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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 | and Il (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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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 x 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 x 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 HlirisPlex 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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etal., 2013). In 2018 Chaitanya et al., published data on the HlrisPlex-S system composed
of two multiplex assays — previously validated HlrisPlex 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). Jager et al., reported MiSeq FGx™ Forensic Genomics System (lllumina,
San Diego, CA, USA) which simultaneously amplifies up to 231 forensic loci including 56
biogeographical aiSNPs to meet SWGDAM developmental validation guidelines (Jager
etal., 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 Il (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 |
and Il (HVI and HVII, respectively) (Greenberg, Newbold, & Sugino, 1983).

Mitochondrial DNA exhibits a higher mutation rate compared to nDNA, with HVI and
HVIl 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 y 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).

168024 16365 I‘11 73 340
HV1 ' HV2
16025"‘~~~,___.‘Eontrol region (D-loop) --“".-"-_,,.-575 22 tRNAS
H.‘\ 0 ;"--‘
T < @ fF12S 2 rRNAs

Heavy (H)

strand 13 genes

"16,569" bp

ND4 Light (L) O,
strand

ATPS COll D

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: Oy — origin of heavy strand; O, — 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 (NUMTSs). 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 NUMTSs ranging between 106 and 14,654 bp in size with
four NUMTSs 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) NUMTSs 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 NUMTSs in
medical disorders like plasma factor VIl 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 Ddel
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
etal., 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. LO, 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.

Symbols +/-, +/+, and -/- represent Mutationrate =2.2-2.9 %/ MYR
RFLP status for Dde | 10394 / Alu | 10397 Time estimates are YBP

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 Ddel site at np 10394: I, J, and K. The most common Europe-specific
haplogroup is H (lacking the Ddel np 10394 site as well as Alul 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) (Loogvali
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). Loogvili et al., reported a 43.9%
frequency of haplogroup H in the Estonian population sample based on HVI region
(Loogvali 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 Alul 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 (-/-), Cand 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 RO (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 Il and his brother Georgij Romanov
was used to confirm the remains of the former (Gill et al., 1994; lvanov 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 1% 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 Gonzalez 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
etal., 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 hgl9 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.

o 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.

o 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 1)

- Buccal swabs were collected from 114 unrelated individuals from the
Estonian population. See publication for sample use approval. (Publication 1)

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

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

- 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 Il1)

- Single-source and mixed samples were amplified with the Precision ID
mtDNA Whole Genome Panel (Thermo Fisher Scientific, Waltham, MA,
USA). (Publication Il1)

Library preparation, sequencing and data generation

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

- The 12 pM pooled libraries were sequenced with MiSeq v2 (2x250 bp)
(Hlumina). (Publication I and II)

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

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

- Generated sequences were aligned to the rCRS (Publication | and Il) 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 IIl)

- Of-board software generated VCF files were converted into haplotypes
using MitoSAVE (King, Sajantila, & Budowle, 2014). (Publication I, Il and IIl)
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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 11)

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 Ill)

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

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

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

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 IIl)
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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).

Control Region

np 16,569/1

50
variants

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).
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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 HVIlI and <300 bp long region
within NADH Dehydrogenase subunit | (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 (2100X) 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 (2100X), high quality (base
quality score 2Q30 (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 240%. 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.
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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 (lon) 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
NUMTSs 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., 20133;
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., 20133;
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 3500xI| (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 Il)

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 250% 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).
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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/
AFA/ AFA/ CAU/
AFA CAU HIS EST CAU HIS HIS CAU/
HIS
Number of pairwise
differences 55+22 30+11 36x15 27+11 47120 47+19 35112 43%18

(Mean £ SD)
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 (Nlalala, T2b and U8ala group) with HVI/HVII data. The rest, 24 non-unique
samples formed 12 pairs. From these >3 identical sample groups (groups Hla, H2a2a,
Nlalala and U8ala) 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 T1lal 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
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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
etal., 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

| - 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

\% - 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 L3bla7a 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, U5b2ala and H32 or R30al (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 |
(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% L3bla+@16124 93.5%
USA_TX_0057 D4j1b2 90.6% L3bla7a 98.8%
USA_TX_0063 N2 95.1% L3elf 95.0%
USA_TX_0108 HVO 94.0% V2 95.3%
USA_TX_0132 R+16189 88.0% H4alalalal 97.9%
USA_TX_0250 HV21 72.3% Hlag 85.0%
USA_TX_0257 P5 96.3% H32 97.0%
EST-111 H2a2a+(16235) 75.8% HV 81.4%
EST-12 Hlelad 100.0% HV16 96.1%
EST-13 T 88.8% T2b4+152 97.4%
EST-36 T 88.8% T2b4+152 97.4%
EST-59 USb2ala2 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/HVIL.
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4.3 Genetic description of an Estonian population sample (Publication Il)

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, Nlalalal, R1b1 and X2cl.

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. Loogvéli et al., reported 57 basic branches
stemming from the major haplogroup H based on the data from 267 coding region
sequences (Loogvali 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 24"
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
(Loogvali 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 Ill)

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 Flala), 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, Flala and U2e2ala) 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 OX to 179X and OX to 51X read depth per

nucleotide position for lon 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 lon 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 lon 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 lon S5 runs, respectively. Slight
differences in average read depth are expected between lon 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 lon 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 lon 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 Flala) 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 1:5 5:1 1:10 10:1 1:20 20:1
mixture mixture mixture  mixture mixture mixture  mixture
Both 99.50% 99.38% 99.63% 98.44%
contributors  (0.76%) (0.92%) (0.74%)  (3.24%)
Major 62.38% 73.23% 89.44%  85.73% 96.94%  94.00% 98.12%
contributor (2.00%) (5.14%) (1.81%)  (1.82%) (2.99%) (3.24%) (1.58%)
Minor 35.96% 24.00% 11.27%  12.86%

contributor (3.04%) (2.00%) (0.90%) (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
guantitative 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
guantitative 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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16519T/C
16304T/C
16264C/T
16248C/T
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Fig. 8. Two-person 1:1 mixture with contributors from distinct haplogroups (HV and Flala) 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 (U2elal and U2e2ala) 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 U2elal and U2e2ala haplogroups mixture, while 79.2% (from the total of 48
variants) belonged to only one of the contributors in the HV and Flala haplogroups
mixture.

Table 7. Quantitative data results of two-person mixtures with contributors from similar
haplogroups (U2elal and U2e2ala). 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 (U2e2ala, HV and
Flala) 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
guantitative 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
guantitative 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.
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4086 no 195
16162 no 930
16172 no 9090
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263 yes 15235
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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 Flala 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 (U2elal and U2e2ala)
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, 1507, 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
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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
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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.
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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 | and Il 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 assighment 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 L3bla7a
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 | and Il (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
Flala) as well as similar (U2elal and U2e2ala) haplogroups by using MPS generated
guantitative 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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Liihikokkuvote
Inimese mitokondriaalse genoomi massiivselt paralleelne
sekveneerimine forensiliseks analiitisiks

DNA analiiis on lahutamatu osa tdnapaevasest kohtuekspertiisist ehk isikute
tuvastamisest. Tavaparaselt kasutatakse selleks luhikesi kordusjarjestusi (STR, short
tandem repeat) eelkdige tingituna nende lihikesest pikkusest, mis suurendab geneetilise
analldsi tulemuslikkust ja proovide eristusjoudu. Lisaks on muuhulgas loodud STR
markerite-pdhised andmebaasid riikidevaheliseks andmevahetuseks kuritegude
lahendamiseks. Euroopas on kokku lepitud 12 STR lookusel pdhineva ESS (European
Standard Set) siisteemi rakendamine ja Ameerika Uhendriikides 20 STR lookusel pShinev
CODIS (Combined DNA Index System) slisteem.

Tadiendavalt STR markerite anallUsile viiakse ldbi mitokondriaalse DNA (mtDNA)
analtisid, kui on vaja maédrata sugulust ja/vdi uurida madala DNA sisalduse v&i
degradeerunud proove, nagu juuresibulata karvad ja vanad sdilmed. Rekombinatsiooni
puudumine ja parandumine rangelt emaliini pidi teevad mtDNA sobilikuks suguluse
mairamise markeriks. Madala DNA sisalduse ja/vdi kvaliteediga proovide puhul
kasutatakse mtDNA analiilisi eelkdige selle tottu, et mtDNA koopiaarv rakus on
keskmiselt 500, vorreldes kahe tuumse DNA koopiaga. Vastavalt sellele on mtDNA
anallis nende proovide korral tulemuslikum vorreldes tuumsete STR markeritega.

Mitokondriaalse DNA anallisi alusel jagatakse indiviidid {he nukleotiidi
polimorfismide (SNP, single nucleotide polymorphism) alusel genealoogilisteks
gruppideks (haplogruppideks), kellel on Gthine esivanem. Populatsiooniuuringute pdhjal
on toodud valja geograafilistele piirkondadele omased konkreetsed haplogrupid — nt
Euroopa kdige sagedasem haplogrupp on H, samas kui aafriklasi iseloomustab
haplogrupp L. mtDNA populatsiooniuuringud on olulised andmebaaside loomisel ja
haplotiipide (mtDNA profiilide) sageduse maaramisel.

Segaproovid, kus bioloogiline materjal parineb rohkem kui tihelt isikult (doonorilt), on
Gihed raskemini interpreteeritavad proovid. Segaproovide analllsimine kasutades STR
markereid on problemaatiline eelk&ige alleelide kattuvuse ning tingituna PCR protsessile
omasest produktide lisandumisest (drop-in) ja valjalangevusest (drop-out), mis
raskendab doonorite arvu ja profiilide omistamist konkreetsele doonorile. Segaproovide
mtDNA jarjestuste madramist on pakutud theks alternatiiviks STR anallisile.

Thlpiliselt maaratakse kohtugeneetikas mtDNA profiilid kahe hilpervarieeruva
piirkonna (vastavalt HVI ja HVII) Sanger-tutipi sekveneerimisega (STS). HVI/HVII piirkondi,
mis moodustavad ligikaudu 3.7% mitokondriaalsest genoomist (mtGenoomist),
kasutatakse nendesse koondunud suure arvu SNP positsioonide tottu. mtGenoomi
tdissekveneerimist teostatakse harva, kuna see on todmahukas ja kulukas. Sellegipoolest
on publitseeritud andmeid, mis néitavad, et mtDNA tadisgenoomi anallusil on HVI/HVII
piirkondadega vdrreldes suurem eristusjoud.

Massiivselt paralleelne sekveneerimine (MPS) on alternatiiv STS meetodile,
vOimaldades analiiiisida suuremahuliselt samaaegselt hulgaliselt DNA proove. Lisaks
vOimaldab MPS tehnoloogia tuvastada mtDNA jarjestuse kui ka pikkuse polimorfisme.
Seega, sekveneerides proovi mtGenoomi MPS tehnoloogiaga vGib segaproovide analtiisi
téhusust tosta.

Too peamisteks eesmarkideks oli hinnata MPS rakendatavust forensiliste proovide
mtGenoomide sekveneerimiseks. Teiseks, vBrrelda erinevate populatsioonide tdielike
mtGenoomide ja HVI/HVII piirkondade eristusjdudu. Kolmandaks, analiitisida kahe ja
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kolme isiku kunstlikult tekitatud segaproove, lahtudes MPS kvantitatiivsetest andmetest,
faasiandmetest ja fllogeneetilisest hindamisest.

To6o kaigus sekveneeriti MPS tehnoloogiat kasutades 283 proovi kolmest Ameerika
Uhendriikide populatsiooni valimist ning 114 proovi Eesti populatsiooni valimist. N&idati,
et Ule 70% varieeruvatest positsioonidest asuvad valjaspool HVI/HVII piirkondi ning
mtGenoomi eristusjoud on statistiliselt oluliselt kérgem HVI/HVII piirkondade omast —
juhusliku kokkulangevuse t6endosuse (RMP, random match probability) ja geneetiline
mitmekesisuse (GD, genetic diversity) paarikaupa Studenti t-testi p-vaartused on
vastavalt p = 0,01659 ja p = 0,01645.

Eesti populatsiooni valimis avaldus kdige suurem tous unikaalsete haplotiitipide arvus
mtGenoomi andmete vdrdlemisel HVI/HVII andmetega - 27,1% t&us Eesti populatsiooni
valimis, 15,6% tdus Ameerika Uhendriikide hispaaniakeelses (Hispanic) populatsioonis,
11,8% afroameeriklaste hulgas ja 7,8% tous valgete inimeste (Caucasian) populatsiooni
valimis. Selle alusel leiti, et mtDNA kodeeriva regiooni uurimine suurendab eelkdige
vahese HVI/HVII varieeruvusega indiviidide, nagu isikud, kes kuuluvad H haplogruppi,
eristamist. Lisaks naidati, et filogeneetiline omistamine vdib ainult HVI/HVII piirkondade
andmete kasutamisel osutuda puudulikuks. Viie proovi korral 283 Ameerika Uhendriikide
populatsioonide proovidest vahetus makro- ehk tGlemhaplogrupp HVI/HVII andmete
vdrdlemisel mtGenoomi andmetega. Uhe proovi puhul vahetus HVI/HVII pdhjal
madratud Aasia-omane D4j1b2 haplogrupp Aafrika-omaseks L3b1a7a haplogrupiks.

To6 tulemusena publitseeriti esmakordselt eestlaste mtDNA tdisgenoomid, mis
jagunesid 12 ulemhaplogruppi, kusjuures kdrgema sagedusega kuulusid isikud
haplogruppidesse H (sagedusega 47,4%), U (21,1%), T (9,6%) ja J (6,1%). Ulejddnud 8
Ulemhaplogruppi (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 kdikide alleelide suhet), faasiandmeid (ehk SNP
positsioonide paiknemist samal lugemil) ja flilogeneetilist teavet, hinnati kahe ja kolme
isiku DNA segaproove. Oiged mtDNA profiilid omistati doonorile, kelle DNA kogus oli
segaproovis suurem, segaproovides suhtega 1:1, 5:1, 10:1 ja 20:1. Oiged mtDNA profiilid
omistati doonorile, kelle DNA kogus oli proovis vaiksem, segaproovides suhtega 1:1, 5:1
ja 10:1. Kunstlikud segaproovid koosnesid kaugete (HV ja Flala) ja lahedaste (U2elal ja
U2e2ala) haplogruppidega indiviidide proovidest.

Eeldatavalt osutus kolme indiviidi segaproovide tulemuste interpreteerimine, kahe
indiviidi segaprooviga vorreldes, keerulisemaks. Indiviidide, kelle DNA kogus oli
segaproovis suurim, dnnestus 6ige mtDNA profiil maadrata segaproovis suhtel 5:1:1, ent
suhtel 1:1:1 oli usaldusvaarne eristamine problemaatiline.

Lisaks ndidati, et segaproovis tuvastatud variatsioonide arv vdimaldab hinnata
segaproovi doonorite arvu.
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ABSTRACT

Mitochondrial DNA typing in forensic genetics has been performed traditionally using Sanger-type
sequencing. Consequently sequencing of a relatively-large target such as the mitochondrial genome
(mtGenome) is laborious and time consuming. Thus, sequencing typically focuses on the control region
due to its high concentration of variation. Massively parallel sequencing (MPS) has become more
accessible in recent years allowing for high-throughput processing of large target areas. In this study,
Nextera™ XT DNA Sample Preparation Kit and the Illumina MiSeq™ were utilized to generate quality
whole genome mitochondrial haplotypes from 283 individuals in a both cost-effective and rapid manner.
Results showed that haplotypes can be generated at a high depth of coverage with limited strand bias.
The distribution of variants across the mitochondrial genome was described and demonstrated greater
variation within the coding region than the non-coding region. Haplotype and haplogroup diversity were
described with respect to whole mtGenome and HVI/HVIL. An overall increase in haplotype or genetic
diversity and random match probability, as well as better haplogroup assignment demonstrates that

MPS of the mtGenome using the [llumina MiSeq system is a viable and reliable methodology.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Mitochondrial DNA (mtDNA) typing is used by various
disciplines, such as medical genetics [1-3], genealogy and
evolutionary anthropology [4-7]. The higher copy number of
mitochondrial genomes (mtGenomes) per cell compared with the
nuclear genome makes typing of mtDNA particularly useful for
forensic human and species-identity testing, and ancient DNA
analyses, where samples typically are of low quality and contain
minute or undetectable amounts of nuclear DNA. Traditionally,
mtDNA typing in forensic genetics has been performed with
Sanger-type sequencing (STS) [8-11]. However, STS chemistry,
while effective, is laborious, costly, and limited technically. The
~16,569 base mtGenome is not feasibly sequenced in a practical

* Corresponding author. Tel.: +1 817 735 2940; fax: +1 817 735 5016.
E-mail address: Jonathan.King@unthsc.edu (J.L. King).
! These authors contributed equally to this work.
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1872-4973]/© 2014 Elsevier Ireland Ltd. All rights reserved.

manner in an application-oriented laboratory. Thus, most forensic
laboratories focus only on the control region (CR) of the mtGenome
and, more specifically, hypervariable regions I and Il (HVI and HVII)
for database construction, database queries, and direct and indirect
casework comparisons. mtDNA databases allow for haplotype
searching [12-16] as well as variant-specific queries [16-18]. To
date, forensic databases contain limited, if any, coding region data;
however, some medical and population genetics-focused datasets
contain whole mtGenome data. mtGenome data provide greater
discriminatory power and allow resolution of common HVI/HVII
haplotypes [19-22]. As technology progresses, the ability to type
numerous samples from various populations and to interrogate
more than a limited number of haplogroup-defining sites
increases. An ancillary benefit to sequencing the entire mtGenome
is these data can be used to generate more accurate haplogroup
assignments in the form of phylogenetic trees (e.g., Phylotree) [6].

Though not routinely performed in forensic casework, hap-
logroup assignments allow analysts a measure of data quality
control [23,24]. Haplogroup assignments can be performed
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manually using Phylotree or with haplogroup-assignment soft-
ware [13,15,25-27]. Bandelt et al. [24] recommend a semi-
automated approach to haplogroup assignment that could
alleviate some shortcomings of haplogroup assignment processes.
Regardless, the accuracy of a haplogroup assignment still is reliant
on the accuracy and amount of genetic data used (i.e., control
region versus mtGenome). However, employing traditional STS for
such arelatively large target as the entire mtGenome is a costly and
time-consuming process which will ultimately result in low
coverage data (i.e., forward and reverse; 2x).

Massively parallel sequencing (MPS), also termed Next
Generation Sequencing, technologies allow for a substantial
increase in throughput and depth of coverage at a relatively-
affordable price. With the advent of accessible benchtop sequen-
cers [28,29], MPS can be considered a viable technology for
application-oriented and research-driven laboratories. The Nex-
tera™ XT DNA Sample Preparation Kit (Illumina™, San Diego, CA)
and the MiSeq™ platform (Illumina) together enable development
of a practical protocol for whole mtGenome sequencing. The aims
of the study herein were: (1) to determine the throughput level
when sequencing the mtGenome using the Nextera XT DNA
Sample Preparation Kit and the MiSeq platform; (2) to interrogate
the poly-cysteine (C) stretches for interpretation related to length
homopolymers; (3) to compare the random match probabilities
(RMPs) and haplotype or genetic diversities (GDs) of mtGenome
and HVI/HVII data; and (4) to determine the overall feasibility of
the MPS system in generating mtGenome population data.

2. Materials and methods
2.1. Sample preparation

Whole blood samples were collected by venipuncture with
lavender-top Vacutainer™ tubes (Becton, Dickson and Company;
Franklin, NJ, USA) from a total of 283 anonymized and unrelated
individuals from the three U.S. populations (African American,
n = 87; Caucasian, n = 83; Southwest Hispanic, n=113) accord-
ing to protocols approved by the University of North Texas
Health Science Center’s Institutional Review Board. DNA was
extracted using the QIAamp®™ DNA Blood Mini Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s recommen-
dations. The quantity of DNA was determined using the Qubit®
dsDNA BR Quantification Kit and a Qubit®™ 2.0 Fluorometer (Life
Technologies, Foster City, CA, USA). Samples were normalized to
0.1 ng/wL and stored at either 4 °C or —20°C until mtDNA
enrichment.

2.2. Target enrichment

Amplification of the mtGenome was accomplished by long PCR
in two separate reactions using the TaKaRa LA PCR Kit (TaKaRa
Bio; Otsu, Shiga, Japan). The primers for each reaction were
described previously by Gunnarsddttir et al. [30]. These primer
pairs generated overlapping amplicons of ~8.3 and ~8.6 kb,
respectively. The total template DNA was 1.0 ng per reaction.
Amplification was performed on a GeneAmp™ 9700 PCR System
(Life Technologies) using the following thermal-cycling param-
eters: an initial temperature of 94 °C for 1 min; followed by 35
cycles of 98 °C for 10 s, 60 °C for 2 min, and 68 °C for 10 min. After
cycling, there was a final extension step of 72 °C for 10 min. The
amplified product was maintained at 4 °C until normalization. The
quantity of amplified product was determined using the Qubit
dsDNA BR Quantification Kit. Next, 0.2 ng/wL normalized pro-
ducts were pooled and 1.0 ng of DNA was used for library
preparation.

2.3. Nextera XT library preparation

Libraries were prepared using the Nextera XT DNA Sample
Preparation Kit according to the manufacturer’s protocol [31],
unless otherwise stated. Sample libraries (multiplexed as n =24,
48, 76, 79, and 96) were prepared in succession to assess system
throughput. Following PCR cleanup, the libraries were quantified
using the Qubit dsDNA BR kit, and evaluated for fragment size
using the High Sensitivity D1K ScreenTape and Tape Station 2200
(Agilent Technologies, Santa Clara, CA, USA). Following Illumina’s
(lumina®™, San Diego, CA, USA) technical note for cluster
optimization [32] and the resultant size and quantity data, each
library was normalized for sequencing to 12 pM according to the
manufacturer’s protocol.

2.4. MPS sequencing and data generation

Sequencing reactions were carried out using the MiSeq v2
(2 x 250 bpand 2 x 150 bp) chemistries (Illumina). The MiSeq re-
sequencing protocol for small genome sequencing was followed
according to the manufacturer’s recommendations. Sequencing
proceeded on a MiSeq platform in an automated fashion for ~39 h.
On-board software (i.e., Real-TimeAnalysis and MiSeq Reporter)
converted raw data to Binary Alignment/Map (BAM) and Variant
Call Format (VCF) v4.1 files using Genome Analysis Toolkit (GATK)
[33]. During this process, the sequenced region of interest (ROI)
was aligned to the revised Cambridge Reference Sequence (rCRS)
[34]. Each nucleotide position (np) was interrogated and
variations from the reference were annotated by base difference
(e.g., 73G). These VCF files were analyzed subsequently using
mitoSAVE [35].

2.5. Data analysis

Database querying of sequence data typically is done using a
haplotype defined by differences from the rCRS rather than a
“string search”. Thus, variant reports (VCF v4.1 files) were
converted into concise haplotypes using mitoSAVE. For the
purposes of this study, the following criteria were used for variant
calling: a quality threshold (GATK-assigned confidence in variant
call) of 70; a heteroplasmy threshold of 0.18; and a coverage
threshold of 40x (all values operationally chosen for this study). As
such, positions would only be interpreted if there was a minimum
of 40 coverage, and point heteroplasmy at this minimum position
coverage threshold would be called as long as the alternate base
displayed >7x coverage. Haplotypes were exported from mito-
SAVE in .hsd or .txt file format for upload to HaploGrep [26], a web-
based haplogroup assignment software that uses Phylotree
(various builds) [6] to assign haplogroup status to haplotypes. In
this study, all haplotypes were assigned haplogroup status by
comparison with Phylotree build 15. Each haplogroup assignment
is given an algorithm-based ranking which is displayed for the user
and can be changed readily prior to export. For this study, the
highest ranking haplogroup was relied upon with no assumed
haplogroup status prior to assignment.

Variants not known to be associated with a haplogroup (local
private mutations), not previously observed in the database (global
private mutations), or variants expected, but not observed, for each
haplotype were verified by manually viewing BAM files in
Integrative Genomics Viewer (IGV) [36]. Concordance data were
generated for HVI and HVII in a subset of samples (n = 9) using STS
according to the method described by Wilson et al. [10]. RMP and
GD were calculated according to methods described by Stoneking
et al. [37] and Tajima [38], respectively. Pairwise comparisons of
the mtGenomes were made using MEGA 6 [39]. Lastly, Circos plots
were generated using Circos version 0.64 [40].
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3. Results and discussion

The Nextera XT DNA Sample Preparation Kit was selected for
library preparation because it requires only 1 ng template DNA,
can be performed in a relatively-short time frame, and multiple
samples can be prepared simultaneously. Sample libraries (multi-
plexed as n = 24, 48, 76, 79, and 96) were prepared and sequenced
using the Nextera XT and MiSeq v2 chemistry, respectively. Library
preparation for each multiplex could be carried out easily over the
course of two standard working days after target enrichment.
Sequencing occurred on the MiSeq over the course of ~39 h. The
time frame for data generation varied depending on the number of
samples sequenced. This method is a vast improvement in time
and throughput for whole mtGenome compared with STS even
with an automated process [41].

3.1. mtGenome coverage

The MiSeq generates approximately 8.8 Gigabases (Gb) of data
from an optimal sequencing run using the MiSeq v2 (2 x 250 bp)
chemistry. Assuming equal coverage across the mtGenome, an
individual sample would be expected to have over 530,000x
coverage at each base position of the mtGenome; with 96 samples

(barcoded with different indices), over 5500x coverage would be
expected on average for each indexed sample across the target
space. However, in practice, coverage was not dispersed evenly
across the mtGenome. While there was consistency of coverage
among individuals, coverage varied within individual mtGenomes.
Most notably, the poly-C stretch in HVII and a portion (<300 bp
near np 3500) of the gene encoding the NADH Dehydrogenase
subunit [ (ND1) were particularly low (Fig. 1 and Supplemental Fig.
1). The combination of the poly-C stretch with the alignment of a
circular genome to a linear reference could explain the apparent
low coverage in HVIL To assess whether the effect was due to the
reference genome alignment, an alternative reference genome was
created with 200 bp from the opposite end of the original reference
was appended to the HVII region. This genome allowed alignment
of reads overlapping np 16,569-1. An increase of ~5 fold in
coverage was observed within ~50 bases. However, this alignment
shifted the positions in relation to the rCRS and thus was not
feasible for high-throughput studies. The region near the poly-C
stretch still presented with low coverage. Despite this observation,
both regions were sufficiently covered (i.e., >100x ) in all samples.
In fact, the high depth of interrogation offered by sequencing of the
poly-C stretch with MPS technology allowed elucidation of length
heteroplasmies previously not afforded with STS.

Control Region

—

W— ——____

3000x

50
variants

np 16,569/1

Fig. 1. A concentric Circos plot of the mtGenome representing mean coverage (outer circle; n = 24), variants observed per nucleotide position (middle circle; n = 283), and
mean coverage differentiated by reverse (dark) or forward (light) strand (inner circle; n = 24). The rose diagram in the center is included for nucleotide position orientation
and scale bars are included to the left of the individual plots to approximate values. The control region is offset slightly for orientation. The disproportionally-low coverage
observed in HVII is likely a combination of sequencing the poly-C stretch and alignment to a linear reference.
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Supplementary Fig. 1 can be found, in the online version, at
doi:10.1016/j.fsigen.2014.06.001.

The first four multiplex sequencing runs contained 24, 48, 76,
and 79 indexed samples and generated fully interpretable results
with sufficient coverage in 223 of these 227 samples (98.2%). Initial
library concentration for the four reduced coverage samples was
considerably lower than samples within the same run prior to
pooling (data not shown) and could explain the lack of coverage.
Thus, haplotypes were considered to be accurate when variants
were of sufficient coverage (i.e., >100x) and quality (i.e., base
quality scores of >Q30 (Phred-style scale)) [42]. When 96 samples
were indexed and sequenced, 26 samples (27.1% of the 96 indices)
had coverage areas that were less than the 100x coverage for the
lower number of indexed sample runs. In these samples, areas of
low coverage ranged from no coverage to just below 100x. These
areas also tended to have a concomitant strand bias that
complicated interpretation. Of these 26, 17 provided full results
(variants >40x); however, all 26 samples were re-sequenced at
higher coverage to confirm variant calls. These reanalyzes support
that the operationally-selected >40x minimum coverage thresh-
old generates reproducible base calls. One possible explanation for
lower overall coverage may be due to a high library concentration
that could lead to a reduced number of quality clusters.

3.2. Strand bias

A plot of average coverage from both the forward and reverse
strands at each base position (Fig. 1 and Supplemental Fig. 2)
illustrates that few areas of the mtGenome (n=24) exhibited
strand bias with the protocol used herein. In fact, when observing
the percentage of strand balance at all positions, there were only a
small portion of positions which displayed dramatic bias (Fig. 2). In
all, 16,062 nps (96.9% of all positions) had a strand balance
percentage above 40%. Areas of high strand bias (<40%) coincide
with areas of low overall coverage relative to the rest of
the mtGenome. In particular, positions near nps 16,569 and 1,
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the poly-C stretch in HVII and low areas around nps 3500 and 8600
were underperforming generally. It is not evident whether the
observed strand bias is the result of library preparation,
sequencing, quality filtering, and/or mapping of reads to the rCRS.
The mapping of reads from a circular genome to a linear reference
is inherently problematic and, most notably, resulted in a drop in
coverage and strand bias in this HVII (Fig. 1). Potential strategies to
overcome this bias would improve the throughput and generate
higher quality haplotype data (when multiplexing) by more evenly
distributing the coverage across the genome.

Supplementary Fig. 2 can be found, in the online version, at
doi:10.1016/j.fsigen.2014.06.001.

3.3. Variants called

From the 283 samples sequenced, 11,607 variants, defined in
relation to the rCRS, were observed (Supplemental Table 1). These
variants were distributed across 1353 nucleotide positions
throughout the mtGenome. Of these 1353 positions, more than
one variant type was observed at 55 base positions among all
samples sequenced. A total of 722, 220, and 96 of the 11,607
variants were observed in one, two and three samples, respective-
ly, and three variants (263G, 4769G, and 15326G) were observed in
all samples, which is a reflection of the reference used. The
remaining variants were observed in between 4 and 282 samples
with 1302 variants (approximately 92.3% of the 1411 total unique
variants) being observed in 20 or less of all samples sequenced.

Supplementary Table 1 can be found, in the online version, at
doi:10.1016/j.fsigen.2014.06.001.

To better illustrate the frequency of variants at each base
position, a “heat map” was generated (Fig. 1 and Supplemental Fig.
3) that plots mtGenome position versus the number of variants
observed at each variant position. As would be predicted,
polymorphism density was clustered heavily in the HVI/HVIIL
Out of all observed variants, 2938 of the variants (25.3%) were
observed in these two regions which comprise only 3.7% of the

15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79 81 83 85 87 89 91 93 95 97
Strand Balance by Percentage

Fig. 2. Strand bias histogram displaying the distribution of strand balance across all nucleotide positions of the mtGenome for an arbitrary subset of samples (n = 24).
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A comparison of unique haplogroups® and haplotypes generated by HVI/HVII versus mtGenome versus coding region sequence data in three major US populations (n=283).

Breakdown by population

HVI/HVII mtGenome Coding region

AFA CAU HIS AFA CAU HIS AFA CAU HIS
Number of individuals 87 83 113 87 83 113 87 83 113
Unique haplogroups 55 70 56 70 79 70 70 74 73
Unique haplotypes 76 77 96 85 83 111 85 83 111

2 As assigned by HaploGrep [6] and Phylotree [26].

mtGenome. Thus, 8669 of the variants (74.7% of all variants
observed) resided outside of the HVI/HVII regions. The distribution
of variants is inflated artificially, however, by high frequency
variants such as those mentioned earlier. A total of 15 variants, 4 of
which reside in HVI/HVII, appeared in more than half the samples
and account for 3638 (31.3%) of all variants observed. These high
frequency reference-alignment artifacts are unavoidable and do
not change the observed distribution of variants. This distribution
illustrated the untapped potential of the coding region for
discriminatory power and more effective haplogroup assignment.
Supplementary Fig. 3 can be found, in the online version, at
doi:10.1016/j.fsigen.2014.06.001.

3.4. Haplogroup and haplotype assessment

As part of the quality assessment of haplotype data, haplogroup
assignment was performed to discern established haplogroup
specific mutations from yet undescribed “private” mutations in the
respective haplogroup backgrounds. The latter were subject to
additional quality checks to confirm their authenticity. The online
software tool HaploGrep was used to assign the haplogroup status
to the observed haplotypes. From all 283 individual mtGenomes,
14 different clades were represented (Supplemental Table 2) with
208 distinct haplogroups and 279 unique haplotypes. By popula-
tion, there were 70, 79, and 70 distinct haplogroups and 85, 83, and
111 distinct haplotypes for African Americans, Caucasians, and
Southwest Hispanics, respectively (Table 1).

Supplementary Table 2 can be found, in the online version, at
doi:10.1016/j.fsigen.2014.06.001.

The task of generating concordance mtGenome data using STS
for such a large dataset is a time-consuming, arduous task which is
impractical. However, previously-generated STS data for HVI and
HVII were available for a subset of samples (n=8). All MPS data
were concordant at all positions with STS (data not shown). These
data included point and length heteroplasmy, the latter of which
previously was difficult to interpret given the nature of STS (and
not considered for concordance).

To examine diversity based on individual differences in
haplotypes among the population samples, pairwise comparisons
of base differences in a string format were performed both within,
between/among population groups. A bimodal distribution was
observed in both Caucasian and Hispanic pairwise comparisons
and a trimodal distribution was observed for African Americans
(Supplemental Fig. 4). These modes are consistent with the gross
phylogeny of the populations. The mean pairwise differences was
highest in African Americans (55 + 22) and lowest in Caucasians

Table 2

(30 £ 11) (Table 2). These results were consistent with previously
reported HVI/HVII data [43].

Supplementary Fig. 4 can be found, in the online version, at
doi:10.1016/j.fsigen.2014.06.001.

All private mutations (both global and local) denoted by
HaploGrep were analyzed further in IGV and these variants were
confirmed. However, 7 haplogroup-defining variants (T16189C,
n=6; G16129C, n = 1) were not included in the original VCF files.
Reanalysis of the samples with the standard workflow did not
resolve these “missed calls”. When the original FASTQ files were
analyzed with an alternative alignment workflow (a beta version of
mtDNA Variant Analyzer 1.0, Illumina), the “missing” variants
were assigned correctly. This result was consistent with previous
observations regarding variations between aligners [44]. While
mtGenome haplogroup assignments were unaffected by these
missed calls, when HVI/HVII haplotypes were analyzed with
HaploGrep, the haplogroup assignment of one sample
(USA_TX_0102) diverged greatly from the full HVI/HVII hap-
logroup. When the T16189C variant was included in the haplotype,
the sample was assigned to the haplogroup B4; however, using the
VCF file from GATK alone, the sample was assigned to the
haplogroup HV2. This shift in haplogroup assignment was
observed also when assessing mtGenome and HVI/HVII haplotypes
(Supplemental Table 3).

Supplementary Table 3 can be found, in the online version, at
doi:10.1016/j.fsigen.2014.06.001.

Nine samples (3.2% of all samples sequenced) changed clades
(e.g., G — L) between the limited HVI/HVII data and that of the
mtGenome data (Table 3). In fact, six of nine samples changed
macrohaplogroups (i.e., L, M, or N). Further analysis of the HVI/HVII
haplogroup assignments indicated a variation in top-ranked
haplogroups independent of stated quality. Quality scores for
these nine samples ranged from 80.3 to 95.9 using HVI/HVII data.
In fact, four of nine samples had quality scores greater than 93.0
(rank equivalent 0.930). These observations can be explained by
the fact that HaploGrep’s assignment is based on signature
mutations indicated on the branches of Phylotree only, while
other mutations present in the corresponding mtGenomes were
not taken into consideration. The ranked haplogroups displayed by
HaploGrep for these samples varied widely. Sample USA_TX_0257,
for example, listed the following haplogroups as the top three
possible haplogroups: P5 (rank-0.959), U5b2ala (rank-0.914), H32
(rank-0.886). Conversely, the mtGenome haplotype analyzed with
HaploGrep listed H2 + 152 (rank-0.925), H (rank-0.917), and H32
(rank-0.916) as the top three possible haplogroups. This observa-
tion demonstrates that haplogroup assignment can lead to even

Haplotype diversity as measured by pairwise comparisons of individual consensus sequences® both within and among three major US populations.

AFA CAU HIS AFA/CAU AFA/[HIS CAU/HIS AFA/CAU[HIS
Number of pairwise differences (Mean + SD) 55+22 30+11 36+15 47 +20 47+19 35+12 43+18
Range of differences 0-104 1-55 0-90 0-102 0-102 0-91 0-101

2 As described in [43].
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Table 3
Samples in which the clade® was reassigned based on mtGenome versus HVI/HVII sequence data.
HVI/HVII mtGenome

Sample ID” Haplogroup assignment Quality (%) Haplogroup assignment Quality (%)
USA_TX_0028 Nlla 80.3 L2alc3 93.1
USA_TX_0052 M73'79 95.1 L3bla+!16124 95.1
USA_TX_0057 G3 89.3 L3b1a7 97.2
USA_TX_0063 N2 95.2 L3elf 95.1
USA_TX_0108 HVO 93.9 V2 95.4
USA_TX_0132 RO+16189 87.7 H4alalalal 97.8
USA_TX_0174 M33c 83.6 A2+64 90.3
USA_TX_0175 D4el 82.8 A2+64 91.8
USA_TX_0257 P5 95.9 H32 925

2 As assigned by HaploGrep [6] and Phylotree [26].
b As labeled in EMPOP [12].

Table 4

Comparison of population specific and mean random match probabilities (RMP)? and genetic diversities (GD) in three major US populations with HVI/HVII versus mtGenome

sequence data.

HVI/HVII mtGenome
Populations n RMP GD RMP GD
AFA 87 2.42% 98.72% 1.31% 99.84%
CAU 83 3.12% 98.06% 1.20% 100.00%
HIS 113 3.33% 97.53% 0.98% 99.91%
Mean +SD 2.96+0.48% 98.10+£0.59% 1.16°+£0.17% 99.91940.08%

@ As described in [37].
b As described in [38].

¢ Significantly different than the RMP obtained from the HV1/HVII alone (p=0.00358; paired two-tailed Student’s T-test).
4 Significantly different than the GD obtained from the HV/HVII alone (p=0.00631; paired two-tailed Student’s T-test).

highly ranked ambiguous results when it is reduced to signature
mutations as reported previously [24,25].

Bandelt et al. [45] reported shortcomings with HaploGrep
particularly regarding HVI/HVII haplotypes. HaploGrep is reliant
solely on the mutations listed on the branches of Phylotree for
haplogroup assignment which limits its use for the assignment of
those haplogroups that are defined by few or only one mutation. Its
application in forensic genetics, where the control region or
segments thereof are still the main target(s), can be particularly
misleading in lineages that are not represented by control region
polymorphisms, in Phylotree, such as a large portion of hap-
logroups nested in H that are only defined by coding region data. In
those instances, we observed a general tendency of HaploGrep to
be biased toward the rCRS or close neighbors thereof. Additionally,
the fact that some polymorphisms are not considered systemati-
cally for haplogroup assignment in Phylotree (e.g., np 16,519, “AC”
insertion/deletions (INDELs) between np 515 and 524, and
insertions in the poly-C regions of HVI/HVII between np 16,183
and 16,194 and between np 302 and 316, respectively) explains,
why the haplogroup resolution may be low in some lineages
[20,46].

3.5. Forensic parameters

The haplotype and haplogroup diversity of HVI/HVII were
compared with that of the mtGenome. The variant calls from HVI/
HVII resulted in 38 fewer unique haplogroups (55, 70, 56 for
African Americans, Caucasians, and Southwest Hispanics, respec-
tively), and 30 fewer unique haplotypes (76, 77, 96 for African
Americans, Caucasians, and Southwest Hispanics, respectively)
than when whole mtGenome sequence data were assessed
(Table 1). In fact, the coding region alone allowed comparable
resolution of haplotypes and haplogroups when compared to
mtGenome data suggesting similar discrimination power with this
dataset (Table 1).

Population genetics parameters of mtDNA sample sets are
reliant partially on the size of the database. Generating a total of
283 mtGenome sequences in a relatively short time was
impressive compared with STS. However, it was a relatively small
number for assessing mean RMP and GD. The increase in RMP can
be appreciated better by comparison of HVI/HVII sequences and
mtGenome sequences from the same sets of individuals. The RMPs
for HVI/HVII data were 2.42%, 3.12%, and 3.33% (Table 4) in African
American, Caucasian, and Southwest Hispanic, respectively. In
contrast, the RMPs based on mtGenome sequences were 1.31%,
1.20%, and 0.98%, respectively. This difference was significant
(p = 0.0036; paired, two-tailed Student’s T-test).

A similar pattern held with GD. The GD was 0.987, 0.981, and
0.975 for HVI/HVII compared to 0.998, 1.000, and 0.999 using the
mtGenome data for African Americans, Caucasians and Southwest
Hispanics, respectively. The increase in GD was significant
(p=0.0063; paired, two-tailed Student’s T-test). As the database
increases in size, it is expected that the RMP will decrease and GD
will increase. Interestingly, both the RMP and GD for the coding
region alone yielded equivalent RMP and GD to the mtGenome
reinforcing that there is more variation residing in the coding
region compared with the control region of the mtGenome. Given
the ease of generating sequence data and concomitant high quality
results, MPS sequencing of the entire mtGenome should be
considered as a viable approach to supplement power of
discrimination, when warranted.

4. Conclusion

Previous studies have described sequencing the mtGenome by
MPS on other platforms [44,47], albeit with smaller sample sizes.
To the best of our knowledge, this is the first report of a relatively
large number of mtGenomes that has been sequenced in a high-
throughput fashion using the Illumina MiSeq system. The
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throughput level was high due to the use of Nextera XT DNA
Sample Preparation Kit and MPS. While some strand bias was
observed, it generally was limited to areas of low coverage and did
not diminish the ability to assign variant calls. Also, it was possible,
due to a high depth of interrogation, to type length and point
heteroplasmies.

By sequencing the entire mtGenome versus only HVI/HVII, the
additional variant calls significantly improved the discrimination
power of haplotypes. An overall improvement in the resolution of
haplogroup assignments was observed compared with only the
control region to the mtGenome, while haplogroup assignment
was ambiguous for HVI/HVII segments of those mtGenome
sequences that were not represented by control region polymor-
phisms in Phylotree. In this study, we demonstrated that
approximately 300 individual mtGenomes could be sequenced
and analyzed by a single individual in one month at an average
reagent cost of approximately 50 USD per sample. Indeed, one
individual can sequence 96 samples from DNA to VCF file in
approximately 4.5 days. Subsequently, haplotypes can be compiled
in a matter of hours using mitoSAVE. This MPS approach will
facilitate generation of whole mtGenome population data to
support human evolution, forensic, and medical studies. These
mtGenome haplotypes will be made available to the community
via EMPOP [12] under accession numbers EMP00658-EMP00660
(http://empop.org/). While this protocol applies to analysis of
relatively high quality DNA, i.e., using long PCR to generate two
amplicons of ~8kb in length, the same general sequencing
strategy could be applied to more challenged samples. Research
is underway to design small-sized amplicons that span the
mtGenome so that degraded samples potentially may be analyzed.
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Abstract Mitochondrial DNA is a useful marker for popula-
tion studies, human identification, and forensic analysis. Com-
monly used hypervariable regions I and I (HVI/HVII) were
reported to contain as little as 25 % of mitochondrial DNA
variants and therefore the majority of power of discrimination
of mitochondrial DNA resides in the coding region. Massively
parallel sequencing technology enables entire mitochondrial
genome sequencing. In this study, buccal swabs were collect-
ed from 114 unrelated Estonians and whole mitochondrial
genome sequences were generated using the Illumina MiSeq
system. The results are concordant with previous mtDNA
control region reports of high haplogroup HV and U frequen-
cies (47.4 and 23.7 % in this study, respectively) in the Esto-
nian population. One sample with the Northern Asian
haplogroup D was detected. The genetic diversity of the Es-
tonian population sample was estimated to be 99.67 and
95.85 %, for mtGenome and HVI/HVII data, respectively.
The random match probability for mtGenome data was 1.20
versus 4.99 % for HVI/HVIL The nucleotide mean pairwise
difference was 27+11 for mtGenome and 7+3 for HVI/HVII
data. These data describe the genetic diversity of the Estonian
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population sample and emphasize the power of discrimination
of the entire mitochondrial genome over the hypervariable
regions.
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parallel sequencing (MPS) - Illumina MiSeq - Haplogroup -
Estonia - Power of discrimination

Introduction

The analysis of mitochondrial DNA (mtDNA) has been im-
plemented in molecular anthropology [1], evolutionary biolo-
gy [2], medical genetics [3, 4], and human identity testing [5].
Strictly maternal inheritance, lack of recombination and high
mutation rate make mtDNA a viable marker system for
assessing genetic relationships among individuals or groups.
Although having less discrimination power compared to au-
tosomal DNA markers, the high copy number of mtDNA per
cell increases the success rate of DNA typing of damaged,
degraded, and low-quantity samples that fail to yield nuclear
DNA profiles.

Forensic scientists have focused mainly on hypervariable
regions I and II (HVI and HVIL, respectively) due to high
concentration of variants in those mitochondrial genome
(mtGenome) regions. However, it has been reported that
75 % of the total variation within the mtGenome resides out-
side the control region, and therefore sequencing of the entire
mtGenome increases the discrimination power and the value
of generated data [6]. Sanger-type sequencing (STS) is still the
main mtDNA typing technique in case work laboratories, and
sequencing beyond the control region is attempted rarely as
the well-established methodology is labor intensive, costly,
and time consuming. In recent years, massively parallel se-
quencing (MPS) has been shown to be a feasible alternative to
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STS. With the utility of bench-top sequencers like Illumina
MiSeq and Ion Torrent PGM (Personal Genome Machine),
generation of whole mtGenome data is feasible for the
application-orientated laboratory [6—10].

Population data are essential for haplotype frequency esti-
mation. While more than 25,000 forensic mtDNA sequences
and almost 35,000 mtDNA sequences in total are available
currently in the EMPOP database [11, 12], these data include
information only from the mtDNA control region. In addition
to STS, a number of other technologies permit practical access
to mtDNA coding region data through single nucleotide poly-
morphism assays, sequence-specific oligonucleotide probes,
mass spectroscopy, and MPS technology that emphasize the
importance of a whole mtGenome database [13]. Recently,
588 forensic-quality whole mtGenomes from three major US
populations have been determined with Sanger sequencing
and will be available for query [14]. However, with MPS,
population data can be generated far more expeditiously and
at a lower cost per nucleotide. Thus, more whole genome data
can be generated to exploit the full power of mtDNA for
forensic identity testing.

The current population size of Estonia is slightly above 1.3
million. Throughout history, the native Estonian population
has been affected by migration from both east and west due
to numerous conquests. Estonians have served under German,
Danish, Polish, Swedish, and Russian rule. Thus, there is
some expectation of genetic admixture from these popula-
tions. A European genetic map of >1500 individuals and
based on ~270,000 single nucleotide polymorphism data di-
vided the European population into four groups and placed
Estonians into the Baltic region, Poland, and Western Russia
group [15]. It has been reported that Estonians have a higher
Y-haplotype diversity, and based on their mtDNA HVI se-
quence, they have higher mean pairwise differences compared
with other populations in the Baltic region [16].

Despite that fact that the Estonian population data has been
used for migration studies based on its mtDNA HVI region
and a number of coding region single nucleotide polymor-
phisms [17, 18, 16], to the best of our knowledge there are
no published whole mtGenome data. The objective of this
study was to describe the genetic variability of mtGenome in
an Estonian population sample and to compare the discrimi-
nation power of mtGenome with solely HVI/HVII data.

Materials and methods

Sample preparation and target amplification

Buccal swabs were collected from 114 unrelated Estonian
volunteers according to protocols approved by the Tallinn

Medical Research Ethics Committee and have been per-
formed in accordance with the ethical standards as laid down

@ Springer

in the 1964 Declaration of Helsinki and its later amendments
or comparable ethical standards. In addition, all samples were
collected in accordance with the University of North Texas
Health Science Center Institutional Review Board. Buccal
samples were collected with sterile Eurotubo® collection
swabs (Deltalab, Rubi, Spain). The swabs were allowed to
air dry and were stored at ambient temperature. DNA extrac-
tion was performed with the QIAamp® DNA Blood Mini Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s
protocol. The quantity of extracted DNA was determined
using the Qubit® dsDNA HS (High Sensitivity) Quantifica-
tion Kit and a Qubit® 2.0 Fluorometer (Life Technologies,
Foster City, CA, USA). Amplification of the mtGenome was
accomplished as described by King et al. [6].

Nextera XT library preparation

For library preparation, 1.0 ng of DNA was used. Libraries
were prepared using Nextera XT DNA Library Preparation
Kit (Illumina, San Diego, CA, USA) according to the manu-
facturer’s protocol [19] except for the library normalization
after bead cleanup and library preparation for sequencing.
Following PCR cleanup, the libraries were quantified using
the Qubit dsDNA BR (Broad Range) kit (Life Technologies,
Foster City, CA, USA) and evaluated for fragment size using
the High Sensitivity D1000 ScreenTape and Tape Station
2200 (Agilent Technologies, Santa Clara, CA, USA). Library
normalization and preparation for sequencing was performed
according to an in-house protocol. Purified libraries were nor-
malized to 2 nM and pooled. Illumina PhiX control v3
(Illumina) was diluted to 2 nM with resuspension buffer
(RSB, Illumina), and 2 pl of diluted PhiX were mixed with
14 pl of pooled library (2 nM). Further, 10 pl of PhiX-library
pool were mixed with 10 pl of freshly made 0.1 N NaOH and
vortexed. The library-PhiX-NaOH mix was incubated for
5 min at room temperature. Pre-chilled HT1 (980 pl, hybrid-
ization buffer, [llumina) was added to the mix. Then, 600 pl of
library were mixed with 400 pl of HT1 for a final 12 pM
sequencing library.

Sequencing and data generation

The 12 pM pooled library was sequenced with MiSeq v2 (2 x
250 bp) chemistries (Illumina). The MiSeq re-sequencing pro-
tocol for small genome sequencing was followed according to
the manufacturer’s recommendations. Criteria used for variant
calling (quality threshold, heteroplasmy threshold, coverage
threshold) were as described by King et al. [6]. On-board
software (i.e., Real-TimeAnalysis and MiSeq Reporter) con-
verted raw data to Binary Alignment/Map (BAM) [20] and
Variant Call Format (VCF) v4.1 files [21] using Genome
Analysis Toolkit (GATK) [22]. During this process, the
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sequenced regions of interest (ROIs) were aligned to the re-
vised Cambridge Reference Sequence (rCRS) [23].

Data analysis

Generated VCF files were converted into haplotypes using
MitoSAVE [24]. mtDNA variants were confirmed manually
using BAM files and Integrative Genomic Viewer (IGV) soft-
ware. Indels at the positions 309, 315, and 16193 were not
included in the analysis. Random match probability (RMP)
and genetic diversity (GD) were calculated according to the
methods described by Stoneking et al. [25] and Tajima [26],
respectively. Mean pairwise comparison was calculated using
MEGA [27]. HaploGrep software based on Phylotree 16 [28,
29] was used for haplogroup assignment.

Results and discussion

All 114 samples resulted in whole mtGenome sequences ob-
tained by MPS (Supplemental Table 1). Of these mtDNA
profiles, 100 (87.7 %) were unique within the data set, and
12.3 % of sequenced mtGenomes were observed twice. Com-
pared to the previous whole mtGenome population studies [6,
14], the number of shared haplotypes in the current study is
relatively high. This might be a reflection of lower mtGenome
diversity in Estonia or just may arise from sampling variance.
The majority of the samples were collected at two educational
institutions, and although an effort was made to ensure that the
sampled individuals were unrelated, a long-distance kinship
between these individuals cannot be excluded. In total, 2663
positions were reported as variants in relation to rCRS. These
variants were distributed across 512 mtDNA positions. Vari-
ants 263G, 750G, 1438G, 4769G, 8860G, and 15326G were
seen in 111 of 114 samples. The detection of these variants in
majority of the samples is the reflection of reference used. The
remaining three samples (EST-9, EST-19, and EST-40) exhib-
ited few differences with respect to the rCRS (<3), of which 1—
2 were local or global private mutations as defined by
HaploGrep. The low haplogroup assignment quality score
for sample EST-19 was noted. The limited number of variants
within the sample could indicate bias previously observed in
reference to Phylotree and the rCRS [30]. Therefore, the true
haplogroup for EST-19 individual (haplogroup HS5e with the
quality score 53 % assigned by HaploGrep) is likely to be in
the H2 lineage. Six variants (73G, 2706G, 7028T, 11719A,
14766T, and 16519C) were found in >50 % of the samples.
From these variants, 73G and 11719A were haplogroup nodes
for haplogroup R, variants 2706G and 7028T for haplogroup
H, and variant 14766T for haplogroup HV. Position 16519 is
considered a hotspot and thus not useful for haplogroup as-
signment. Point heteroplasmy was detected in 14 samples
(12.3 %). Observed point heteroplasmy with position

coverage and heteroplasmy percentage is listed in Supplemen-
tal Table 2. Three samples (EST-33, EST-81, and EST-106)
exhibited two point heteroplasmy positions each. A similar
extent of heteroplasmy (16.2 %), along with heteroplasmy at
multiple positions per sample, has been observed previously
in buccal cell mtDNA [31].

Haplogroup assignment using HaploGrep software result-
ed in 11 major clades and 87 distinct haplogroups. Major
clades were D, HV (including haplogroup H), I, J, M, N, R,
T, U (including haplogroup K), W, and X. Two clades were
dominant: 54 samples (47.4 %) belonged to the haplogroup
HV (including H) and 27 samples (23.7 %) pertained to the
haplogroup U (including K). Haplogroups D, R, and X were
seen once. Haplogroups HV and U are the most represented
haplogroups in the European population with the estimated
frequency of >50 and >20 %, respectively [17]. Our results
are concordant with previous mtDNA control region reports
conforming of the prevalence of haplogroup H and U in the
Estonian population [32, 33]. While haplogroup H was intro-
duced to Europe from the Franco-Cantabrian region,
haplogroup U5, which was observed in 13 of our samples
(11.4 %), is thought to have evolved in situ [32, 17].
Haplogroup U4 has been reported in the Eastern Baltic Sea
region with a frequency up to 8.8 % and associated with
Volga-Ural influence [16]. While haplogroup D is the second
most common haplogroup in Northern Asia, haplogroup D5
has been found with a very low frequency in several European
populations including Estonians [34]. The rare subhaplogroup
D4e4b, observed in one of our samples, has been reported in
Tatars and Russians [35].

Out of the observed 2663 nucleotide variants, 607 (22.8 %)
were identified in HVI/HVII regions; accordingly, 77.2 % of
variation resided in the coding region. These results are in
accordance with results reported by King et al. on 283 indi-
viduals from Caucasian, Hispanic, and African-American
populations [6]. As in the case of whole mtGenome data, the
proportionally smaller level of variation in HVI/HVII may be
a reflection of lower mtGenome diversity in Estonia or just
may arise from sampling variance. Whereas 100 unique
mtGenome haplotypes and 87 distinct haplogroups were ob-
served with whole mtGenome data, only 66 unique haplo-
types and 79 distinct haplogroups were observed using HVI/
HVII data. Haplogroup comparison between full mtGenome
and HVI/HVII data resulted in a haplogroup clade change
according to HaploGrep for 1 sample (EST-59) that changed
from haplogroup U5b2ala2 (HVI/HVII; quality score 86.8 %)
to haplogroup H (mtGenome; quality score 81 %).
Haplogroup assignment based on mtGenome data resulted in
a quality score increase for the majority of the samples that
yielded a quality score less than 100 % with HVI/HVIL. A
lower quality score of sample EST-59 can be explained with
an abundance of local and global private mutations that were
not present in HVI/HVII data. GD for mtGenome and HVI/
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HVII was 99.67 and 95.85 %, respectively. RMP for
mtGenome data was 1.20 versus 4.99 % for HVI/HVIIL. Com-
pared to RMP values of other populations [14, 6, 36], the
RMP results presented herein for HVI/HVII data are higher.
This finding might be explained with 24 HVI/HVII haplo-
types having >4 identical matches in the population sample.
Mean pairwise difference within the Estonian population was
27+11 for mtGenome data, which is slightly lower than re-
ported by King et al. [6] for Caucasians. Mean pairwise dif-
ference for HVI/HVII data within the Estonian population
sample was 743. These results support the power of discrim-
ination of entire mtGenome over HVI/HVII.

Conclusion

In this study, 114 mtGenome profiles from the Estonian pop-
ulation were generated. The results show that the use of the
entire mtGenome compared to HVI/HVII data substantially
improves the discrimination power of the quality of

haplotypes.
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Abstract

The mitochondrial genome has a number of characteristics that provide useful information to forensic investigations. Massively
parallel sequencing (MPS) technologies offer improvements to the quantitative analysis of the mitochondrial genome, specifi-
cally the interpretation of mixed mitochondrial samples. Two-person mixtures with nuclear DNA ratios of 1:1, 5:1, 10:1, and 20:1
of individuals from different and similar phylogenetic backgrounds and three-person mixtures with nuclear DNA ratios of 1:1:1
and 5:1:1 were prepared using the Precision ID mtDNA Whole Genome Panel and Ion Chef, and sequenced on the lon PGM or
Ion S5 sequencer (Thermo Fisher Scientific, Waltham, MA, USA). These data were used to evaluate whether and to what degree
MPS mixtures could be deconvolved. Analysis was effective in identifying the major contributor in each instance, while SNPs
from the minor contributor’s haplotype only were identified in the 1:1, 5:1, and 10:1 two-person mixtures. While the major
contributor was identified from the 5:1:1 mixture, analysis of the three-person mixtures was more complex, and the mixed
haplotypes could not be completely parsed. These results indicate that mixed mitochondrial DNA samples may be interpreted
with the use of MPS technologies.

Keywords Mitochondrial DNA - Mixtures - Massively parallel sequencing - Ion S5 - lon PGM

Introduction In addition, maternal inheritance [2] and well-characterized

phylogeny [3—15] of the mitochondrial genome offer useful

Mitochondrial DNA has become a powerful tool for the iden-
tification of human remains and in analyses of certain types of
forensic evidence from criminal cases, e.g., hair evidence. The
mitochondrial genome’s higher copy number per cell, com-
pared with the nuclear genome [1], provides a high sensitivity
of detection with challenged or degraded remains, where nu-
clear markers often provide inconclusive or negative results.
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lineage and bioancestry information. Currently, Sanger se-
quencing technologies are employed to sequence a limited
portion of the mitochondrial genome, often focusing only on
the hypervariable regions of the non-coding region. Because
the assay is time-consuming and labor-intensive, substantial
variation residing in the coding region of the mitochondrial
genome is not considered. Moreover, Sanger sequencing is
not sufficiently quantitative to resolve mixed mitochondrial
DNA profiles [16, 17].

Massively parallel sequencing (MPS) technologies now
make it feasible for forensic crime laboratories to sequence
the entire mitochondrial genome. Large multiplex, small
amplicon panels that amplify the entire mitochondrial genome
have been designed for challenged and degraded samples
[18-20]. Moreover, the technology has become reasonably
robust such that the amount of time and labor needed to se-
quence the entire mitochondrial genome has been reduced
substantially. The high throughput concomitantly provides a
much larger amount of useful information. Expanding analy-
sis to the entire mitochondrial genome enables analysis of a
previously untapped resource of a large number of single
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nucleotide polymorphisms (SNPs) (up to 75% of total mito-
chondrial DNA variation) when the mitochondrial coding re-
gion is evaluated [4, 5, 7, 21-24]. Analysis of only the mito-
chondrial control region may provide only limited phyloge-
netic information as two samples with a control region match
do not necessarily belong to the same haplogroup [23]. Thus,
sequence data from the entire mitochondrial genome is likely
to increase phylogenetic resolution [4, 5, 7, 23, 24].
Additionally, since each molecule (or clonal cluster) is se-
quenced independently, heteroplasmy detection can be en-
hanced versus the simultaneous sequencing of each amplicon
by Sanger sequencing.

Mixtures are one of the more challenging sample types
encountered in forensic casework, and mitochondrial DNA
mixture interpretation typically is not attempted with current
sequencing technologies used in forensic crime labs. In fact,
the current recommendation from the DNA Commission of
the International Society of Forensic Genetics (ISFG) states
that heteroplasmy evaluation depends, in part, on the limita-
tions of the technology [25]. MPS-generated data are more
quantitative than Sanger sequencing data. Studies such as
Stewart et al. [26] and Davis et al. [27] visually illustrate the
lack of quantitative information provided by Sanger sequenc-
ing at varying mixture ratios and heteroplasmic sites, respec-
tively. Combining quantitative information and phylogenetic
assignment may make it feasible to effect mixture
deconvolution in some samples [16, 17, 20, 28-30]. In this
study, two-person mixtures and three-person mixtures of indi-
viduals from differing and similar phylogenetic backgrounds
were prepared in various ratios. A workflow consisting of the
Precision ID mtDNA Whole Genome Panel, Ion Chef, and Ion
PGM/S5 sequencer (Thermo Fisher Scientific, Waltham, MA,
USA) was used to sequence the mixture samples. Finally, a
bioinformatic pipeline using quantitative analysis of positions
with multiple allele states, phasing information, and phyloge-
netics was used to parse mixed haplotypes into their individual
components.

Materials and methods
Samples

The policies and procedures approved by the Institutional
Review Board for the University of North Texas Health
Science Center in Fort Worth, TX, were followed for the col-
lection and use of samples. DNA used in this study was ex-
tracted using the QIAamp DNA Blood Mini Kit (Qiagen,
Valencia, CA, USA) following the manufacturer’s protocols
[31] and quantified using the Quantifiler Trio DNA
Quantification kit (Thermo Fisher Scientific) following the
manufacturer’s protocols [32]. Single-source reference sam-
ples (n = 6) of self-identified Asian and Caucasian individuals,
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mixed samples (n=12), and positive and negative controls
were included in the sequencing runs. Two-person mixtures
with contributors of different macrohaplogroups were pre-
pared in 1:1, 5:1, 10:1, and 20:1 major to minor contributor
nuclear DNA ratios for both individuals. Two-person mixtures
with contributors belonging to the same macrohaplogroup
were prepared in 1:1, 5:1, and 1:5 nuclear DNA ratios.
Three-person mixtures with contributors of different
macrohaplogroups were prepared in 1:1:1 and 5:1:1 nuclear
DNA ratios.

Library preparation and massively parallel
sequencing

The mitochondrial genome was amplified in each single-
source and mixed sample with the Precision ID mtDNA
Whole Genome Panel (Thermo Fisher Scientific), a
multiplexed panel which generates amplicons of 175 base
pairs or less that cover the entire mitochondrial genome in a
tiled, overlapping manner [33]. Each amplification was per-
formed with one nanogram of total input nuclear DNA fol-
lowing the manufacturer’s protocols. Sequencing libraries
were prepared manually using the Precision ID Library Kit
(Thermo Fisher Scientific) and the manufacturer’s recom-
mended protocols for the “2-in-1 method.”

Template preparation was completed on the lon Chef
(Thermo Fisher Scientific) following the manufacturer’s rec-
ommended protocols [33, 34] for both sequencing runs.
Templated Ion Sphere Particles (ISPs) were loaded into an
Ion 318 Chip v2 (Thermo Fisher Scientific) for the Personal
Genome Machine (PGM; Thermo Fisher Scientific) sequenc-
ing run and an Ion 530 Chip (Thermo Fisher Scientific) for the
Ion S5 (Thermo Fisher Scientific) sequencing run. The lon
Chips were loaded onto their respective sequencers using the
Ion PGM Hi-Q Sequencing Kit for the PGM run and the Ton
S5 Sequencing Kit for the S5 run and the manufacturer’s re-
spective recommended protocols [33, 34].

Concordance data

An orthogonal methodology was used to generate concor-
dance data for the single-source reference samples included
in this study. The concordance data were generated via long-
PCR on the Ion PGM and MiSeq (Illumina, San Diego, CA,
USA) sequencers as described in Churchill et al. [35] and
King et al. [5].

Data analysis

Primary data analyses were completed with the Torrent Suite
software v5.2.1. Data were aligned to an “rCRS+80” refer-
ence genome to account for the Precision ID mtDNA Whole
Genome Panel’s tiled, overlapping design [33, 36]. Variant
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calls were obtained from the variant call format (VCF) output
files generated by the Variant Caller plugin v5.2.1 and were
imported into mitoSAVE [37] to generate haplotype calls in
standard forensic nomenclature [25, 38]. A minimum of 10
reads (X) and allele ratio of 0.10 were used as thresholds for
generating haplotype calls in mitoSAVE. Length
heteroplasmies were not included in the final haplotype calls.
Additionally, 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 quantita-
tive assessment of each contributor’s proportion of the mix-
ture. Binary alignment map (BAM) files were viewed in
Integrative Genomic Viewer (IGV) for a manual verification
of the haplotype calls and to identify any relevant phasing
information [39, 40]. A phylogenetic check of the final hap-
lotype calls was performed in HaploGrep v2.1.1 and EMPOP
v3 [8, 41, 42]. Finally, performance metrics, including read
depth, relative locus performance (RLP), strand balance, and
noise, were used to evaluate the quality of the sequencing
results. The read depth was used to calculate normalized
RLP at each nucleotide position of the mitochondrial genome
(i.e., read depth of one nucleotide position divided by the total
read depth across the mitochondrial genome for that sample
each multiplied by the length of the rCRS (i.e., 16,569)).
Strand balance ratios were calculated by dividing the read
depth of one strand by the total read depth of that nucleotide
position. Noise was calculated by dividing the number of
reads not attributed to nominal allele calls at a nucleotide
position by the total coverage at that nucleotide position.

Results and discussion
Controls

A positive and negative control was included in each sequenc-
ing run to help evaluate the success and performance of each
run. The read depth of the negative controls was compared to
the read depth of the single-source reference samples by cal-
culating the ratio of the negative controls’ average read depth
to the single-source samples’ average read depth across the
mitochondrial genome. The average read depth for both neg-
ative controls ranged from 0.04 to 2.55% of the single-source
samples’ average read depth across the mitochondrial ge-
nome. These results are well-below and are in-line with the
use of a 0.10 point heteroplasmy threshold for making variant
calls. The haplotypes generated for the positive controls in this
study were concordant with the NIST standard data described
in Riman et al. [43] except for the 1393G/A sequence variant
call. The heteroplasmic 1393G/A sequence variant, described
by Riman et al. [43], did not reach the 0.10 point heteroplasmy
threshold set for this study. The “A” allele was seen at 3% (lon
PGM run) and 4% (Ion S5 run) of the total read depth at that

nucleotide position. Differences may be due to sequencing
chemistry or variation that can occur with different lots of a
cell line.

Single-source reference samples

Haplotype calls for the single-source reference samples were
compared to complete mitochondrial genome sequence data
generated by long-PCR and sequenced on the MiSeq or PGM.
The haplotype calls were completely concordant and then
used as references for assessing mixture deconvolution.

Performance metrics of the six single-source samples and
two positive controls were evaluated. Average read depth for
the eight samples ranged from 368X to 22,188X across the
mitochondrial genome. Samples sequenced on the lon PGM
had a slightly lower average read depth, which ranged from
270X to 18,836X, than those samples sequenced on the lon
S5, which ranged from 366X to 24,224X. This difference in
average read depth is attributed to the difference in throughput
capacities of the lon Chips used on the two instruments. Thus,
an average RLP was calculated to normalize the two sequenc-
ing runs and to visualize relative sequencing performance
across the mitochondrial genome. Average RLP for the
single-source samples ranged from 5.93E-05 to 3.50E-04
(Supplementary Fig. 1). Additionally, read depth across the
mitochondrial genome was analyzed on a per strand basis to
evaluate balance. Average ratios of read depth for the positive
strand ranged from 0.02 to 0.75 with 84% of the nucleotide
positions at or above 0.40 (Supplementary Fig. 2). Finally, the
level of noise across the mitochondrial genome for the single-
source samples was evaluated. Any reads not attributed to
nominal allele calls were considered noise. These noise reads
potentially could be the result of sequencing errors, PCR er-
rors, alignment errors, NUMTs, or contamination. Average
noise for the single-source genomes ranged from 0.0% of
the total read depth to 4.86% of the total read depth across
the mitochondrial genome, with only eight nucleotide posi-
tions above 3% (Supplementary Fig. 3). The nucleotide posi-
tions where noise was the highest were scrutinized further.
These nucleotide positions (e.g., nucleotide position 13057)
generally were associated with homopolymeric regions in the
genome. lon Torrent platforms’ difficulty in sequencing
through homopolymeric regions has been well-characterized
[9, 18, 35, 44, 45], and Supplementary Fig. 4 illustrates the
variation in reads that is generated and aligned to a homopol-
ymer. Bioinformatic improvements (e.g., improvements to the
alignment of homopolymers) may allow for better character-
ization of noise or off-target reads potentially allowing the
thresholds for which point heteroplasmies and mixtures are
called to be lowered.
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Mixed samples
Performance metrics

For the mixed samples, average read depth ranged from 401X
to 17,466X across the mitochondrial genome. Average RLP
for the mixed samples ranged from 7.86E-06 to 3.47E-04
(Supplementary Fig. 5). When evaluating read depth on a
per strand basis, average ratios of read depth for the positive
strand ranged from 0.02 to 0.71 with 82% of the nucleotide
positions at or above 0.40 (Supplementary Fig. 6). The level
of reads not attributed to nominal allele calls (i.e., noise)
ranged from 0.0 to 4.54% of the total read depth across the
mitochondrial genome, with only seven nucleotide positions
above 3.0% (Supplementary Fig. 7). The nucleotide positions
with the highest level of noise were generally associated with
homopolymeric regions in the genome (e.g., nucleotide posi-
tion 13057). These performance metrics for mixtures were
similar to those for single-source samples.

Mixture interpretation

The quantitative MPS data, phasing, and phylogenetics were
used to deconvolve mixtures. Mixture data were analyzed
quantitatively by calculating the ratio of each allele’s read
depth to total read depth. These ratios were used to group
the sequence variants in each mixed haplotype into three
groups: (1) alternate allele present in both contributors’ hap-
lotypes, (2) alternate allele present in the major contributor’s
haplotype, and (3) alternate allele present in minor contribu-
tor’s haplotype. The “major” versus “minor” designation was
decided by assigning the sequence variants with the higher
ratio of alternate allele read depth to total read depth as the
“major contributor.” No specific ratio was selected a priori as
no criteria were available to set mixture ratios. Phasing and
phylogenetic information were used when sequence variants
did not fall into one of the three categories. During manual
verification of haplotype calls in IGV, phasing information
was collected from amplicons in which two or more nucleo-
tide positions showed evidence of a mixture. Phylogenetic
information was acquired from HaploGrep and EMPOP |[8,
41, 42].

Two-person mixtures

Two-person mixtures of individuals from differing phyloge-
netic backgrounds (i.e., haplogroups HV and Flala) were
analyzed first to assess the bioinformatic processes’ ability
to parse mixtures of mitochondrial haplotypes with a relative-
ly large amount of genetic differences between the contribu-
tors. The quantitative analysis results for each mixture (1:1,
5:1, 10:1, and 20:1) are shown in Table 1. Note that a 1:1
mixture can result as a major:minor because input DNA was
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based on nuclear DNA amounts in this study. The amount of
mitochondrial DNA per individual is related to total DNA but
does vary among individuals [1, 46]. While the major contrib-
utor’s haplotype was fully and accurately identified quantita-
tively for each mixture, sequence variants associated with the
minor contributor’s haplotype only were identified above the
0.1 point heteroplasmy threshold in the 1:1, 1:5, 5:1, and 1:10
mixtures, with the 5:1 mixture exhibiting only a partial minor
contributor haplotype and the personal point heteroplasmy
(14386T/C) in the minor contributor of the 1:1 mixture falling
below the 0.1 point heteroplasmy threshold.

Personal point heteroplasmies were difficult to assess as
they were low or could be attributed to a minor contributor.
In instances (i.e., the 1:5 and 1:10 mixtures) when phase and
phylogenetics did not identify whether the 14386T/C was a
personal point heteroplasmy from the major contributor or a
mixed site with the sequence variant belonging to the minor
contributor’s haplotype, two possible haplotypes for both the
major and minor contributor (four haplotypes in total) were
generated. However, phasing and phylogenetic information
did help resolve some mixtures (Supplementary Fig. 8a—g).
For example, the 4086C/T and 4092G/A point mixtures in the
1:1 mixture had an alternate allele frequency of 48%. These
mixture sites could not be assigned with confidence to one of
the three categories of (1) alternate allele present in both con-
tributors” haplotypes, (2) alternate allele present in the major
contributor’s haplotype, or (3) alternate allele present in minor
contributor’s haplotype (Table 1). This lack of success to parse
contributors quantitatively for essentially 1:1 mixtures is ex-
pected. Manual verification of the mixture positions in IGV
offered additional information as the two sites resided within
one amplicon, and the two alternate alleles at these sites were
not in-phase with each other (i.e., not sequenced in the same
read; Fig. 1). Therefore, in this amplicon, more information
about each contributor’s genetic profile could be obtained,
despite similar read depth for both allele states at the mixture
sites. Furthermore, both EMPOP and HaploGrep were used to
phylogenetically confirm (or refute) the blind phasing assign-
ments [8, 41, 42]. These tools indicated whether or not each
sequence variant would be expected to occur in this haplotype.
Alignment issues with indels, reads not making it all the way
through an amplicon in one direction, and differing amplifica-
tion efficiencies can increase the variance for the ratio of allele
read depths to the total read depth and thus affect the ability to
accurately assign sequence variants to one contributor or an-
other. While such assessments were performed manually here-
in, anticipated bioinformatic developments (as these applica-
tions are increasing rapidly) could facilitate interpretation and
improve the ability to parse mitochondrial DNA mixtures.

Given the success of deconvolving two-person mixtures
with different haplogroups, two-person mixtures of individ-
uals from the same U2e subclade were analyzed to assess the
bioinformatic pipeline’s ability to parse mixtures of
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Table 1

Quantitative results of two-person mixtures with contributors of different haplogroups (and ancestries). The average for the alternate allele read

depth as a ratio to total read depth for each category is provided. The standard deviation is in parentheses

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%)
Major contributor  62.38% (2.00%) 73.23% (5.14%)
Minor contributor  35.96% (3.04%) 24.00% (2.00%)

99.63% (0.74%
89.44% (1.81%
11.27% (0.90%

NNV

98.44% (3.24%)
85.73% (1.82%) 96.94% (2.99%) 94.00% (3.24%) 98.12% (1.58%)
12.86% (1.21%)

mitochondrial haplotypes with less genetic differences be-
tween the contributors. The quantitative analysis results for
the 1:1 and 5:1 mixtures are shown in Table 2. This quantita-
tive assessment was able to identify full and accurate

4,080 bp 4,030 bp

haplotypes for the major and minor contributor in each mix-
ture, similar to the results above. Additional phasing and phy-
logenetic information were not needed to resolve this set of
mixed samples (Supplementary Fig. 9a—c). Greater major

4,080 bp 4,080 bp
| | | |

B

ATTTTGTCACCAAGACCCTATTTTGTCACCAAGACCCT

Fig. 1 Viewing the 1:1 mixture’s haplotype in IGV. Sorting alignments by base illustrated that the alternate alleles at 4086C/T and 4092G/A were not in-
phase with each other (i.c., T and A, respectively were not in the same read)
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Table 2  Quantitative results of two-person mixtures with contributors of the same U2e subclade. The average for the alternate allele read depth as a
ratio to total read depth for each category is provided. The standard deviation is 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%)

versus minor contributor ratios (i.e., 10:1 and 20:1 ratios) were
not attempted based on the mixture findings discussed above.

Three-person mixtures

Mixtures of 1:1:1 and 5:1:1 ratios of individuals from different
phylogenetic backgrounds (i.e., haplogroups HV, Flala, and
U2e2al) were generated. Phasing information and the pres-
ence of tri-allelic nucleotide positions suggested that the num-
ber of contributors was greater than two for these mixtures
(Fig. 2), which could be more challenging if all three contrib-
utors were of the same haplogroup. However, quantitative
assessment of the three-person mixtures did not provide a
clear delineation of the alternate allele ratios into one of the
three groups of (1) alternate allele present in each contributors’
haplotypes, (2) alternate allele present in the major contribu-
tor’s haplotype, or (3) alternate allele present in minor contrib-
utor’s haplotype where complex mixtures can have more than
one minor contributor (Supplementary Fig. 10a, b). While the
tri-allelic nucleotide position and amplicons where all three
haplotypes were observed (Fig. 2) provided an indication for
assessing the quantitative contribution of each individual in
the mixture, the amount of shared variants and large number
of possible combinations for parsing each sequence variant in
the mixture was not feasible with manual deconvolution of the
1:1:1 mixture. Phasing only provided additional information
for a small number of amplicons in this mixture (Fig. 2¢), but
this phasing information should be considered as it could help
exclude some individuals from the mixture. With the 5:1:1
mixture, quantitative assessment allowed the shared alleles
present in each contributors’ haplotype to be identified at a
ratio 0f 99.38% (+0.74%) and the alternate allele’s present in
the major contributor’s haplotype to be identified at a ratio of
74.78% (+1.92). The range of alternate allele ratios seen for
the two minor contributors was too similar to parse manually.
The remaining sequence variants that were attributed to the
minor contributors were uploaded to EMPOP for a phyloge-
netic assessment [8]. A haplogroup prediction (Flala) for one
of the minor contributors was obtained. The sequence variants
labeled as “Private Mutations” were deemed “inconclusive”
prior to comparison with single-source reference samples as
these variants also could have come from the second minor
contributor. This phylogenetic assessment provided an accu-
rate haplogroup prediction and an accurate, partial (77.5%
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complete) haplotype for one of the minor contributors. The
remaining seven sequence variants could have been private
mutations from minor contributor one or part of minor con-
tributor two’s haplotype, but with so many of minor contrib-
utor two’s sequence variants likely falling below the 0.1 point
heteroplasmy threshold, it was difficult to take advantage of
any additional phylogenetic assessment. As discussed previ-
ously, alignment issues with indels, reads not making it all the
way through an amplicon in one direction, and differing am-
plification efficiencies can increase the variance for the ratio of
the alternate allele’s read depth to the total read depth and
affect the ability to accurately assign sequence variants to
one contributor or another. However, nucleotide positions that
can be phylogenetically associated to a contributor could be
reported with a probability of a profile given certain geno-
types. Likely, since MPS data for the most part are quite quan-
titative, a probabilistic genotyping approach could perform
better at parsing contributors [47-50]. Vohr et al. [51] have
released a software package for the analysis of mixed mito-
chondrial DNA samples called mixemt. This software pro-
vides a more automated approach to the quantitative and phy-
logenetic assessment completed manually in this study.
However, use of a PCR-based amplification of the mitochon-
drial genome and current data capacities of Linux-based sys-
tems available for this study rendered this software package,
in its current state, ineffective for analysis of previously
discussed mixtures.

Evaluating number of contributors

The performance metrics, read depth, RLP, strand balance,
and noise, of the single-source and mixed samples were com-
pared to search for the presence of trends that potentially could
help distinguish between single-source and mixed samples.
The results for each of the performance metrics for both
groups of samples were found to be comparable. The range
of read depth and RLP across the mitochondrial genome was
comparable for both the single-source and mixed samples.
The topography of the RLP graphs (Supplementary Figs. 1
and 5) displayed similar valleys and peaks and illustrated that
the higher and lower performing amplicons were the same for
both the single-source and mixed samples. Strand balance and
the number of reads attributed to noise also were comparable
between the single-source and mixed samples. The nucleotide
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163bp 1s.1z|o bp | 1s.11o bp I

16,120 bp 16,140 bp
| | | |

chrM:16.129

Total count: 5350
A 740 (14%, 391+, 349-)

chrM:16,129
Total count: 5217

C :354 (7%. 159+, 195-)
G 14256 (80%, 2159+, 2097-)

A 11996 (38%, 1044+, 952-)
C 11002 (19%, 479+, 523-)

G 2214 (42%, 1117+, 1097-)
T:5(0%, 3+,2-)

N:0

120bp 140bp 160bp 180bp 200bp 20bp 240bp
|

CTCECACTATCTETCTTTGAT TCCTECC TCATCC TATTATT TATCGCACCTACGTTCAATAT TACAGGCCAACATACT TACTARAGTETETTAATTAATTAATECTTGTAGGACATAATAATAACAATTGA

Fig. 2 Images taken from IGV of nucleotide position 16129 in the 1:1:1 the 1:1:1 mixture where sorting by base in IGV allows visualization of
(a) and 5:1:1 mixtures (b) where three different alleles from the three the three haplotypes of the three-person mixture
different contributors are present. Figure 2¢ illustrates an amplicon in

Fig.3 The number of positions in Single-Source vs. Mixed Haplotypes

the sequence data indicating a
mixture in each single-source and
mixed sample analyzed in this
study. A gradual increase in the
number of mixture positions is
seen from single-source to more
complex mixtures. A striped fill
pattern is used to indicate
mixtures with contributors of
similar phylogenetic backgrounds

ting a Mixture
D
S

Number of Positions Indica

Sample Type
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positions with the highest level of noise across the mitochon-
drial genome associated with homopolymeric regions in both
the single-source and mixed samples.

The final comparison evaluated the number of mixture sites
(or point heteroplasmies for single-source samples). King
et al. [5] provided the pairwise nucleotide differences between
and among haplotypes from three major US population
groups. Large population studies such as these provide neces-
sary baseline information on the number of differences that
exist between samples of different and similar phylogenetic
backgrounds and concomitantly the number of positions that
would indicate the presence of a mixture and the potential
number of contributors of a mixed sample. Thus, plotting
the number of mixture positions provides insight of the poten-
tial to predict the number of contributors in a mixed sample
(Fig. 3). As expected, an increase in the number of mixture
sites (point heteroplasmies for single-source samples) occurs
from single-source samples to more complex mixtures. The
two-person mixtures exhibited a greater range of the number
of mixture positions which can be attributed to two explana-
tions: (1) the 10:1, 1:20, and 20:1 mixtures” minor contribu-
tors were not detected above the 0.1 point heteroplasmy
threshold, and thus, present more similarly to that of single-
source samples and (2) two-person mixtures with contributors
from the same haplogroup subclade have fewer differences
(on average) between the two individuals than mixtures of
individuals from different haplogroups. Despite these con-
founding factors, the number (i.e., in actuality the distribution
of number) of positions indicating a mixture may be a good
indicator of the number of contributors (at least up to three) in
a mixed sample.

Conclusions

MPS offers the potential for analyzing mixtures using mtDNA
sequence data. This study demonstrated, in a similar manner
to that of STR typing, that a quantitative approach (i.e., the
ratio of alternate alleles to total read depth) can be used to
properly assign allele states to major and minor contributors.
Qualitatively, phasing information (i.e., multiple SNPs resid-
ing within one amplicon) and well-characterized phylogeny of
the mitochondrial genome can assist in mixture
deconvolution.

Analysis was effective in identifying the major contributor
in two-person mixtures with nuclear DNA ratios of 1:1, 5:1,
10:1, and 20:1. SNPs associated with the minor contributor
were identified in the 1:1, 5:1, and 10:1 mixtures. For the more
complex three-person mixtures, parsing was more difficult but
likely can be improved substantially with additional studies
and a probabilistic genotyping approach. These results indi-
cate that MPS-based approaches that sequence mitochondrial
DNA may be applicable to mixture interpretation compared to
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analysis with current CE technologies. With continued bioin-
formatic developments, mitochondrial DNA mixture analysis
will become more robust and could become more routine for
analysis of challenging samples.
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