (origin) determination have been developed for analysis via 
capillary electrophoresis (CE) as well as massively parallel sequencing (MPS) (de la Puente 
et al., 2016; Jager et al., 2017; Phillips et al., 2014). The Kidd and Seldin union panel of 
170 biogeographical ancestry informative SNPs (aiSNPs) was used to generate and 
analyse the genotype data of 3,933 individuals from 81 worldwide populations (Pakstis 
et al., 2019). Jäger et al., reported MiSeq FGx™ Forensic Genomics System (Illumina,  
San Diego, CA, USA) which simultaneously amplifies up to 231 forensic loci including 56 
biogeographical aiSNPs to meet SWGDAM developmental validation guidelines (Jager  
et al., 2017). 

In missing person cases, where reference samples from family members are compared 
indirectly by kinship analysis autosomal STR markers also are the primary genetic 
markers as well as, on a case-by-case basis, STRs located on the sex chromosomes X and 
Y (ChrX and ChrY, respectively). ChrX STR typing adds value in specialized kinship analysis 
cases such as when a female child and a missing putative father are compared  
(Trindade-Filho, Ferreira, & Oliveira, 2013) or in some incest cases; while ChrY typing 
yields data on relatedness via a paternal lineage, as in the identification case of the son 
of Tsar Nicholas II (Coble et al., 2009). Additionally, ChrY analysis is used for analysis of 
the male DNA profile from mixture samples in sexual assault cases, as autosomal STR 
typing could be limited due to high female DNA background in the sample that masks the 
minor amount of male DNA (Prinz & Sansone, 2001). As ChrY is inherited via paternal 
transmission, Y-STRs (as well as maternally inherited mitochondrial DNA SNP markers for 
maternal lineages) are used in studying human migration patterns and genealogical 
research (Lappalainen et al., 2008).  

Insertion/deletion (indel) polymorphism typing has been proposed by a number of 
groups as an adjunct or viable alternative to STR and SNP analysis for human 
identification. A number of multiplex panels have been developed (Bastos-Rodrigues, 
Pimenta, & Pena, 2006; LaRue et al., 2014; Pereira et al., 2009; Zidkova, Horinek, 
Kebrdlova, & Korabecna, 2013). The following characteristics of indel typing is considered 
also advantageous over STRs and/or SNPs analyses: short amplicon size, low mutation 
rate, deriving from a single mutational events, absence of stutter, and can be analysed 
by CE. (Weber et al., 2002).  

1.2 Genetics of mitochondrial DNA 
In addition to DNA present in the nucleus (nuclear DNA, nDNA) within the eukaryotic 
cells, mitochondria, adenosine triphosphate (ATPs) generating organelles, separately 
contain a number of small, circular genomes, which encode a series of crucial proteins 
for cellular respiration. On average each mitochondrion contains four to five 
mitochondrial DNA (mtDNA) molecules, each cell contains up to 100 mitochondria, 
resulting in at least 500 mtDNA molecules per cell compared to two copies of 23 nDNA 
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molecules (Butler, 2012). Mitochondrial DNA copy number per cell as high as 800 and 
1720 have been reported in human lung fibroblasts and rabbit lung macrophage, 
respectively (Robin & Wong, 1988). Miller et al., presented a PCR-based mtDNA  
copy number measuring assay and reported 3,650 ± 620 (mean ± standard error) and  
6,970 ± 920 as an average for mtDNA copy number per cell in skeletal muscle and 
myocardium tissues, respectively (Miller, Rosenfeldt, Zhang, Linnane, & Nagley, 2003). 
While Miller et al., saw no mtDNA copy number correlation with age in human skeletal 
and cardiac muscle (Miller et al., 2003), other groups reported mtDNA copy number 
correlation with age dependent of the tissue type: negative correlation in peripheral 
blood of a healthy Chinese population sample (Xia et al., 2017), negative correlation in 
skeletal muscle samples and positive correlation in liver samples (Wachsmuth, Hubner, 
Li, Madea, & Stoneking, 2016). The variance (increase and decrease) in mtDNA copy 
number has been linked to a number of disorders like tumorigenesis (Keseru et al., 2019), 
neurodegenerative diseases (Alvarez-Mora et al., 2019), cardiovascular diseases (Lin et al., 
2019) and type 2 diabetes (Skuratovskaia, Zatolokin, Vulf, Mazunin, & Litvinova, 2019).  

The double-stranded circular mitochondrial genome (mtGenome) is approximately 
16,569 bp long but can vary in length due to small insertions and deletions (Fig. 1).  
The purine-rich strand is designated as the heavy strand, and the pyrimidine-rich strand 
as called the light strand. The mtDNA molecule is divided into a ~15,448 bp long “coding 
region” comprised of 37 genes that are transcribed into 13 proteins, 2 ribosomal RNAs 
(rRNAs) and 22 transfer RNAs (tRNAs), and a ~1,121 bp long D-loop or the “control 
region” (CR) that contains the origin of replication for the heavy strand. As no gene 
products are encoded in the D-loop region, it is commonly referred to as the “non-coding 
region” (Anderson et al., 1981; Butler, 2012). The highest polymorphism concentration 
in the mtGenome resides within the CR as there are fewer constraints for nucleotide 
variability due to lack of transcribed sequences. Two regions within the CR with the 
highest concentration of variations are commonly referred to as hypervariable region I 
and II (HVI and HVII, respectively) (Greenberg, Newbold, & Sugino, 1983).  

Mitochondrial DNA exhibits a higher mutation rate compared to nDNA, with HVI and 
HVII exhibiting the highest mutation frequency in the mtGenome (Pakendorf & 
Stoneking, 2005). Previously, a limited mtDNA repair mechanism was considered a 
reason for the higher mutation rate. However a recent study suggests, based on the 
repair mechanism enzymes found in the mitochondria, that mtDNA uses the same repair 
mechanisms [nucleotide excision repair (NER), mismatch repair (MMR), homologous 
recombination, and classical nonhomologous end joining (NHEJ)] as does the nDNA 
(Zinovkina, 2018). Oxidative damage to DNA, in the most common form of urinary 
excretion of 8-oxodG, has been considered as one of the main drivers of mtDNA (as well 
as nDNA) mutagenesis (Kirkwood & Kowald, 2012). However, Kennedy et al., argue that 
replication errors by DNA polymerase γ and/or spontaneous base hydrolysis, but not the 
oxidative damage, are responsible for the majority of point mutations that accumulate 
in mtDNA, the frequency of which increases with age (Kennedy, Salk, Schmitt, & Loeb, 
2013).  

As there are a number of mtDNA molecules in a cell, a mutation (i.e., a de novo variant) 
can affect either all of the mtDNA molecules resulting in a homoplasmy or a proportion 
(one or more) of mtDNA molecules leading to heteroplasmy – a notable feature of 
mtDNA genetics. The level of heteroplasmy can vary between cells in the same tissue, 
between tissues of the same individual and between individuals from the same maternal 
lineage. Heteroplasmy has been reported in all, several or just one tissue of an individual 
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(Li, Schroder, Ni, Madea, & Stoneking, 2015). Moreover, Li et al., reported the existence 
of high-frequency heteroplasmy (HFH) sites that are allele and tissue, as well as age 
specific, e.g. nucleotide position (np) 72 shows high levels of heteroplasmy in the liver 
and kidney, moderate levels in skeletal muscle, and low levels in all other tissues, 
whereas np 189 shows high levels of heteroplasmy in skeletal muscle but low 
heteroplasmy levels in other tissues (Li et al., 2015). Heteroplasmy has been associated 
with a wide range of metabolic diseases, degenerative diseases, cancer and aging, with 
the severity of the disease linked to the heteroplasmy level and the copy number (Grady 
et al., 2018; He et al., 2010; Khusnutdinova et al., 2008; Lin et al., 2019; Szklarczyk, 
Nooteboom, & Osiewacz, 2014; Zhang et al., 2009). 

 

Fig. 1. The structure of mtGenome (edited (Butler, 2012)). The 2 rRNAs and 13 protein coding genes 
are marked next to the strand from which they are transcribed. Grey rectangles mark the 22 tRNA 
genes. The zoom in of the control region (D-loop) is shown at the top with HVI (np 16024-16365) 
and HVII (np 73-340) regions marked in grey. Abbreviations: OH – origin of heavy strand; OL – origin 
of light strand; ND – reduced nicotinamide adenine dinucleotide (NADH) dehydrogenase;  
CO – cytochrome c oxidase; cyt – cytochrome; ATP - adenosine triphosphate synthase membrane 
subunit. 

 
Another characteristic of mtDNA genetics is the presence of mitochondrial DNA 
segments that have inserted in the nuclear genome (NUMTs). These NUMTs are specific 
regions of the mitochondrial genome that have corresponding nuclear mitochondrial 
pseudogenes that are distributed across multiple nDNA chromosomes and may have 
been inserted multiple times. Based on the data from The Human Genome Project, 
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Mourier et al., reported that all positions of the mitochondrial genome are represented 
in the nDNA. They reported 296 NUMTs ranging between 106 and 14,654 bp in size with 
four NUMTs covering the complete control region. Ongoing genetic material transfer 
between mtDNA and nDNA also has been observed (Mourier, Hansen, Willerslev, & 
Arctander, 2001). Dayama et al., reported 141 polymorphic (non-fixed) NUMTs positions 
in 999 individuals. One sample had a 16,106 bp long NUMT integrated into a potential 
regulatory region in the first intron of the SDC2 gene (chromosome 8) (Dayama, Emery, 
Kidd, & Mills, 2014). Hazkani-Covo et al., summarized a number of cases where NUMTs 
caused misinterpretation of amplified mtDNA data and misleadingly associated to 
diseases. However in five cases the research team reported involvement of NUMTs in 
medical disorders like plasma factor VII deficiency, Pallister-Hall syndrome, mucolipidosis 
IV and Usher syndrome (Hazkani-Covo, Zeller, & Martin, 2010).  

The entire human mtGenome was sequenced for the first time in 1981 from placental 
material of an individual of European descent in the laboratory of F. Sanger by Anderson 
et al., and is referred to as the Cambridge Reference Sequence (CRS) (Anderson et al., 
1981). In 1999 due to the improvement of sequencing technologies it was decided to  
re-sequence the original placental material used by Anderson et al. The reanalysis of the 
mtDNA sequence revealed 11 mismatches all of which positioned outside the HVI and 
HVII regions. The revised Cambridge Reference Sequence (rCRS) became the accepted 
standard for comparison (Andrews et al., 1999) and is available on GenBank (accession 
number NC_012920.1). Notably, in order to maintain the historic numbering and thus 
alignment of the mtDNA sequence, an rCRS deletion (loss of a single C nucleotide) in the 
position 3107 was substituted with an “N” (Andrews et al., 1999).  

1.3 Mitochondrial DNA phylogenetics   
The mitochondrial genome analysis has been used in evolutionary biology and molecular 
anthropology studies to determine the ethnic as well as biogeographical origin of 
individuals. Strictly maternal inheritance, lack of recombination and high mutation rate 
make mtDNA a valuable marker for determining the relationship among individuals and 
groups. A phylogenetic tree of human mtDNA variation has been constructed. Based on 
commonly shared SNPs mtDNA haplotypes are divided into genealogical groups 
(haplogroups) that share a common ancestor. The phylogenetic tree is currently 
comprised of over 5,400 nodes (haplogroups) with their defining variants (Fig. 2) (van Oven 
& Kayser, 2009). The migration map of women 150,000 years before present (YBP) from 
Africa onto different continents has been reconstructed using mtDNA analysis (Fig. 3). 

Wallace et al. using restriction fragment length polymorphism analysis of samples 
collected from various populations to define haplogroups. L is designated as an  
African-specific haplogroup by two restriction enzyme sites: Hpal site at np 3592 DdeI 
site at np 10394. This lineage is subdivided into two sublineages, L1 and L2. The remaining 
African mtDNAs form a heterogeneous array of four lineages, designated haplogroup L3, 
which appear to be the progenitor of half of European, Asian and Native American 
mtDNA haplogroups. Moreover, four primary African populations studied (the 
Senegalese of West Africa, the Mbuti Pygmies, the Biaka Pygmies and the Vasikela Kung) 
showed that each of the populations has a distinctive set of its own specific haplotypes 
(Wallace, Brown, & Lott, 1999). A different study on the mtDNA CR analysis of Ghana 
population showed the majority (98.4%) belonged to the three Africa-specific 
haplogroups L1–L3. Two samples (1%) were defined belonging to U6a haplogroup (Fendt 
et al., 2012).  
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Fig. 2. Human mtDNA phylogenetic tree (Build 17) (van Oven, 2016).  Haplogroups are marked with 
corresponding letters and numbers (e.g. L0, JT, and F). Asterisk (*) defines paragroups – lineages 
within a haplogroup that are not defined by any additional unique markers. Abbreviations:  
mt-MRCA – the Mitochondrial Eve, is the matrilineal most recent common ancestor (MRCA) of all 
living humans.  

 

 
 
Fig. 3. Human mtDNA migrations map ("Human mtDNA Migrations", 2016). Abbreviations:  
MYR – million years; YBP – years before present 

 
Of all European mtDNA types 98% fall into nine distinct haplogroups. Six of the 
haplogroups lack the 10394 site: H, T, U, V, W, and X. Three other major haplogroups 
retain the DdeI site at np 10394: I, J, and K. The most common Europe-specific 
haplogroup is H (lacking the DdeI np 10394 site as well as AluI site at np 7025 (Wallace  
et al., 1999). Haplogroup H has been reported to have a frequency of 40-50% among 
Europeans and up to 60% in the region of Basque country (Northern Spain) (Loogväli  
et al., 2004; Richards, Macaulay, Torroni, & Bandelt, 2002). While haplogroup H overall 
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in Europe is rather uniform, haplogroup H subclades show localized frequency peaks, e.g. 
haplogroup H4 and H6a are centred in Iberian peninsula while haplogroup H5a shows 
frequency peaks centred around Finland, Balkans and Iberian peninsula (Alvarez-Iglesias 
et al., 2009). In a Polish population study the most frequent were West-Eurasian 
haplogroups (H, U, J, T) forming 82.4% of all studied samples, with haplogroup H being 
the most frequent (43.4%). Asian and African haplogroups were also found but at very 
low frequencies of less than 1% (Jarczak et al., 2019).  

Based on mtDNA HV1 analysis of 117 Estonian population samples, the most common 
haplogroups belong to the H* haplogroup (17.9%) followed by T* (11.1%). Haplogroup H 
subclades combined (incl. haplogroup H*) have a frequency of 41.1%. Compared to other 
Baltic Sea region populations, Estonians were shown to have the highest number of mean 
pairwise differences (Lappalainen et al., 2008). Loogväli et al., reported a 43.9% 
frequency of haplogroup H in the Estonian population sample based on HVI region 
(Loogväli et al., 2004). In a recent study, Saag et al., compared mtDNA haplogroups of  
41 tooth samples from Bronze, Iron and Middle Age graves/cemeteries located in Estonia 
and Ingria (Russia) with over 2,000 present-day Estonian whole mtDNA sequences 
(unpublished data). All mtDNA haplogroups observed in graves/cemeteries samples 
(haplogroups H, I, J, K, T, U, W and X) were present in the modern Estonian cohort (Saag 
et al., 2019). To our knowledge no entire mtGenome data on Estonian individuals are 
available.   

All Asia-specific mtDNA types can be subdivided into two macro-haplogroups defined 
by the presence or absence of the polymorphic sites Ddel at np 10394 and AluI site at  
np 10397. Macro-haplogroup M, comprising both restriction sites, subdivides into 
haplogroups C, D, G and E. Asia-specific haplogroups A, F and B are defined as (-/-) 
haplogroups as they lack the aforementioned restriction sites. Haplogroup F is found at 
high frequency in Southeast Asia, but decreases toward Northeast Asia. On the other 
hand four haplogroups A, B, C and D [A and B are (-/-), C and D are (+/+)] are found at a 
low frequencies in Southern Asia, but increase to high frequencies in Northeast Asia, and 
contributing predominately to the mtDNA pool in Americas (Wallace et al., 1999).  
In a recent study based on sequenced CR of newly collected 622 mtDNA samples from 
six different Vietnam locations that represent seven ethnic groups, in addition to all 
aforementioned Asia-specific haplogroups, haplogroups N and R9’F  were reported 
(Pischedda et al., 2017).  

Five haplogroups comprise all of Native American mtDNA types. Paleo-Indians of 
North, Central, and South America carry haplogroups A, B, C, and D which are found in 
Asia, and the Paleo-Indians of North Central, North America also carry haplogroup X 
found only in Europe. The last arrival of Native Americans to the continent is estimated 
to have happened 7,200–9,000 YBP (Wallace et al., 1999). The study based on freshly 
collected blood samples from 306 unrelated individuals from Brazil (a highly admixed 
population) reported prevalence of African macro-haplogroups L (49.02%), followed by 
the typical Native American haplogroups A, B, C and D (33.33%), with A2 being the most 
common haplogroup. The remaining 17.65% distributed among other haplogroups 
including X1, H, U and R0 (Freitas, Fassio, Braganholi, & Chemale, 2019).  
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1.4 Mitochondrial DNA typing in forensic casework 
The high copy number of mtDNA compared to nuclear DNA makes the typing of mtDNA 
a highly valuable method  for human identification in cases where samples are of low 
nDNA quantity and/or highly degraded, e.g. human remain (bones, teeth) and hair 
samples. In addition, strictly maternal inheritance and lack of recombination provide 
lineage information that can be useful in cases with no reference data from first-degree 
relatives (Wilson, DiZinno, Polanskey, Replogle, & Budowle, 1995). A well-known case is the 
identification of Tsar Nicholas II’s wife Tsarina Alexandra Fyodorovna’s remains, as her 
remains were confirmed through mtDNA haplotype comparison to her distant cousin, 
Prince Philip. The five children of Romanov family were identified further via mtDNA 
comparison to Tsarina (Coble, 2011; Coble et al., 2009; Gill et al., 1994). A consistent 
heteroplasmy detected in the mtDNA of Tsar Nicholas II and his brother Georgij Romanov 
was used to confirm the remains of the former (Gill et al., 1994; Ivanov et al., 1996).  

Traditionally, the gold standard for forensic mtDNA investigation has been to focus on 
the control region of mtDNA, mainly the HVI and HVII, due to the high variability and the 
feasibility of these regions to be analysed by the well-established Sanger-type 
sequencing (STS). Therefore, to date, DNA databases contain limited coding region data. 
However, it has been shown that mtGenome data provide greater discrimination power 
and allow resolution of common HVI/HVII haplotypes (Brandstatter, Parsons, & Parson, 
2003; Coble et al., 2004; Levin, Cheng, & Reeder, 1999; Parsons & Coble, 2001). 
Unfortunately, STS chemistry is labour intensive, costly and limited technically to be 
utilized in whole mtGenome sequencing by application-oriented laboratories.  

In addition to human remains, mixtures are one of the most challenging forensic 
samples. Mixture samples originate from two or more donors and are commonly 
recovered from touch, sexual and/or physical assault and murder crime scenes.  
A “complex DNA mixture” may contain more than two donors with one or more of the 
donors contributing a low amount of DNA, or the contributor(s)’ biological material may 
be somewhat degraded (i.e. missing data). The genotype assignment of STR loci and the 
following statistical evaluation of the results from mixture samples can be complicated 
by a number of factors: possible allele overlap among an unknown number of 
contributors, 3-allele patterns, stochastic fluctuation with low quantity or degraded 
template, the semi-quantitative activity of Taq polymerase, and microvariants in primer 
binding sites (Ladd, Lee, Yang, & Bieber, 2001). The variant ratios of mtDNA in the 
mixtures samples, which look like point heteroplasmies in single-source samples, can be 
used as an additional tool for mixture interpretation. However, STS has been reported to 
express peak height ratios that do not correspond with the relative quantity of the 
contributing donors’ sequence variants (Parson et al., 2014) as well as not to be 
sufficiently quantitative to resolve mixtures based on proportions of variants in mtDNA 
profiles (Holland, McQuillan, & O’Hanlon, 2011; H. Kim, Erlich, & Calloway, 2015).  

Population samples are needed to estimate expected frequencies of mtDNA 
haplotypes especially in the forensic context. A number of mtDNA databases has been 
established (Congiu et al., 2012; Kogelnik, Lott, Brown, Navathe, & Wallace, 1996); 
however issues with the quality of included mtDNA sequences have been reported with 
mistakes such as base shift, reference bias, phantom mutation, base mis-scoring and 
artificial recombination (Bandelt, Lahermo, Richards, & Macaulay, 2001; Dennis, 2003; 
Rohl, Brinkmann, Forster, & Forster, 2001). Haplogroup assignment has been suggested 
to be used as a quality-control measure for mtDNA profiles (Bandelt et al., 2001; Bandelt, 
van Oven, & Salas, 2012). Haplogroups are based on haplotypes that have certain  
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“in phase” variants – e.g. variants 2706A and 7028C are present in haplotypes belonging 
to the haplogroup H, variants 5178A and 16362C are present in haplotypes belonging to 
the haplogroup D (van Oven & Kayser, 2009). The web-application HaploGrep compares 
mtDNA profile’s variants to the ones defined in Phylotree for haplogroup assignment and 
provides a quality score for the assigned haplogroups based on their found and missed 
in phase variants (Kloss-Brandstatter et al., 2011). The discordance with Phylotree 
defined in phase variants can be an indication of error in mtDNA profile data. However, 
it can also be a real variant that occurred by back mutation. These data would be 
suggested to be analysed further. On the other hand, the concurrence with Phylotree 
confirms mtDNA profile variants. In addition, haplotypes might have variants, known as 
private mutations, which are not associated with assigned haplogroups. HaploGrep 
defines polymorphisms as “local private mutation,” when it is not associated with the 
current haplogroup, but has been observed in Phylotree at least once or a “global private 
mutation” to a polymorphism that is neither associated with the current haplogroup nor 
has it ever been seen in Phylotree. These private mutations are also included in quality 
score calculations (Kloss-Brandstatter et al., 2011; Weissensteiner et al., 2016).  

In 2006 Parson et al., launched the mtDNA database EMPOP with quality control 
protocols and measures that set forensic standards as well as provide means that can be 
used for a quality check of mtDNA sequences.  The release 1 of EMPOP comprised data 
from 5,173 sequences (Parson & Dur, 2007). As of March 2020, EMPOP (v4) release 13 
held 48,572 mtDNA sequences from 128 different origins, with 46,963 HVI/HVII 
sequences, 38,361 entire control region sequences and 4,289 entire mtGenome 
sequences (https://empop.online/, accessed March 1st 2020). The last revision and 
extension of guidelines for mtDNA typing by the DNA Commission of the International 
Society for Forensic Genetics was published in 2014. This revision included a number of 
recommendations concerning heteroplasmy interpretation and reporting, naming of a 
haplotype with respect to differences from the rCRS, the subjection of sequences to 
analytical software tools that facilitate phylogenetic checks for data quality control and 
others (Parson et al., 2014).  

1.5 Massively parallel sequencing for human identification 
Massively Parallel Sequencing (MPS), also termed earlier as Next Generation Sequencing 
(NGS), has been shown to be a feasible alternative to Sanger-type sequencing (STS), 
particularly by providing substantial increase in throughput (Bodner et al., 2015; McElhoe 
et al., 2014; Parson et al., 2013b; Seo et al., 2015).  While STS DNA chain elongation is 
terminated by di-deoxynucleotidetriphosphates (ddNTPs) and generated fragments are 
separated by length (Sanger, Nicklen, & Coulson, 1977), MPS tracks the incorporation of 
each nucleotide as the DNA chain is elongated (sequencing-by-synthesis, SBS). The three 
main types of MPS sequencing chemistry are pyrosequencing, sequencing by reversible 
termination and sequencing by detection of hydrogen ions (pH-mediated sequencing) 
(Ambardar, Gupta, Trakroo, Lal, & Vakhlu, 2016). 

The general workflow of MPS platforms initially is the same as standard forensic DNA 
typing, i.e. DNA extraction and DNA quantitation. Subsequently MPS employs library 
preparation in which a DNA (or RNA) sample(s) is randomly fragmented by mechanical 
shearing or enzymatic treatment in order to reduce fragment size. Alternatively, 
fragments with suitable size for sequencing can be generated during PCR. Ligation of 
defined nucleotide sequences (adapters and indexes) follows. Adapters are used to attach 
the fragment to a surface (beads or flow-cell) for subsequent sequencing, while indexes 
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are molecular barcodes that are used to identify fragments during post-sequencing 
bioinformatics data analysis. Next, because of the high throughput of MPS, multiple 
samples are pooled to form a “molecular library” that proceeds into the library 
amplification step followed by sequencing and data analysis (Shendure & Ji, 2008). 

The utilization of molecular indexes in MPS workflow enables the sequencing of large 
scale multiplex assays that is not feasible by STS. A number of human identification 
multiplex panels for MPS workflow have been developed. Ganschow et al., proposed a 
MPS-STR multiplex kit targeting simultaneously 21 forensic markers including the 
German DNA database STR marker SE33 (Ganschow, Silvery, & Tiemann, 2019).  
The ForenSeq™ DNA Signature Prep Kit (Verogen, San Diego, CA, USA), evaluated by a 
number of research groups (Hollard et al., 2019; King et al., 2018; Xavier & Parson, 2017; 
Xu et al., 2019), enables simultaneous amplification of 27 global autosomal STRs, 24  
Y-STRs, 7 X-STRs, 94 identity SNPs, 22 phenotypic SNPs and 56 biographical ancestry 
SNPs, with the SNP amplicon size range of 63-180 bp (Verogen, 2018). Hollard et al., 
described and evaluated a protocol for full automation of ForenSeq™ DNA Signature Prep 
Kit library preparation steps (Hollard et al., 2019).   

In regards solely to mtDNA, Parson et al., reported the amplification of whole 
mtGenomes from hair shaft samples with two multiplex reactions consisting of 31  
non-overlapping primers producing amplicons in the size range of 300-500 bp (Parson  
et al., 2015). The Precision ID mtDNA Whole Genome Panel (Thermo Fisher Scientific, 
Waltham, MA, USA) composed of 162 amplicons (amplified in two multiplexes) with a 
length of ∼163bp was evaluated on buccal swabs as well as blood samples (Cho, Kim, 
Lee, & Lee, 2018; Woerner et al., 2018).  

Historically, 15% of signal was considered an operational threshold for detecting 
heteroplasmy (i.e. a minor component) via STS (Duan, Tu, & Lu, 2018). Reliable detection 
of heteroplasmy positions with minor component <1% has been reported with MPS 
platforms (Holland et al., 2011; H. Kim et al., 2015). In the recent study González et al., 
proposed a 3% heteroplasmy frequency with a minimal read depth of 1,000X or 1.5% 
heteroplasmy frequency with a minimal read depth of 3,000X as a reliable threshold for 
mtDNA heteroplasmy detection with MPS (Gonzalez, Ramos, Aluja, & Santos, 2020). In 
recent population study conducted in order to expand the family pedigree and population 
data necessary for sequence comparisons and statistical analysis and produce mtGenome 
sequences to be deposited in the EMPOP database Marshall et al., used a minimum read 
depth of 100X or 350X for 5% or 2% variant detection, respectively (Charla Marshall, 2019). 

 The ability of MPS to detect the minor component in considerably lower levels 
compared to STS has led to attempts to interpret mixture samples based on the minor 
component and phylogenetic assignment (Holland et al., 2011; Li et al., 2010; Lindberg 
et al., 2016). It has been emphasized that NUMTs can interfere with detection of putative 
heteroplasmy, especially in case of small amplicon assays. Santibanez-Koref et al., 
proposed that sequencing data alignment to the human nuclear genome hg19 in 
combination with rCRS be considered as opposed to solely rCRS. Other parameters in a 
number of cases regarding amplicon size and sample origin should be considered 
(Santibanez-Koref et al., 2019). In addition a number of bioinformatics approaches that 
include high stringency mapping to the rCRS, NUMT-associated variants filtering, 
alignment to the rCRS and nuclear genome and consensus-based alignment prior to 
variant calling in order to minimize false variant calls have been proposed and evaluated 
(Roth, Parson, Strobl, Lagacé, & Short, 2019; Ring, Sturk-Andreaggi, Alyse Peck, & 
Marshall, 2018; Smart et al., 2019).   
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2 Aims of the study 
In forensic genetics the typing of mtDNA HVI/HVII regions with Sanger-type sequencing 
(STS) is considered the gold standard. Although the mtGenome has been shown to 
provide greater discrimination power compared to HVI/HVII, the use of STS technology 
is costly, labour intensive and time consuming. In addition, STS has proven to be 
problematic in mixture sample analysis.  

The main objective of the present study was the assessment of the validity of 
massively parallel sequencing technology for mtGenome analysis in forensic genetics.  
 
To this end, the following objectives were set:  
 
• To determine the throughput level of MiSeq platform and Nextera XT DNA 

Preparation Kit when sequencing mtGenome and evaluate the overall feasibility 
of the MPS system in generating mtGenome population data by looking at read 
depth, strand bias, the sequencing results of the poly-cysteine tracts and variants 
called.  

 
• To compare the discrimination power of mtGenome vs HVI/HVII data though 

haplogroup and haplotype assignment, random match probabilities and genetic 
diversities in three main US and an Estonian population samples.  

 
• To compare the haplogroups observed with the Estonian population sample 

based on mtGenome data with previously reported Estonian mtDNA data that 
did not span the entire mtGenome.  

 
• To evaluate the feasibility of two-person and three-person mixture 

interpretation from different and similar phylogenetic origin by using MPS 
generated mtDNA quantitative and phasing data together with phylogenetic 
assessment.  
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3 Materials and methods 
The brief description of materials and methods used in the thesis are listed below.  
The detailed protocols are presented in the corresponding publications. 
 
Sample preparation and target amplification 
 

- Whole blood samples were collected from a total of 283 unrelated 
individuals from the three US populations (African American, n = 87; 
Caucasian, n = 83; Southwest Hispanic, n = 113). See publication for sample 
use approval. (Publication I) 

- Buccal swabs were collected from 114 unrelated individuals from the 
Estonian population. See publication for sample use approval. (Publication II) 

- Amplification of the mtGenome was accomplished by long-range PCR in two 
separate reactions. (Publications I and II)  

- Six single-source samples of self-identified Asian and Caucasian individuals 
were used in the mixture study. See publication for sample use approval. 
(Publication III) 

- Following mixture samples based on nuclear DNA quantity were prepared:  
- Two-person mixtures with contributors of different macrohaplogroups in 

1:1, 5:1, 10:1, and 20:1 ratios for both individuals.  
- Two-person mixtures with contributors belonging to the same 

macrohaplogroup in 1:1, 5:1, and 1:5 nuclear DNA ratios.  
- Three-person mixtures with contributors of different macrohaplogroups in 

1:1:1 and 5:1:1 ratios. (Publication III) 
- Single-source and mixed samples were amplified with the Precision ID 

mtDNA Whole Genome Panel (Thermo Fisher Scientific, Waltham, MA, 
USA). (Publication III) 
 

Library preparation, sequencing and data generation 
 

- Sequencing libraries were prepared using Nextera XT DNA Library 
Preparation Kit (Illumina, San Diego, CA, USA). (Publications I and II) 

- The 12 pM pooled libraries were sequenced with MiSeq v2 (2×250 bp) 
(Illumina). (Publication I and II) 

- Sequencing libraries were prepared using the Precision ID Library Kit 
(Thermo Fisher Scientific) and template preparation was completed on the 
Ion Chef (Thermo Fisher Scientific). (Publication III) 

- Ion 318 Chip v2 (Thermo Fisher Scientific) for the Personal Genome 
Machine (PGM; Thermo Fisher Scientific) and an Ion 530 Chip (Thermo 
Fisher Scientific) for the Ion S5 (Thermo Fisher Scientific) sequencing run 
were used. (Publication III) 

- Generated sequences were aligned to the rCRS (Publication I and II) or the 
rCRS+80 reference genome to account for the Precision ID mtDNA Whole 
Genome Panel’s tiled, overlapping design (Andrews et al., 1999; Thermo 
Fisher Scientific, 2016). (Publication III) 

- Of-board software generated VCF files were converted into haplotypes 
using MitoSAVE (King, Sajantila, & Budowle, 2014). (Publication I, II and III)  
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Data analysis 
 

- The following criteria were used for variant calling: a quality threshold of 
70; a heteroplasmy threshold of 0.18; and a read depth threshold of 40X 
(Publication I and II)  

- The following criteria were used for variant calling: minimum read depth of 
10X and allele ratio of 0.10 as thresholds for generating haplotype calls. 
(Publication III) 

- mtDNA variants were confirmed manually using BAM files and Integrative 
Genomic Viewer (IGV) software (Thorvaldsdottir, Robinson, & Mesirov, 
2013). (Publications I, II and III) 

- In order to compare the variant count results indels at poly-C tract positions 
309, 315 and 16193 were included in the analysis of the US and Estonian 
populations. Each Indel position was counted as one variant (e.g. 573.1A, 
573.2C, 573.3A, 573.4C as 4 variants) as according to SWGDAM 
nomenclature guidelines (Scientific Working Group on DNA Analysis 
Methods, 2019). The data were updated in relation to publication I and II. 

- Indels at the positions at poly-C tracts and length heteroplasmy (300-315, 
451-463, 515-524, 568-573, 956-965, 5895-5899, 8272-8278, 8281-8289, 
12 414-12 425, 16 180-16 193) were not included in haplotype analysis.  
The data were updated in relation to publication I and II. 

- Heteroplasmic positions were used for sample differentiation and unique 
haplotype count. The data were updated in relation to publication II. 

- Random match probability (RMP) and genetic diversity (GD) were 
calculated according to the methods described by Stoneking et al. and 
Tajima, respectively (Stoneking, Hedgecock, Higuchi, Vigilant, & Erlich, 
1991; Tajima, 1989). (Publication I and II) 

- Mean pairwise comparison was calculated using MEGA 6 (Tamura, Stecher, 
Peterson, Filipski, & Kumar, 2013). (Publication I and II) 

- HaploGrep 2 (v2.2) software based on Phylotree 17 was used for 
haplogroup assignment (van Oven & Kayser, 2009; Weissensteiner et al., 
2016). (Publication I and II modification) 

- For the mixed samples, the ratio of the reference allele and alternate allele 
compared to the total read depth for each SNP was obtained from 
mitoSAVE to use as a quantitative assessment of each contributor’s 
proportion of the mixture. (Publication III) 

- A phylogenetic check of the final haplotype calls was performed in 
HaploGrep 2 (v2.1.1) and EMPOP v3 (Parson & Dur, 2007; Weissensteiner 
et al., 2016; Zimmermann et al., 2011). (Publication III)  
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4 Results and discussion 

4.1 The throughput level of MiSeq platform and Nextera XT DNA 
Preparation Kit based on read depth, strand bias and variant calls when 
sequencing mtGenomes (Publication I)  
In order to evaluate the feasibility of the MPS system to generate mtGenome data for 
forensic use metrics such as throughput, read depth, strand bias, the sequencing results 
of the poly-cysteine tracts and variant calling were analysed. These metrics are the 
quality indicators for a generated data set. In addition, the concordance of MPS data with 
the data generated via routinely used STS were analysed in order to confirm the variants 
called by MPS.   

The Nextera XT DNA Sample Preparation Kit and MiSeq v2 chemistry were used to 
prepare and sequence the libraries from 283 US population samples. Libraries were 
multiplexed as n = 24, 48, 76, 79 and 96 samples. A circus plot with coverage, strand bias 
data and variants called was constructed (Fig. 4).  

 

 
Fig. 4. The Circos plot of mtGenome that shows the mean coverage (outer circle, 24 samples), 
variant count (second outside circle, 24 samples) and the strand balance (third outside circle, 
forward and reverse strands indicated with different greys, 24 samples) per nucleotide position 
(King, LaRue, et al., 2014). The scale bars are shown on the left side of the circles and the nucleotide 
positions are indicated with the rose diagram (the innermost circle).  
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One MiSeq v2 chemistry run generated approximately 8.8 Gigabases (Gb) of data. 
Assuming equal coverage along the whole 16,569 nucleotide long mtGenome, 
sequencing of the maximum amount of samples (96 samples, according to the available 
indexes) the coverage at each nucleotide position is expected to be 530,000. However, 
in practice, generated data expressed a variation in the coverage along mtGenome (Fig. 5).  
  

 
Fig. 5. The mean coverage (24 samples) across mtGenome. Nucleotide positions are on the x-axis, 
mean read depth on the y-axis.  
 
Regions with the lowest coverage were poly-C tracts in HVII and <300 bp long region 
within NADH Dehydrogenase subunit I (NDI) gene around the np 3500 (Fig. 5). The low 
coverage at these positions has been reported by others, including studies with other 
MPS platforms (McElhoe et al., 2014; Mikkelsen, Frank-Hansen, Hansen, & Morling, 
2014; Parson et al., 2013a; Seo et al., 2015). Given that sample amplification was 
performed with long-range PCR, the target enrichment step can be excluded as a 
potential source of coverage variance. In order to test if the aligning of a circular genome 
to a linear reference could lead to fragments covering the positions around np 0 being 
filtered out, the reference genome covering HVII and 200 bp of the genome from other 
end was constructed and used for generated data alignment. As a result the 5-fold 
increase in the coverage of ~50 bases of poly-C tracts was seen, however low coverage 
was still present. McElhoe et al., attempted a similar rearranged rCRS alignment and 
similarly found no sufficient coverage increase (McElhoe et al., 2014). GC content 
correlation with sequencing coverage reported by a number of studies was not 
confirmed for poly-C tracts in HVII and NDI gene position by McElhoe et al., (McElhoe  
et al., 2014). Seo et al., compared the effect of enzymatic versus Covaris system shearing 
of DNA template during library preparation for sequencing on PGM platform. The results 
indicated the coverage variance coming from processing steps subsequent to 
fragmentation (Seo et al., 2015). Issue with low coverage areas should be taken into 
account during future sequencing chemistry, data filtering and alignment developments. 
Nevertheless, the coverage of the aforementioned regions in the current study was 
sufficient enough (≥100X) in all samples to be reliably analysed.  The lowest coverage 
nucleotide position(s) drive(s) the throughput of samples that can be analysed. With a 
coverage threshold of 100X and the throughput of 8.8 Gb, 603 whole mtGenomes would 
in theory be sequenced assuming equal coverage along mtGenome.  

From 227 samples that were indexed and sequenced as n = 24, 48, 76 and 79 
multiplexes, 223 (98.2%) expressed sufficient coverage (≥100X), high quality (base 
quality score ≥Q30 (Phred-style scale) and were fully interpretable. The Q score gives the 
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probability that a given base is called incorrectly by the sequencer. A Q score of 30 (Q30) 
assigned to a base is equivalent to the probability of an incorrect base call one in 1000 
times and means that the base call accuracy (i.e., the probability of a correct base call)  
is 99.9% (Ewing & Green, 1998). 

The four samples with areas expressing coverage <100X had sufficiently lower DNA 
library concentrations before pooling is a likely explanation of low sequence coverage 
compared to the rest of the samples in the same library pool.  When the pool of 96 
samples was sequenced, 26 samples (27.1%) expressed areas with coverage <100x 
(between 0 and 99). Full results were obtained from 17 of the 26 samples with ≥40x 
coverage at all variant positions. The variants were confirmed with the re-sequencing of 
all 26 samples at higher coverage. These data support that an operationally-selected 
coverage threshold of 40X is sufficient for generating reliable data. The explanation for 
the higher amount of low coverage samples in the 96 sample run could be the higher 
library concentration and therefore the reduced number of quality clusters.  

A plot of average coverage at each base position from both reverse and forward 
strands was constructed to see if strand bias occurs (Fig. 6). In theory both strands are 
sequenced equally (strand balance of 50%). Of all positions, 16062 nps (96.9%) had a 
strand balance ≥40%. Generally, the same areas that expressed low coverage showed 
strand imbalance. The areas of low (≤40%) strand balance were the poly-C tract in HVII, 
positions near nps 16569 and 1 as well as areas around nps 3500 and 8600.  
The explanation for low strand balance is unknown, and it has been reported with other 
MPS platforms (Seo et al., 2015). As in the case of read depth, the alignment of a circular 
genome to a linear reference might be a contributor to strand bias. Regardless, strand 
bias did not interfere with variant calling in the current study. Although strand bias did 
not affect the quality of the data, having good depth with both the reverse and forward 
mapped reads provides additional support for variants called. Therefore, sequencing 
areas with strand bias should be examined with care.  

 

 
Fig. 6. Strand balance plot, showing the mean depth of coverage of forward (light grey) and reverse 
(dark grey) strands.  
 
In total 11,656 variants (n = 283 samples) were called in relation to the rCRS, including 
length heteroplasmy. All MPS data were concordant at all positions with the HVI/HVII 
STS data. Due to individual sequencing of each molecule (or clonal cluster) versus all 
amplicons sequenced simultaneously by STS, MPS allowed for length heteroplasmy 
interpretation. The interpretation of length heteroplasmy in mtDNA sequences produced 
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with MiSeq platform has been reported before (Davis, Peters, Warshauer, King, & 
Budowle, 2015), however shortcomings of length heteroplasmy interpretation with 
semiconductor MPS platforms (PGM and S5 systems) have been observed (Parson et al., 
2013a; Seo et al., 2015; Strobl et al., 2019). In the recent study by Sturk-Andreaggi et al., 
STS and two aforementioned MPS chemistry platforms were compared regarding length 
heteroplasmy detection and interpretation (Sturk-Andreaggi, Parson, Allen, & Marshall, 
2020). STS resulted in data with the longest poly-C track length, while the semiconductor 
sequencing (Ion) platform generated data with the shortest poly-C tracks. The impact on 
the data inconsistency was shown to come from enrichment methods, sequencing 
chemistries and analysis software/workflows (Sturk-Andreaggi et al., 2020). As it has 
been shown that length of homopolymeric sites varies between tissues, currently in 
human identification homopolymeric sites are not relied upon by Sanger sequencing data 
interpretation and should not be used with MPS generated data for queries and sample 
comparison (Scientific Working Group on DNA Analysis Methods, 2019; Sturk-Andreaggi 
et al., 2020). Substitution stable sights that are within the HVI and HVII C-tracts  
(e.g. T310C, T16189C) have been shown to be consistent across STS and two MPS 
platforms (MiSeq and PGM) and analytical methods and thus are reliable to interpret  
(Sturk-Andreaggi et al., 2020).  

In 283 samples, point heteroplasmy was detected in 68 samples (24.0%) at 89 
positions, from which 26 (29.2%) resided in HVI/HVII region. Point heteroplasmic 
positions were concordant with available STS data. Strobl et al., reported possible 
NUMTs being amplified and sequenced with large multiplex panel for the entire 
mtGenome. The panel is comprised of 162 amplicons in 2 reactions (Precision ID mtDNA 
Whole Genome Panel by Thermo Fisher Scientific) and spans the entire mtGenome 
(Strobl et al., 2019). Amplification of NUMTs can lead to false mixture positions that  
are falsely called as point heteroplasmy. As long-range PCR was used for mtDNA 
amplification in the current study, the possibility for called heteroplasmic positions to be 
NUMTs artifacts is minimal – only two primer pairs are used for whole mtGenome 
amplification (vs high multiplex panel) what decreases the chance of a primer to anneal 
to a NUMT region of similar amplicon lengths. In addition to long-range PCR Marquis et 
al., described a method in which the entire mtGenome is amplified in a single reaction 
via rolling circle amplification, which also reduces the possibility for NUMTs amplification 
(Marquis et al., 2017).  

Recent validation studies have been performed in order to implement MPS workflow, 
for partial mtDNA sequences, as well as ancestry- and phenotype-informative SNP 
analysis, into operational casework (Brandhagen, Just, & Irwin, 2020; Sidstedt et al., 
2019). Just et al., reported sequencing 588 forensic quality full mtGenomes with STS  
(Just et al., 2015), however the throughput capacity of MPS technology for generating 
high coverage data is considerably more feasible for entire mtGenome sequencing 
compared to STS even using a highly automated process. Current as well as other studies 
have shown the greater power of MPS in generating data over Sanger-type sequencing 
(Avila et al., 2019; Churchill, Novroski, King, Seah, & Budowle, 2017; Parson et al., 2013a; 
Strobl et al., 2019). Barring point and length heteroplasmy, MPS data concordance with 
STS data has been reported by other studies including other MPS chemistry platforms 
(Davis et al., 2015; McElhoe et al., 2014; Mikkelsen et al., 2014; Parson et al., 2013a; 
Strobl et al., 2019; Sturk-Andreaggi et al., 2020). 

After target enrichment, hands-on preparation was conducted within 2 standard 
working days. Sequencing on MiSeq v2 platform lasted for approximately 39 hours. 
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Sequencing cost per sample (mtGenome, 16,569 nucleotides, 96 samples per run) was 
approximately $50 or $0.003 per nucleotide. In comparison, sample preparation and 
sequencing of HVI/HVII regions on STS platform Genetic Analyzer 3500xl (Thermo Fisher 
Scientific) requires one working day and the approximate cost of $50 per sample 
(HVI/HVII, 610 nucleotides, 6 samples per run, good quality samples) or $0.082 per 
nucleotide.  

According to these results, MPS outperformed STS regarding throughput, read depth 
and for point and length heteroplasmy interpretation. No error regarding variants called 
was detected. A threshold of 40X was suggested to be sufficient for generation of reliable 
data, although each laboratory should perform its own studies to establish a threshold. 
Compared to STS MPS drastically reduces the amount of laboratory work, time needed 
and costs for mtGenome data generation. 

4.2 The comparison of discrimination power of mtGenome and 
HVI/HVII regions (Publications I and II) 
In order to determine if whole mtGenome data provide a higher discrimination power 
and the degree of that increased power compared to routinely analysed HVI/HVII region 
data, haplogroup and haplotype assignment, random match probabilities and genetic 
diversities were analysed in an Estonian and three US populations.  
 
Variant count 
 
From the total of 11,656 variants detected at 1,369 nucleotide positions in US samples, 
2,949 variants (25.3%) resided in HVI/HVII region. Therefore 8,710 variants that make 
74.7% of the total number of detected variants were found outside of HVI/HVII region. 
In order to visualize the distribution of variants across the mtGenome a plot was 
constructed (Fig. 7A). As expected regions HVI and HVII that make up 3.7% of mtGenome 
expressed the highest density of variants. 

From 11,656 variants called 676, 217 and 90 variants were detected in one, two and 
three samples, respectively. Three variants (263G, 4769G and 15326G) were observed in 
all US samples and are the haplogroup nodes for the rCRS haplogroup. The rest of the 
variants were observed between four and 282 samples from which 1,252 variants 
(10.7%) were observed in 20 or less samples. A total of 16 variants, five of these residing 
in HVI/HVII regions, were detected in half of the samples and comprise 3,793 (32.5%) of 
total variants called. Removing the high frequency variants (which could be an artifact of 
relying on the rCRS as a reference) did not change the distribution of the variants across 
mtGenome.  

In the Estonian population sample in total 2903 variants were detected over 529 
positions (Fig. 7B). Seven positions (263, 315.1, 750, 1438, 4769, 8860 and 15326) 
expressed a variation with respect to rCRS in 111 of 114 samples. The detection of these 
variants in majority of the samples is the reflection of reference used, as these positions 
(except for 315.1) are haplogroups H2 nodes. The remaining three samples (EST-9,  
EST-19 and EST-40) expressed up to three variants each in relation to rCRS from which 
the majority were mutation hotspots or private mutations. Seven variants 73G, 309.1C, 
2706G, 7028T, 11719A, 14766T and 16519C were observed in ≥50% of the samples. 
Variants 73G and 11719A are the haplogroups nodes for the haplogroup R, variants 
2706G and 7028T for haplogroup H, and variant 14,766T for haplogroup HV. Variants 
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309.1C and 16519C are considered mutation hotspots and are not included in 
haplogroups assignment.  

From all variants called 257, 82, 53, 27 and 12 variants were detected in one, two, 
three, four and five samples, respectively. From the 2,903 variants detected 508 (17.5%) 
variants were observed in 20 or less samples. From the total amount of variants detected 
2,094 (72.1%) resided outside HVI/HVII region. Although a number of differences 
regarding unique haplotype and haplogroup numbers as well as RMP and GD values 
between four studied populations will be discussed further, the amount of variants 
residing outside HVI/HVII region in the Estonian population is concordant with our 
previous study on 283 US samples (King, LaRue, et al., 2014).  

 

 
Fig. 7. The plot of variant count per nucleotide position in (A) African-American, Caucasian and 
Hispanic populations (B) and Estonian population sample analysed in the current study. The number 
of variants is indicated by the y-axis and the nucleotide position by x-axis.  
 
Haplotypes 
 
A total of 85 (97.7%), 83 (100%) and 111 (98.2%) unique mtGenome haplotypes were 
observed within African American, Caucasian and Hispanic populations, respectively 
(Table 1). When mtGenome of the 114 Estonian population samples was analysed, 108 
(94.7%) unique haplotypes were observed. Compared to Caucasian samples, Estonian 
population had a slightly lower diversity (100% versus 94.7%).  
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Table 1. The number of unique haplotypes and haplogroups seen with HVI/HVII and mtGenome 
data. The count of haplogroups and haplotypes is presented for each population studied. AFA – 
African-American; CAU – Caucasian; HIS – Hispanic; EST – Estonian.  

    HVI/HVII   mtGenome 
  AFA CAU HIS EST  AFA CAU HIS EST 
Number of individuals   87 83 113 114   87 83 113 114 
Unique haplogroups  59 72 64 79  76 80 83 87 
Unique haplotypes   76 77 96 85   85 83 111 108 

 
Haplotype diversity within and among populations was analysed via pairwise comparison 
(Table 2). The highest pairwise difference in the current study was determined within the 
African-American while the lowest was within the Caucasian population. As expected, 
the Estonian population sample expressed similar however slightly lower pairwise 
difference within the population compared to the US Caucasian population. These data 
are concordant with haplotypes diversity studies with HVI/HVII regions by Budowle et al. 
(Budowle et al., 1999).   
 
Table 2. Pairwise difference calculation within and between populations as according to King et al., 
(King, LaRue, et al., 2014) and Stoljarova et al., (Stoljarova, King, Takahashi, Aaspollu, & Budowle, 
2016). Range of difference indicates how many variants between compared haplotypes were 
observed. AFA – African-American; CAU – Caucasian; HIS – Hispanic; EST – Estonian; SD – standard 
deviation. 

  AFA CAU HIS  EST AFA/ 
CAU 

AFA/ 
HIS 

CAU/ 
HIS 

AFA/ 
CAU/ 
HIS 

Number of pairwise 
differences  
(Mean ± SD) 

55±22 30±11 36±15 27±11 47±20 47±19 35±12 43±18 

Range of differences 0-104 1-55 0-90 0-54 0-102 0-102 0-91 0-101 

 
In the current study HVI/HVII data showed fewer unique haplotypes compared to 
mtGenome data – 76 (87.4%), 77 (92.8%), 96 (85.0%) within US African American, 
Caucasian and Hispanic populations respectively (Table A). In the Estonian population 85 
(74.6%) unique haplotypes were observed in HVI/HVII region. According to these results 
the increase in unique haplotypes was the highest in the Estonian population (27.1%), 
followed by the Hispanic population (15.6%), African American (11.8%) and Caucasian 
populations (7.8%).  

In the Estonian population 47 individuals had one or more identical mtDNA sequence 
when the HVI/HVII data were solely analysed. The 27.1% increase in unique haplotypes 
in the Estonian sample can be attributed to 23 samples that formed identical sample 
groups of six (H1a group), two groups of four (H2a2a and U4 group) and three groups of 
three (N1a1a1a, T2b and U8a1a group) with HVI/HVII data. The rest, 24 non-unique 
samples formed 12 pairs. From these ≥3 identical sample groups (groups H1a, H2a2a, 
N1a1a1a and U8a1a) were fully differentiated with mtGenome data. The other two 
groups (group U4 and T2b) were each left with two identical haplotype samples.  

When the whole mtGenomes of these 47 undifferentiated Estonian population 
samples were analysed, a total of 56 variants differentiated an additional 35 samples.  
Of these 56 variants five (8.9%) were observed in the control region and 51 (91.1%) in 
the coding region. The entire control region data increased the number of unique 
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haplotypes from 85 to 89, a 4.7% increase (mutational hotspot 16519C for the sample 
EST-5 included), compared to the 27.1% with whole mtGenome data. Interestingly,  
the amount of coding region variants (including five heteroplasmic positions) that were 
observed in the 47 samples undifferentiated by HVI/HVII data were two times higher  
(1.4 variants per sample vs 0.7) for haplogroup H samples compared to others that 
included samples from haplogroups M, N, T, U and W.  

The addition of coding region data benefits differentiation of samples with 
haplogroups that have low amount of variants within HVI/HVII region, e.g. haplogroup 
H. Inclusion of mtDNA CR to the analysis of Caucasian samples also was proposed by 
Coble et al. (Coble et al., 2004). In addition to haplogroup H, the importance of mtDNA 
coding region variants for sample discrimination has been shown for Native American 
haplogroup B2 which lacks variants in the CR to further resolve haplogroup B4 (Wood  
et al., 2019). The increase in discrimination power afforded by analysing the coding 
region has been shown for haplogroups in Han Chinese, Brazilian and US population 
samples (Avila et al., 2019; Just et al., 2015; Yao, Xu, & Wan, 2019).  

In 283 US samples, heteroplasmy was detected in 68 samples (24.0%) at 89 positions. 
One, two, three and four heteroplasmic positions were detected in 52, 12, three and one 
samples, respectively. Four heteroplasmic positions (204Y, 1832R, 2650Y, 16129R) were 
detected in the sample USA_TX_0146 with haplogroup T1a1 and the quality score of 
97.9%. The highest amount of samples with heteroplasmy was detected in the Caucasian 
population where 26.5% of samples expressed positions with heteroplasmy. Hispanic 
and African-American population had 23.9% and 21.8% of samples with heteroplasmic 
positions, respectively. In the Estonian population, heteroplasmy was detected in 13 
(11.4%) samples at 16 positions. The maximum number of heteroplasmic positions per 
sample in Estonian population was 2 (samples EST-33, EST-81 and EST-106).   

Of the total of 89 heteroplasmic positions in the US population samples 63 (70.8%) 
resided outside HVI/HVII region and 58 (65.2%) outside the CR (np 16024-576). In one 
case heteroplasmy in the CR enabled Hispanic population sample differentiation: 
samples USA_TX_0213 and USA_TX_0214 were differentiated by the 15184Y 
heteroplasmic position.  

All heteroplasmic positions detected in the Estonian population were unique. From 
these 16 positions 12 (75.0%) resided outside the CR. Heteroplasmy position 9117Y 
enabled differentiation of samples EST-86 and EST-55. 

A number of studies on heteroplasmy frequencies in mtDNA CR have been published, 
however the reported values vary greatly with Naue et al., reporting heteroplasmy 
frequencies of 18.0% and 16.2% for blood and buccal swab samples, respectively (Naue 
et al., 2015) and Irwin et al., reporting 1.0%-9.5% for blood samples and 4.3%-15.5% 
heteroplasmy frequency for buccal swab samples of different populations (Irwin et al., 
2009). If solely the CR is considered, the heteroplasmy frequencies observed in the 
current study are more similar in value reported by the latter study. However our study 
shows that the majority of heteroplasmic positions are located outside the CR. In the 
recent study based on almost 1800 samples, Marshall et al., reported that coding region 
heteroplasmic positions are more discriminating that those in the CR as the frequency of 
latter is higher (Marshall, 2019).  

The high intra-individual variance of heteroplasmy frequency has been reported with 
common forensic samples such as hair (Barrett et al., 2020; Bendall, Macaulay, & Sykes, 
1997). Unlike many other tissues (e.g. blood) hairs develop from a small number of cells. 
By week 16–20 of gestation, the hair follicles are formed each from a small group of stem 



32 

cells that have gone through a somatic bottleneck. Hair growth requires a high number 
of mitochondria that will be clonally produced. Developing hair follicles give rise to the 
hair root and shaft via rapid mitotic cell division, with each division leading to a stochastic 
segregation of mtDNA and thus additional genetic drift (Barrett et al., 2020; Linch, 
Whiting, & Holland, 2001; Paneto et al., 2007). Barrett et al., observed that variance of 
heteroplasmy frequency in hairs increase with the age of individuals, that minor and 
major allele frequency can shift between different hairs from the same individuals and 
that minor allele frequency in hair differ from those in blood and buccal samples (Barrett 
et al., 2020). Moreover, Naue et al., reported heteroplasmy intra-individual variance with 
90% of individuals not expressing heteroplasmy in all 8 tissues sampled (buccal cells, 
blood, hair, bone, skeletal muscle, heart muscle, brain, lung, and liver) (Naue et al., 2015). 
Therefore, using heteroplasmy-based evidence in human identification should be done 
with caution especially when comparing data from different tissue sources.  

Random match probability (RMP) and genetic diversity (GD), as common parameters 
used in forensic genetics, were compared between HVI/HVII and mtGenome data  
(Table 3). From the US populations the Hispanic population showed the largest difference 
between the HVI/HVII and mtGenome data results (72.2% decrease in RMP), followed by 
the Caucasian population (61.4%). The African American population had a RMP 
decreased of 47.6% when mtGenome data were used compared to HVI/HVII data.  
The RMP and GD for the Estonian population was 4.52% and 96.32% for HVI/HVII data 
and 1.15% and 99.72% for the mtGenome data, respectively, which is a 74.5% decrease 
in RMP, the largest decrease in RMP within the four populations studied. The differences 
between HVI/HVII and mtGenome RMP and GD values were statistically significant –  
p = 0.01659 for RMP and p = 0.01645 for GD (Student T-test, paired, two-tailed).  
 
Table 3. Random match probability (RMP) and genetic diversity (GD) calculated for the studied 
populations based on HVI/HVII and mtGenome data. AFA – African-American; CAU – Caucasian; 
HIS – Hispanic; EST – Estonian; n – number of samples; SD – standard deviation. 

      HVI/HVII     mtGenome   
Populations n  RMP GD  RMP GD 
AFA 87   2.50% 98.64%   1.31% 99.84% 
CAU 83  3.12% 98.06%  1.20% 100.00% 
HIS 113  3.52% 97.35%  0.98% 99.91% 
EST 114  4.52% 96.32%   1.15% 99.72% 
Mean ± SD     3.41 ± 0.85% 97.59 ± 1.00%   1.16 ± 0.14% 99.87 ± 0.12% 

 
RMP reported by Budowle et al., for HVI/HVII regions of US populations was lower  
than found for the three US populations in the current study (e.g. 0.9% vs 2.4% for  
African-American population) (Budowle et al., 1999). A notably lower RMP for US 
Caucasians in Budowle et al., study is likely due to a larger sample size as the RMP can be 
impacted by sample size. RMP values for HVI/HVII as well as mtGenome reported by Just 
et al., are also lower compared to the current study (Just et al., 2015). As with values 
from Budowle et al.  study, larger population sizes might be the explanation for variation 
in the reported RMPs. However the possibility of different degrees of variation between 
different samplings of the same population from the current study cannot be excluded.  
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Haplogroups 
 
HaploGrep (Kloss-Brandstatter et al., 2011; Weissensteiner et al., 2016) and Phylotree 
(van Oven & Kayser, 2009) were used to assign haplogroups to sequenced haplotypes 
based on mtGenome data, coding region and HVI/HVII data. Based on mtGenome data 
the US samples were assigned to 14 macrohaplogroups with Hispanics being the 
population with the highest number of different macrohaplogroups (n = 12), followed by 
Caucasians (n = 10) and African Americans (n = 6) populations. In the Estonian population 
data 12 macrohaplogroups were observed, of which 3 macrohaplogroups X, N and R 
were not observed in the US populations. Macrohaplogroups A, B, C and L, frequent in 
the American and African populations, were not observed in the Estonian population 
sample (Table 4). 
 
Table 4. Macrohaplogroups and number observed in the data set of 4 populations studied. AFA – 
African-American; CAU – Caucasian; HIS – Hispanic; EST – Estonian. 

Macrohaplogoups AFA CAU HIS EST 
A 1 1 37 - 
B 1 1 18 - 
C - 1 21 - 
D - - 5 1 
H 1 32 12 54 
I - 3 1 2 
J - 11 1 7 
K - 6 1 3 
L 81 - 7 - 
M 2 - - 2 
N - - - 3 
R - - - 1 
T - 7 3 11 
U 1 20 6 24 
V - 1 - - 
W - - 1 5 
X - - - 1 

Total samples 87 83 113 114 
Total Macrohaplogroups 6 10 12 12 

 
Seven of the 283 US population samples (2.5%) changed haplogroup clades when 
expanding the HVI/HVII data to those of mtGenome data (Table 5). Indeed, five of the 
seven samples changed macrohaplogroups. For example sample USA_TX_0057 was 
changed from Asia-specific mtDNA haplogroup D4j1b2 assigned based on HVI/HVII data 
to Africa-specific L3b1a7a haplogroup. Top rank haplogroups assigned for these samples 
by HaploGrep varied widely. Based on mtGenome data HaploGrep ranks haplogroups 
H32, H+152 and H as the top three for the sample USA_TX_0257, while based on HVI/HVII 
data the top three were ranked as haplogroups P5, U5b2a1a and H32 or R30a1 (latter 
two have the same overall quality score). Interestingly, less samples went through a 
haplogroup change when haplogroup assignment was performed using Phylotree  
build 17 (in the current study) compared to Phylotree build 15 used in publication I  
(King, LaRue, et al., 2014).  

Macrohaplogroup change in the Estonian population sample was less drastic.  
The biggest change was seen with the sample EST-59 that had a macrohaplogroup change 
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from U with HVI/HVII data to H with mtGenome data. Four other samples showed a 
change between closely related haplogroup clades (Table 5).  

The lowest pairwise difference as well as the highest increase in the number of unique 
haplotypes based on mtGenome and HVI/HVII data within the Estonian population show 
that the addition of data from regions outside of HVI/HVII benefits the most for the least 
diverse populations. As the Estonian population expressed the lowest increase in unique 
haplogroups compared to three US populations studied (Table 1), the increase in the 
unique haplotypes was due to the prevalence of private mutations outside the HVI/HVII 
regions. These variants are of importance when genetically close mtDNA samples are 
possibly able to be distinguished.   

Bias regarding rCRS and Phylotree described previously (Bandelt & Salas, 2012; Behar 
et al., 2012) could be seen with the Estonian sample EST-19. Sample EST-19 had a total 
of two variants (14598C, 16294T) in relation to rCRS and was given a quality score of 53% 
by HaploGrep. Therefore the true haplogroup for the EST-19 sample (defined with H5e 
haplogroup and the quality score of 53% by HaploGrep) is likely to be in the H2 lineage.   
 
Table 5. Samples that changed haplogroup clade assignment between HVI/HVII data and 
mtGenome data.   

    HVI/HVII     mtGenome   

  Assigned haplogroup Quality   Assigned haplogroup Quality  

USA_TX_0052   M73'79 95.2%   L3b1a+@16124 93.5% 

USA_TX_0057  D4j1b2 90.6%  L3b1a7a 98.8% 

USA_TX_0063   N2 95.1%   L3e1f 95.0% 

USA_TX_0108  HV0 94.0%  V2 95.3% 

USA_TX_0132   R+16189 88.0%   H4a1a1a1a1 97.9% 

USA_TX_0250  HV21 72.3%  H1ag 85.0% 

USA_TX_0257   P5 96.3%   H32 97.0% 

EST-111  H2a2a+(16235) 75.8%  HV 81.4% 

EST-12   H1e1a4 100.0%   HV16 96.1% 

EST-13  JT 88.8%  T2b4+152 97.4% 

EST-36   JT 88.8%   T2b4+152 97.4% 

EST-59   U5b2a1a2 86.7%   H 81.1% 

 
According to these results over 70% of variants reside outside routinely analysed HVI and 
HVII regions. Entire mtGenome data show a significantly higher discrimination power 
compared to HVI/HVII data. A number of samples changed their haplogroup when 
haplogroup assignment was done based on entire mtGenome haplotypes compared to 
HVI/HVII. Therefore, based on these data, typing of mtGenome is preferred over 
HVI/HVII.  
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4.3 Genetic description of an Estonian population sample (Publication II) 
As the whole mtGenome data for the Estonian population was published for the first 
time, the mtGenome data of 114 Estonians sequenced in the current work were 
compared to previously available data on Estonian mtDNA as well as descried in relation 
to haplogroups defined in other populations.  

Twelve major haplogroup clades (van Oven & Kayser, 2009) and 87 unique haplogroups 
were observed in the Estonian population sample (Tables 1 and 4). The majority of samples 
(68.4%) belonged to clades H (47.4%) and U (21.1%). Clades T and J comprised 9.6% and 
6.1% of samples, respectively. The rest of the haplogroup clades included less than 5.0% 
of the samples. Haplogroup clades D, R and X had one sample each with the quality score 
of 98.2%, 94.1% and 98.0%, respectively. Interestingly the Asia-specific M haplogroup 
was observed in the dataset.  

In the recent study by Saag et al., described mtDNA haplogroup data produced by 
shotgun sequencing from 41 tooth samples from Bronze, Iron and Middle Age 
graves/cemeteries located in Estonia and Ingria (Russia) (Saag et al., 2019). All major 
haplogroup clades found in the Saag et al., study were present in the haplogroup pool  
of the current Estonian population study. The major clades of the current Estonian 
population study haplogroups that were not observed in the Saag et al., study were 
D4e4b, M10a2, N1a1a1a1, R1b1 and X2c1.  

Haplogroup H is known to be the most frequent (44.5-48.2%) haplogroup in Europe 
with high frequency peaks also in the Near East, and northern Caucasus (Richards et al., 
2000). The frequency of haplogroup H has been reported to be 44.6% based on 17 coding 
region SNP data and 43.9% based on HVI data in the Baltic Sea region and Estonian 
populations, respectively (Achilli et al., 2004; Lappalainen et al., 2008; Richards et al., 
2000). These results are is consistent with our findings based on the entire mtGenome 
data. Haplogroup H divides into a number of subhaplogroups with considerable variation 
in subhaplogroup variations in Europe. Loogväli et al., reported 57 basic branches 
stemming from the major haplogroup H based on the data from 267 coding region 
sequences (Loogväli et al., 2004). In our Estonian population sample subhaplogroup H1 
(15.8%, including all H1 subhaplogroups) showed a considerably higher frequency 
compared to the rest of the subhaplogroups that were under 6.1%. Haplogroup H1 
characterized with large frequency peaks (up to 27.7%) in Western Europe is centered in 
Iberia and has been shown to decline toward the northeast and southeast. However 
frequency peaks in Austria and Estonia (16.7%), similar to our results, have been shown 
(Achilli et al., 2004). A slightly lower H1 haplogroup frequency (12.2%) can be seen with 
the data from Saag et al., from ancient DNA samples from grave/cemetery sites in Estonia 
and Ingria (Saag et al., 2019).  

European specific subhaplogroup U5, with a frequency in the European population up 
to 10.3% and proposed as the main haplogroup of Europe’s first settlements (Richards  
et al., 2000), was the second most abundant subhaplogroup in the current study with the 
frequency of 11.4%. Similar frequency of 12.9% for Estonian and slightly higher 15.0% for 
Baltic Sea region populations in general have been reported (Lappalainen et al., 2008). 
Saag et al., data show a 12.2% frequency for the U5 haplogroup in the ancient DNA 
samples (Saag et al., 2019).  

Similarly to the current study, haplogroup X has been observed by Lappalainen et al., 
in one out of 117 Estonian as well as one out of 307 Swedish population samples 
(Lappalainen et al., 2008). Haplogroups X2e and X2c were observed by Hedman et al.,  
in one and four Finnish population samples (n = 200), respectively (Hedman et al., 2007). 
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Haplogroup X has a wide geographic range but low frequency (<5%) in West Eurasian and 
North African population. Two subhaplogroups X2b and X2c cover one-third of the 
European X haplogroup sequences (Reidla et al., 2003).  

The frequency of haplogroup D is the highest in eastern (10-43%), northern (11-34%) 
and central (14-20%) Asian groups, declining towards south and west (M. Derenko et al., 
2010). Haplogroup D4e has been reported in a number of Asian populations in EMPOP v4 
release 13 database (https://empop.online/hg_tree_browser, accessed December 24th 
2019). One sample in the current study was reported with a D4e4b haplogroup (quality 
score of 98%). Haplogroup D5a has been reported at low frequencies in Estonian samples 
(Loogväli et al., 2004). To our knowledge, the rare haplogroup D4e4b reported in Tatars 
and Russians (M. Derenko et al., 2010) has not been observed in the Estonian population.  

The major haplogroups M and N derive from the African haplogroup L3 and gave rise to 
western Eurasian and Asia-specific haplogroups. While haplogroup N is a pre-haplogroup 
for Europe specific haplogroups (with haplogroup R as the main branch) and three  
Asia-specific haplogroups (A, B and F), major haplogroup M is a precursor for Asian-specific 
haplogroups (Wallace, 2015). Haplogroup N (more specifically N1) and R have been 
shown to occur in low frequencies in European populations including Finns (Hedman  
et al., 2007; Kushniarevich et al., 2015; Richards et al., 2000). Pliss et al., analysed mtDNA 
HVI region of 409 Estonian population samples and observed haplogroups N1a and N1b 
with the frequencies of 1.2 and 0.2, respectively.  Haplogroups M* (with subhaplogroup 
M10) and R were not observed that population sample (Pliss et al., 2006). Haplogroup 
M10 has been observed with a low frequency in Volot (north-western part of European 
Russia) population (Grzybowski et al., 2007). Haplogroup M10a2 has been observed in 
the Kazakhstan (Westeurasian) population and the South-Korean population (Irwin et al., 
2010; Lee et al., 2006). All three haplogroups (N, M and R) have been observed in the 
South Siberian populations (M. V. Derenko et al., 2003).  

According to these results, 10 of the 12 major haplogroup clades observed in the 
Estonian population sample based on entire mtGenome data have been observed in 
previous Estonian population studies based on partial, mostly HVI, mtDNA sequences. 
Two haplogroups – M and R – have been reported in geographically close populations.  

4.4 Mixture sample mtDNA analysis with MPS (Publication III) 
Mixtures are one of the most challenging samples in forensic casework especially in cases 
with low levels of DNA. Quantitative as well as qualitative data provided by MPS can be 
utilized to distinguish individuals contributing to mtDNA mixtures.   

Six single-source samples, seven two-person mixture samples in the ratio of 1:1, 1:5, 
1:10 and 1:20 with distinct major haplogroups (HV and F1a1a), three two-person mixture 
samples in the ratio of 1:1, 1:5 and 5:1 with similar haplogroups (subclades of U2e) and 
two three-person mixture samples in the ratio of 1:1:1 and 5:1:1 with distinct major 
haplogroups (HV, F1a1a and U2e2a1a) were sequenced and analysed using quantitative, 
phasing and phylogenetic data.  
  
Control samples 
 
Negative (no-template control, NTC) and positive control samples were added to each of 
the sequencing runs. NTC samples resulted in 0X to 179X and 0X to 51X read depth per 
nucleotide position for Ion S5 and PGM sequencing runs, respectively. The ratio of the 
average read depth of NTC samples and the average read depth of the single-source 
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samples across mtDNA was calculated. The ratios were between 0.04 and 2.55% which 
is lower than established variant call threshold of 10% for this study.  

The positive control NIST standard 9947A was used. Sequence results of the positive 
control were in concordance with NIST data (Riman, Kiesler, Borsuk, & Vallone, 2017), 
except for position 1393G/A with the minor allele not meeting the threshold of 10%. The 
minor allele was seen at 3% and 4% of the nucleotide position total read depth in PGM 
and Ion S5 runs, respectively. Sequencing chemistry as well as the variation in lots of the 
cell line might be the cause for reduced frequency of the minor 1393G/A variant.  
The minor allele of the heteroplasmic position 7861Y was seen at 17% and 18% in Ion S5 
and PGM runs, respectively. 
 
Single source samples  
 
The average read depth of six single source samples and two positive controls was 270X 
to 18,836X and 366X to 24,224X for the PGM and Ion S5 runs, respectively. Slight 
differences in average read depth are expected between Ion Chips used with the 
sequencing platforms. The relative locus performance (RLP), calculated by dividing the 
read depth of the nucleotide position with the average read depth of the sample and 
multiplying by the length of the mtGenome, was used to normalize the two sequencing 
runs and visualize the relative sequencing performance across the mtGenome. Average 
RLP for the single-source samples was 5.95E-05 to 3.50E-04. The strand balance for the 
positive strand was 0.02 to 0.75 with 84% of the nucleotide positions at or above 0.40.  

Noise possibly originating from PCR errors, sequencing errors or NUMTs was  
analysed. In general, average noise for the single-source samples ranged from 0.00% to 
4.86% of the total read depth across the mtGenome with 8 noise positions above 3%.  
These 8 positions were associated with homopolymeric regions. Shortcomings with 
homopolymeric tract sequencing on Ion Torrent platforms have been reported by a 
number of studies (Bragg, Stone, Butler, Hugenholtz, & Tyson, 2013; Chaitanya et al., 2015; 
Churchill, King, Chakraborty, & Budowle, 2016; Parson et al., 2013a; Seo et al., 2015).  
In a recent evaluation study of the Precision ID mtDNA Whole Genome Panel Stoble et al., 
reported sequence artefacts present consistently across samples (Strobl et al., 2019).  
Bioinformatics improvements could lead to better noise and off-target alignment 
filtering and thus allowing for a reduction of heteroplasmy and mixture thresholds. 

One single-source sample (sample 011) showed a point heteroplasmic position that 
varied slightly depending on the sequencing platform – 14386Y, minor variant at 32% and 
23% in Ion S5 and PGM runs, respectively.  No heteroplasmic positions were detected in 
the rest of the single-source samples.  

The mtDNA profiles from the single-source samples used in the current study were 
compared and found concordant to the same samples sequenced via long-range PCR on 
the MiSeq and PGM platforms in earlier studies (Churchill et al., 2016; King, LaRue, et al., 
2014).  
 
Mixtures 
 
The average read depth and the RLP for the mixtures was 401X to 17,466X and 7.86E-06 
to 3.47E-04, respectively. The strand balance for the positive strand was 0.02 to 0.71 with 
82% of the nucleotide positions at or above 0.40. The average noise for the mixture 
samples ranged from 0.00% to 4.54% of the read depth across the mtGenome with seven 
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nucleotide positions above 3%. These positions were associated with homopolymeric 
regions as was observed with single-source samples. The performance metrics of the 
mixture samples were similar to the single source samples results.  

The quantitative data per variant position were obtained from mitoSAVE (King, 
Sajantila, et al., 2014). The variants were divided into one of the three categories:  
a) variant present in both of the contributors’ haplotypes; b) variant present in the major 
contributor’s haplotype; c) variant present in the minor contributor’s haplotype.  
No allele ratios were set for the categories before the variant assignment as no prior data 
on the ratios were available. Variants that were not able to be assigned to one of the 
aforementioned categories were scrutinized further regarding phasing and phylogenetic 
data. Phasing data were collected during manual variant verification with IGV 
(Thorvaldsdottir et al., 2013). Phylogenetic data were collected through HaploGrep 
(Weissensteiner et al., 2016) and EMPOP (Parson & Dur, 2007).  
 
Two-person mixtures  
 
Two-person mixtures with distinct haplotypes (HV and F1a1a) were analysed.  
The complete major contributor’s mtDNA profile was detected for all two-person 
mixtures. Complete mtDNA profiles of both (major and minor) contributors were 
detected from the 1:1 and 1:5 mixtures. It is important to note that the 1:1 mixture can 
have a major and a minor contributor as the DNA amount in the sample in this study is 
based on the nuclear DNA amount. The amount on mtDNA is related to the total DNA 
amount however it varies between individuals and thus will differ to some degree (Robin 
& Wong, 1988; Shay, Pierce, & Werbin, 1990). Also manipulations during sample 
preparation can induce variation.  

In the 1:10 mixture all variants were observed except for one variant of the minor 
contributor. Manual checking of the BAM files in IGV showed the missed variant 4092A 
at 8.0%. A partial minor contributor’s profile was also detected from the 5:1 mixture  
with 19 positions out of 42 observed (45.2%, excluding minor contributor’s point 
heteroplasmic positions). Therefore only major contributor’s complete profile was 
detected from the 10:1, 1:20 and 20:1 mixtures.  

The quantitative results (alternative allele to total allele count ratio) for two-person 
mixtures are shown in the table 6. The table includes only the variants that could be 
assigned to one of the three categories – both contributors, major contributor, minor 
contributor.  

   
Table 6. Quantitative data results of two-person mixtures with contributors from distinct 
haplogroups. The average ratio of alternative allele read depth to total read depth is shown with 
standard deviation in parentheses. Only the major contributor profile was generated from analysis 
of 10:1, 1:20 and 20:1 mixtures and therefore no values for “minor” and “both contributors” are 
given for these samples. 

 1:1 
mixture 

1:5 
mixture 

5:1 
mixture 

1:10 
mixture 

10:1 
mixture 

1:20 
mixture 

20:1 
mixture 

Both 
contributors 

99.50% 
(0.76%) 

 99.38% 
(0.92%) 

 99.63% 
(0.74%) 

98.44% 
(3.24%)    

Major 
contributor 

62.38% 
(2.00%)  

73.23% 
(5.14%)  

89.44% 
(1.81%) 

85.73% 
(1.82%)  

96.94% 
(2.99%)  

94.00% 
(3.24%)  

98.12% 
(1.58%) 

Minor 
contributor 

35.96% 
(3.04%)  

24.00% 
(2.00%)  

11.27% 
(0.90%)  

12.86% 
(1.21%)    
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Phasing information was used in the 1:1 mixture where the variants 4086T and 4092A 
were difficult to assign quantitatively based on frequencies of 47.7% and 48.0%, 
respectively (Fig. 8). These variants were not in-phase and therefore were parsed  
(Fig. 9). A phylogenetic check was performed via HaploGrep or EMPOP to confirm blind 
phasing assignment (Parson & Dur, 2007; Weissensteiner et al., 2016). HaploGrep 
assigned position 4086T to the minor contributor and therefore according to phasing 
result variant 4092A was assigned to the major contributor. According to HaploGrep 
variant 4092A is a local private mutation and therefore without phasing data it would  
not be possible to assign the variant to one specific contributor. According to the  
single-source samples variant 4092A belongs to the minor contributor of the 1:1 mixture.  

The quantitative data of positions 249del, 16162G and 16172C in the 1:1 and 1:5 
mixtures could not be assigned to one of three categories with confidence based on a 
quantitative assessment. However, the positions were assigned to the correct 
contributor via phylogenetic assignment (Fig. 10). 

Point heteroplasmic position 14386Y from sample 011 was observed in the 1:5 
(alternative allele at 18.3%), 1:10 (19.0%) and 1:20 (20.5%) mixtures, where sample 011 
was the major contributor. In the 1:20 mixture point heteroplasmy (PHP) (14386Y) stands 
out from the quantitative data of the rest of the positions (Fig. 11). As only the major 
contributor’s profile was obtained from the 1:20 mixture, position 14386Y can be 
assigned as a heteroplasmic position of the major contributor. However, in case of the 
1:5 and 1:10 mixtures, the PHP amount is close to the minor contributor’s average 
quantitative data results and could be falsely assigned to the minor contributor. Phasing 
nor phylogenetic assignment could help with determining the contributor of the position 
– no other variant was found in the nearby position for phasing analysis nor was it a 
definitive haplogroup variant. Two profiles per major and minor contributor were 
generated for the 1:5 and 1:10 mixtures. Therefore, difficulties with detecting and 
correct assignment of point heteroplasmic positions can be expected. 
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Fig. 8. Two-person 1:1 mixture with contributors from distinct haplogroups (HV and F1a1a) showing 
the ratio (in %) of alternative allele read depth to np total read depth per variant detected. Variants 
present in both contributors are highlighted with purple, variants present in the major contributor 
are highlighted with dark grey, variants present in the minor contributor are highlighted with light 
grey, variants that could not be assigned to a contributor based on the quantitative data and 
required additional phasing and phylogenetic analysis are highlighted with blue.  
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Taking into account the above presented results from two-person mixture with 
contributors from distinct haplogroups, analysis of two-person mixtures with 
contributors from similar haplogroups (U2e1a1 and U2e2a1a) with mixtures of 1:1, 1:5 
and 5:1 was performed. Full major and minor contributor profiles were obtained from  
all mixtures. Quantitative data results for the mixtures are shown in the table 7. In the 
current study no additional phasing or phylogenetic assignment data were needed  
(Fig. 12). Nevertheless, in the case of phylogenetically close haplogroups the use of 
phylogenetic assignment in mixture deconvolution is less practical as fewer differences 
compared to distinct haplogroups are expected. From the variants detected in the 1:1 
mixtures 27.3% (from the total of 44 variants) belonged to only one of the contributors 
in the U2e1a1 and U2e2a1a haplogroups mixture, while 79.2% (from the total of 48 
variants) belonged to only one of the contributors in the HV and F1a1a haplogroups 
mixture.  

 
Table 7. Quantitative data results of two-person mixtures with contributors from similar 
haplogroups (U2e1a1 and U2e2a1a). The average ratio of alternative allele read depth to total read 
depth is shown with standard deviation in parentheses. 

 1:1 mixture 5:1 mixture 1:5 mixture 

Both contributors 99.09% (0.93%)  99.13% (0.94%)  99.06% (1.39%) 
Major contributor 59.00% (2.53%)  85.33% (1.75%)  76.50% (3.94%) 
Minor contributor 38.80% (1.75%)  12.17% (1.33%)  21.33% (1.21%) 

 
Three-person mixtures 
 
For the three-person mixtures contributors from distinct haplogroups (U2e2a1a, HV and 
F1a1a) were used. The three-person mixture in the ratio of 1:1:1 resulted in no profiles 
for contributors as variants could not be assigned to the contributor categories based on 
quantitative data (Fig. 13). Only variants present in all contributors were distinguishable. 
All the variants from three contributors were detected. Therefore, while quantitatively 
variant assignment was not possible, the mixture analysis results can be used to exclude 
individuals from the contributors’ list.  

The number of contributors greater than two was indicated by the phasing 
information as well as a three-allelic position. Variants 146C, 150T, 152C, 195C and 217C 
reside in the same read area however were in-phase as follows - 150T and 195C, 152C 
and 217C (Fig. 14A). However, manual parsing of contributors by using phasing data 
would generate a high number of possible profiles and therefore would not be a practical 
analysis method. A three-allelic position (16129) was seen in both 1:1:1 as well as 5:1:1 
mixtures (Fig. 14B and C).  

A correct major contributor’s profile was generated from the three-person 5:1:1 
mixture. The profiles of the two minor contributors could not be parsed due to similar 
quantitative results as well as a number of variants from two minor contributors were 
not detected. 
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Fig. 9.  Image from IGV showing variant positions out of phase. (A) The 1:1 mixture sample with 
positions 4086T and 4092A were not in-phase. (B and C) Single-source samples used for the 
aforementioned mixture expressing 4086T and 4092A variants. Reference genome (rCRS+80) 
sequence is shown in the bottom panel. 
 
 
 
   

A 

B 

C 



43 

A 

B  

Fig. 10. Image from HaploGrep showing phylogenetic assignment data. The major contributor’s profile excluding positions 249del, 4086T, 16162G and 16172C was 
uploaded to HaploGrep.  Aforementioned positions are the nodes for the F1a1a haplogroup and therefore were expected in the profile, as shown in (A) the table as 
well as (B) lineage chart. According to HaploGrep these positions were not expected in the minor contributor’s profile.  Please note: position 16172C in the lineage 
chart should be visualized in red font, however an occurring error with the graphical representation has been confirmed (via e-mail communication) by the HaploGrep 
author (Weissensteiner, H.).
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Fig. 11. Two-person 1:20 mixture showing the ratio (in %) of alternative allele read depth to np total 
read depth per variant detected.  
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Fig. 12. Two-person 1:1 mixture with contributors from similar haplogroups (U2e1a1 and U2e2a1a) 
showing the ratio (in %) of alternative allele read depth to np total read depth per variant detected. 
Variants present in both contributors are highlighted with purple, variants present in the major 
contributor are highlighted with dark grey, and variants present in the minor contributor are 
highlighted with light grey. 
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Fig. 13. Three-person 1:1:1 mixture showing the ratio (in %) of alternative allele read depth to np 
total read depth per variant detected. Variants present in all three contributors are highlighted with 
purple.  
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Fig. 14. Images from IGV showing phasing and three-allelic data from three-person mixture 
samples. (A) In the 1:1:1 mixture variants 146C, 150T, 152C, 195C and 217C are situated in the same 
read area. Variants 150T and 195C as well as 152C and 217C are in-phase. Variant 146C is not  
in-phase with the other 4 variants. These results indicate a minimum of 3 contributors.  
(B) The three-allelic position 16129 in the 1:1:1 mixture. (C) The three-allelic position 16129 in the 
5:1:1 mixture. Reference genome (rCRS+80) sequence is shown in the bottom panel. The allele count 
is shown in the white square. Allele count to np total read depth is shown in %. “+” and “-” as well 
as blue and pink lines indicate the number of forward and reverse strands.  
 
Number of contributors 
 
Single-source and mixture samples performance metrics (read depth, RLP, strand 
balance, noise) as well as variant counts were compared in order to find a potential 
indicator between the sample sequencing data and the number of contributors.  

Read depth as well as RLP for the mixture sample expressed high and low amplicon 
areas across the mtGenome in the similar manner as single-source samples. Strand 

A 

B C 
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balance as well as detected noise of mixture samples were comparable to the stand 
balance of single-source samples. Therefore none of these mtDNA performance metrics 
analysed in the current study could be used to indicate the number of contributors in the 
sample.  

The number of two-allelic and three-allelic positions per sample was examined next 
(Fig. 15). In a single-source sample these positions would be indicative of a point 
heteroplasmy. As expected, a number of variants expressing a two- or three-allelic 
position was the highest in three-person mixtures. In the 5:1:1 mixture approximately 
half of the two-allelic positions were detected under but close to the established 
threshold of 10%. Therefore, lowering the threshold might be important for detecting 
minor alleles of low DNA amount contributors.  

Two-person mixture samples from district haplogroups with mixture ratios of 1:1, 1:5 
and 1:10 exhibited a higher amount of two-allelic positions compared to other  
two-person mixtures (from distinct and well as similar haplogroups). The major as well 
as the minor contributor’s mtDNA profiles were detected in the former mixtures, while 
only the major contributor’s profile was distinguished from the distinct haplogroup 
contributors’ mixture of 5:1, 10:1, 1:20 and 20:1. Therefore, the latter are expected to 
be similar to that of two-allelic position count to single-source samples. Two-person 
mixtures with contributors from similar haplogroups showed a higher two-allelic position 
count compared to single-source samples however lower compared to mixture samples 
with distinct haplogroups. This observation indicates that building a probabilistic model for 
contributor number estimation based on number of differences between populations, 
amount of multi-allelic positions and type of multi-allelic positions (e.g. two-allelic and 
three-allelic positions detected in the current study) might be possible. Population 
studies as well as mixture studies with high number of samples are needed.   
 

 

Fig. 15. Number of positions indicating a mixture. Sample compositions are shown on the x-axis, 
while the number of positions (per sample) indicating a mixture are shown on the y-axis. Number 
of positions indicating a mixture are shown in blue for single-source samples, dark grey for  
two-person mixtures from distinct haplogroups, light grey for two-person mixtures from similar 
haplogroups and purple for three-person mixtures. In the three-person mixtures dark purple 
indicates the positions from a mixture with the minor variant(s) over the 10% threshold. Light purple 
indicates the positions indicating a mixture with the minor variant(s) just below 10% threshold  
(6%-9%).  
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In publications I and II of the current study, heteroplasmy (with the threshold of 18%) 
was detected in 11.4% of the Estonian population sample (DNA extracted from buccal 
swabs) and in 26.5%, 23.9% and 21.8% of the Caucasian, Hispanic and African-American 
population samples (DNA extracted from whole blood), respectively (King, LaRue, et al., 
2014; Stoljarova et al., 2016). The number of heteroplasmic positions in samples ranged 
from one to four, with four positions detected in only one sample which is 1.2% from 
samples with heteroplasmy detected and 0.3% from the total number of 397 samples. 
However different tissue types express different amounts of PHP per person, with higher 
frequency of heteroplasmic variants in hair shaft compared to blood and buccal swab 
samples, as reported by Kim et al., (B. M. Kim, Hong, Chun, Kim, & Shin, 2019). This same 
study also reported the detection of 4 and 5 PHPs in hair shaft samples, however in the 
majority of the PHP positions expressed the minor allele in a proportion of < 10% (B. M. 
Kim et al., 2019). Therefore, when determining the possible amounts of contributors with 
the number of heteroplasmic positions the tissue type should be taken into account. 
Moreover, a heteroplasmy threshold should be established for each tissue type for the 
forensic investigators to follow. In has also been shown that different software might 
produce different results regarding detected positions and major-minor allele ratios and 
thus the software used can impact detection above and below thresholds (M. Y. Kim, 
Cho, Lee, Seo, & Lee, 2018). 

Vohr et al., described the software tool mixemt for mtDNA mixture deconvolution 
based on phylogenetic assignment (Vohr et al., 2017). The tool uses BAM files as input 
and estimates the probability of the read originating from each candidate haplotype via 
PhyloTree (van Oven & Kayser, 2009). However, taking into account the large memory 
requirements for computation as well as analysis time, the tool was unwieldy. 
Additionally the manual analysis performed in the current study outperformed the 
aforementioned software tool with the same mixture samples.  

A number of other methods have been proposed for mtDNA mixture interpretation, 
e.g. haplotype-specific extraction, locked nucleic acid (LNA) mediated PCR clamping and 
single-cell sequencing (Asari et al., 2019; Louhelainen & Miller, 2020; Morris et al., 2017; 
Zander, Otremba, & Nagy, 2018). In two former methods specific probes are required to 
attach to the amplicon of interest and either separate it from the rest via beads or block 
its PCR amplification (Asari et al., 2019; Zander et al., 2018). Although promising results 
have been reported with these methods, these methods require high quality samples 
and in addition to sample sequencing, extra steps in the wet-lab sample preparation. 
Single-cell sequencing that allows for the analysis of DNA from a single cell or even a 
single mitochondrion has been demonstrated which could be another promising method 
for mixture interpretation (Louhelainen & Miller, 2020; Morris et al., 2017). However 
single-cell sequencing is laborious and currently not feasible to be used routinely on 
forensic samples. More studies with larger sample sets are required to determine the 
reliability of single-cell sequencing technology for forensic applications.  

With successful sequencing of 283 US and 114 Estonian population samples we have 
shown that high throughput makes MPS a viable alternative to routinely used STS. 
Moreover, generation of whole mtGenome data by MPS, which is impracticable with STS, 
have a significantly higher discrimination power compared to routinely analysed 
HVI/HVII region.  

Accordingly, compared to STS, MPS enables typing low frequency (under 15%) mtDNA 
heteroplasmic positions along the entire mtGenome and provides quantitative data  
(i.e. the ratio of an alternative allele to the total read depth). Both can be used for the 
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interpretation of one of the most challenging forensic samples – mixtures. In addition, 
bioinformatics tools used for MPS data analysis such as IGV (Thorvaldsdottir et al., 2013), 
visualize sequenced fragments (or clones) and gives phasing information (i.e. multiple 
variants residing in one read) regarding variants detected that can also be used for 
mixture deconvolution. Therefore, MPS highly outperforms STS in generation of data 
that can be used for mixture sample analysis.  

By using quantitative data, phasing information as well as phylogenetic assignment, 
we were able to determine the mtDNA profile of a major contributor in two-person 
distinct as well as similar haplogroup mixture samples with a ratio of 1:1, 5:1, 10:1 and 
20:1. Regarding minor contributor, the correct mtDNA profiles were determine in  
two-person distinct as well as haplogroup mixture samples with a ratio of 1:1, 5:1 and 
10:1. The correct mtDNA profile for the major contributor from a three-person distinct 
haplogroup mixture in a ratio of 5:1:1 was also achieved. Difficulties were encountered 
with personal point heteroplasmic positions as major contributor’s heteroplasmy 
positions were falling into the quantitative range of minor contributor’s variants and 
therefore could be falsely assigned as well as minor contributor’s heteroplasmic 
positions fell below used threshold and were not detected. In addition, quantitative 
analysis as well as phasing information did not provide enough data to parse 
contributors’ profiles in the three-person 1:1:1 mixture. Due to the amount of variants 
shared, the number of possible combinations of contributors’ mtDNA profiles would be 
too large to parse manually. Therefore more studies with larger sample sets are needed 
to address these issues.  

We also showed that the amount of heteroplasmic positions detected in the mixture 
sample could indicate the amount of contributors. Studies with higher mixture sample 
sets are needed to test the possibility of determining the number of contributors based 
on the mixture positions. MPS generated whole mtGenome population studies, as in case 
of 283 US and 114 Estonian population samples, provide data on the number of differences 
(pairwise comparison) between similar as well as distinct haplogroups. In addition, 
population studies can be used to determine the amount of heteroplasmy positions in 
single-source samples in different tissues as well as populations (B. M. Kim et al., 2019; 
King, LaRue, et al., 2014; Stoljarova et al., 2016). These data lay the foundation for building 
a probabilistic model for contributors’ determination based on number of variants 
detected.  

With furtherer development mixture interpretation via mtDNA can become routinely 
used by forensic case work institutions.  
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Conclusion 
The main conclusions are presented as follows: 
• The throughput of MPS enabled sequencing of the entire mtGenome of 283 US 

population samples. Moreover, due to the sequencing of individual molecules 
(or clones) point as well as length heteroplasmic positions were typed. Although 
low read depth and strand balance at a number of positions were observed, the 
results were not affected at these regions. MPS notably outperformed the 
routinely used STS.  

• In addition to 283 US population samples, mtGenomes were sequenced from 
114 Estonian population samples. To our knowledge, these are the first and the 
only Estonian entire mtGenome sequences published.  

• Over 70% of mtDNA variants reside outside of routinely analysed HVI/HVII 
regions. The discrimination power of mtGenome data is significantly higher 
compared to HVI/HVII data – p = 0.01659 and p = 0.01645 for RMP and GD, 
respectively.  

• The Estonian samples showed the largest increase in unique haplotypes from 
HVI/HVII region data going to mtGenome data – 27.1% increase for the Estonian 
population, 15.6% for the Hispanic population, 11.8% for the African American 
population and 7.8% for the Caucasian population. Based on the studied 
population, we observed that the addition of coding region data benefits 
differentiation of samples with haplogroups that have a low amount of variants 
within the HVI/HVII region, e.g. haplogroup H.  

• Phylogenetic assignment based on solely HVI/HVII data might lead to a falsely 
assigned haplogroup - five samples from 283 US population samples changed 
macrohaplogroups. One sample was changed from Asia-specific mtDNA 
haplogroup D4j1b2 assigned based on HVI/HVII data to Africa-specific L3b1a7a 
haplogroup.  

• Twelve major haplogroup clades were observed in the Estonian population 
sample based on entire mtGenome data. The major haplogroups were H (with 
the frequency of 47.4%), U (21.1%), T (9.6%) and J (6.1%). The rest of the 
haplogroup clades – D, I, K, M, N, R, W and X – included less than 5.0% of the 
samples. All major haplogroup clades observed in the current study were 
reported in the Estonian and/or geographically nearby populations by previous 
studies based on partial mtDNA sequences.  

• By using MPS generated quantitative, phasing and phylogenetic data the 
interpretation of one of the most challenging forensic samples – mixture 
samples – was achieved. The correct mtDNA profile for the major contributor 
was obtained from two-person distinct as well as similar haplogroup mixtures 
in a ratio of 1:1, 5:1, 10:1 and 20:1. The correct mtDNA profiles for the minor 
contributor were determined in the 1:1, 5:1 and 10:1 samples. Personal 
heteroplasmy positions were difficult to interpret.  

• The interpretation of three-person distinct haplogroup mixtures was more 
difficult compared to two-person mixtures. The correct mtDNA profile for the 
major contributor was determined from the 5:1:1 mixture but not the 1:1:1 
mixture. The use of phasing information in the case of the three-person mixtures 
was less helpful due to a high number of possible haplotype combinations.  
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More studies with a high number of contributors (with additional three person 
mixtures and over three person mixtures) are needed.  

• The number of variants detected in the mixture sample can be an indication  
for the number of contributors. The number of variants detected in the  
three-person mixture was higher compared to the number of variants detected 
in the two-person mixtures. As expected, two-person mixtures from distinct 
haplogroups had a higher amount of variants compared to two-person mixtures 
from similar haplogroups. Mixture studies with higher sample sets and different 
populations are needed to evaluate if establishment of a probabilistic model for 
mixture contributor number is feasible.  
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Abstract 
Massively parallel sequencing of human mitochondrial 
genome for forensic analysis  
Mitochondrial DNA (mtDNA) analysis is performed in forensic identification in case of 
kinship analysis as well as samples with low level of DNA. The gold standard for forensic 
mtDNA analysis is the Sanger-type sequencing (STS) of hypervariable region I and II (HVI 
and HVII, respectively). Sequencing beyond these regions is rarely attempted as the 
methodology is laborious, time consuming and expensive. However it has been shown 
that entire mitochondrial genome (mtGenome) has a higher discrimination power 
compared to HVI/HVII regions.  

Due to high sequencing throughput massively parallel sequencing (MPS) is considered 
an alternative to STS. The ability to sequence entire mtGenome, detect heteroplasmic 
positions as well as give additional data such as quantitative and phasing information, 
MPS can be used for interpretation of mixture samples, that are one of the most 
challenging samples in forensic investigation to analyse.  

Therefore the aim of this study was firstly, to evaluate the feasibility of generating 
forensic quality mtGenome data with MPS technology. Secondly, to compare the 
discrimination power of full mtGenome to HVI/HVII data in different population samples. 
Thirdly, to analyse mixture samples using MPS generated quantitative data, phasing 
information and phylogenetic assignment.  

The throughput of MPS enabled to sequence entire mtGenome of 283 US population 
samples as well as 114 Estonian population samples. Point and length heteroplasmy 
positions were typed. Over 70% of mtDNA variants were observed outside of routinely 
analysed HVI/HVII regions. The discrimination power of full mtGenome data was 
significantly higher compared to HVI/HVII data – 27.1% increase for the Estonian 
population, 15.6% for the US Hispanic population, 11.8% for the US African American 
population and 7.8% for the US Caucasian population sample. A higher increase in unique 
haplotypes when mtGenome data was compared to HVI/HVII was observed in samples 
belonging to haplogroups that have low amount of variants in HVI/HVII regions (e.g. 
haplogroup H). It was shown that phylogenetic assignment based solely on HVI/HVII data 
might lead to a falsely assigned haplogroup. 

To our knowledge, the 114 Estonian full mtGenomes generated in the current work 
are the first and the only Estonian entire mtGenomes published. Twelve major 
haplogroup clades were observed in the Estonian population mtGenome data. The most 
frequency haplogroups were H (with the frequency of 47.4%), U (21.1%), T (9.6%) and J 
(6.1%). Other haplogroups observed, haplogroups D, I, K, M, N, R, W and X, included less 
than 5.0% of the samples. All major haplogroup clades observed in the current study 
were reported in the Estonian and/or geographically nearby populations by previous 
studies based on partial mtDNA sequences.   

The interpretation of two- and three-person mixture samples from distinct (HV and 
F1a1a) as well as similar (U2e1a1 and U2e2a1a) haplogroups by using MPS generated 
quantitative data, phasing information and phylogenetic assignment was performed.  
The DNA profile of a major contributor was successfully typed in the mixture samples 
with the ratio of 1:1, 5:1, 10:1 and 20:1, while the DNA profile of a minor contributor  
was successfully typed in the mixture samples with the ratio of 1:1, 5:1 and 10:1.  
The interpretation of three-person mixture was more complicated compared to  
two-person mixture analysis, as phasing information gave less value as it resulted in a 
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high number of possible DNA profile combinations. Nevertheless the correct mtDNA 
profile for the major contributor was generated from the 5:1:1 mixture. In addition,  
it was shown that the number of variants detected in the mixture sample could indicate 
the number of contributors.  

These results show that MPS outperformed STS in generating data that can be used 
for mtDNA mixture sample interpretation.  
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Lühikokkuvõte 
Inimese mitokondriaalse genoomi massiivselt paralleelne 
sekveneerimine forensiliseks analüüsiks 
DNA analüüs on lahutamatu osa tänapäevasest kohtuekspertiisist ehk isikute 
tuvastamisest. Tavapäraselt kasutatakse selleks lühikesi kordusjärjestusi (STR, short 
tandem repeat) eelkõige tingituna nende lühikesest pikkusest, mis suurendab geneetilise 
analüüsi tulemuslikkust ja proovide eristusjõudu. Lisaks on muuhulgas loodud STR 
markerite-põhised andmebaasid riikidevaheliseks andmevahetuseks kuritegude 
lahendamiseks. Euroopas on kokku lepitud 12 STR lookusel põhineva ESS (European 
Standard Set) süsteemi rakendamine ja Ameerika Ühendriikides 20 STR lookusel põhinev 
CODIS (Combined DNA Index System) süsteem.   

Täiendavalt STR markerite analüüsile viiakse läbi mitokondriaalse DNA (mtDNA) 
analüüsid, kui on vaja määrata sugulust ja/või uurida madala DNA sisalduse või 
degradeerunud proove, nagu juuresibulata karvad ja vanad säilmed. Rekombinatsiooni 
puudumine ja pärandumine rangelt emaliini pidi teevad mtDNA sobilikuks suguluse 
määramise markeriks. Madala DNA sisalduse ja/või kvaliteediga proovide puhul 
kasutatakse mtDNA analüüsi eelkõige selle tõttu, et mtDNA koopiaarv rakus on 
keskmiselt 500, võrreldes kahe tuumse DNA koopiaga. Vastavalt sellele on mtDNA 
analüüs nende proovide korral  tulemuslikum võrreldes tuumsete STR markeritega. 

Mitokondriaalse DNA analüüsi alusel jagatakse indiviidid ühe nukleotiidi 
polümorfismide (SNP, single nucleotide polymorphism) alusel genealoogilisteks 
gruppideks (haplogruppideks), kellel on ühine esivanem. Populatsiooniuuringute põhjal 
on toodud välja geograafilistele piirkondadele omased konkreetsed haplogrupid – nt 
Euroopa kõige sagedasem haplogrupp on H, samas kui aafriklasi iseloomustab 
haplogrupp L. mtDNA populatsiooniuuringud on olulised andmebaaside loomisel ja 
haplotüüpide (mtDNA profiilide) sageduse määramisel.   

Segaproovid, kus bioloogiline materjal pärineb rohkem kui ühelt isikult (doonorilt), on 
ühed raskemini interpreteeritavad proovid. Segaproovide analüüsimine kasutades STR 
markereid on problemaatiline eelkõige alleelide kattuvuse ning tingituna PCR protsessile 
omasest produktide lisandumisest (drop-in)  ja väljalangevusest (drop-out), mis 
raskendab doonorite arvu ja profiilide omistamist konkreetsele doonorile. Segaproovide 
mtDNA järjestuste määramist on pakutud üheks alternatiiviks STR analüüsile.   

Tüüpiliselt määratakse kohtugeneetikas mtDNA profiilid kahe hüpervarieeruva 
piirkonna (vastavalt HVI ja HVII) Sanger-tüüpi sekveneerimisega (STS). HVI/HVII piirkondi, 
mis moodustavad ligikaudu 3.7% mitokondriaalsest genoomist (mtGenoomist), 
kasutatakse nendesse koondunud suure arvu SNP positsioonide tõttu. mtGenoomi 
täissekveneerimist teostatakse harva, kuna see on töömahukas ja kulukas. Sellegipoolest 
on publitseeritud andmeid, mis näitavad, et mtDNA täisgenoomi analüüsil on HVI/HVII 
piirkondadega võrreldes suurem eristusjõud.  

Massiivselt paralleelne sekveneerimine (MPS) on alternatiiv STS meetodile, 
võimaldades analüüsida suuremahuliselt samaaegselt hulgaliselt DNA proove. Lisaks 
võimaldab MPS tehnoloogia tuvastada mtDNA järjestuse kui ka pikkuse polümorfisme. 
Seega, sekveneerides proovi mtGenoomi MPS tehnoloogiaga võib segaproovide analüüsi 
tõhusust tõsta.  

Töö peamisteks eesmärkideks oli hinnata MPS rakendatavust forensiliste proovide 
mtGenoomide sekveneerimiseks. Teiseks, võrrelda erinevate populatsioonide täielike 
mtGenoomide ja HVI/HVII piirkondade eristusjõudu. Kolmandaks, analüüsida kahe ja 
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kolme isiku kunstlikult tekitatud segaproove, lähtudes MPS kvantitatiivsetest andmetest, 
faasiandmetest ja fülogeneetilisest hindamisest.  

Töö käigus sekveneeriti MPS tehnoloogiat kasutades 283 proovi kolmest Ameerika 
Ühendriikide populatsiooni valimist ning 114 proovi Eesti populatsiooni valimist. Näidati, 
et üle 70% varieeruvatest positsioonidest asuvad väljaspool HVI/HVII piirkondi ning 
mtGenoomi eristusjõud on statistiliselt oluliselt kõrgem HVI/HVII piirkondade omast – 
juhusliku kokkulangevuse tõenäosuse (RMP, random match probability) ja geneetiline 
mitmekesisuse (GD, genetic diversity) paarikaupa Studenti t-testi p-väärtused on 
vastavalt p = 0,01659 ja p = 0,01645.  

Eesti populatsiooni valimis avaldus kõige suurem tõus unikaalsete haplotüüpide arvus 
mtGenoomi andmete võrdlemisel HVI/HVII andmetega - 27,1% tõus Eesti populatsiooni 
valimis, 15,6% tõus Ameerika Ühendriikide hispaaniakeelses (Hispanic) populatsioonis, 
11,8% afroameeriklaste hulgas ja 7,8% tõus valgete inimeste (Caucasian) populatsiooni 
valimis. Selle alusel leiti, et mtDNA kodeeriva regiooni uurimine suurendab eelkõige 
vähese HVI/HVII varieeruvusega indiviidide, nagu isikud, kes kuuluvad H haplogruppi, 
eristamist. Lisaks näidati, et fülogeneetiline omistamine võib ainult HVI/HVII piirkondade 
andmete kasutamisel osutuda puudulikuks. Viie proovi korral 283 Ameerika Ühendriikide 
populatsioonide proovidest vahetus makro- ehk ülemhaplogrupp  HVI/HVII andmete 
võrdlemisel mtGenoomi andmetega. Ühe proovi puhul vahetus HVI/HVII põhjal 
määratud Aasia-omane D4j1b2 haplogrupp Aafrika-omaseks L3b1a7a haplogrupiks.  

Töö tulemusena publitseeriti esmakordselt eestlaste mtDNA täisgenoomid, mis 
jagunesid 12 ülemhaplogruppi, kusjuures kõrgema sagedusega kuulusid isikud 
haplogruppidesse H (sagedusega 47,4%), U (21,1%), T (9,6%) ja J (6,1%). Ülejäänud 8 
ülemhaplogruppi (D, I, K, M, N, R, W ja X) tuvastati alla 5,0% proovidest. 

Kasutades MPS tehnoloogia kaudu genereeritud kvantitatiivseid andmeid (ehk 
alternatiivsete alleelide ja positsiooni kõikide alleelide suhet), faasiandmeid (ehk SNP 
positsioonide paiknemist samal lugemil)  ja fülogeneetilist teavet, hinnati kahe ja kolme 
isiku DNA segaproove. Õiged mtDNA profiilid omistati doonorile, kelle DNA kogus oli 
segaproovis suurem, segaproovides suhtega 1:1, 5:1, 10:1 ja 20:1. Õiged mtDNA profiilid 
omistati doonorile, kelle DNA kogus oli proovis väiksem, segaproovides suhtega 1:1, 5:1 
ja 10:1. Kunstlikud segaproovid koosnesid kaugete (HV ja F1a1a) ja lähedaste (U2e1a1 ja 
U2e2a1a) haplogruppidega indiviidide proovidest.  

Eeldatavalt osutus kolme indiviidi segaproovide tulemuste interpreteerimine, kahe 
indiviidi segaprooviga võrreldes, keerulisemaks. Indiviidide, kelle DNA kogus oli 
segaproovis suurim, õnnestus õige mtDNA profiil määrata segaproovis suhtel 5:1:1, ent 
suhtel 1:1:1 oli usaldusväärne eristamine problemaatiline.  

Lisaks näidati, et segaproovis tuvastatud variatsioonide arv võimaldab hinnata 
segaproovi doonorite arvu.  
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