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Abstract 

 This paper summarizes the results of research aimed at realizing the accurate and efficient 

human mitochondrial genome analysis for poorly-preserved fossil remains. This thesis comprises four 

chapters, which are explained below. 

 Chapter 1 is an introduction describing the history of ancient DNA (aDNA) research and 

various challenges in ancient human mitochondrial genome analysis. The history of aDNA research 

can be divided into three periods. At the dawn of its study in the mid-1980s, scientists studied short, 

partial DNA sequences using only soft tissue of archeological samples. From the 1990s to the early 

2000s, it was possible to analyze ultra-low amounts of DNA from hard tissues such as bone fragments 

by polymerase chain reaction techniques, and partial analysis of the hypervariable region (HVR) of 

the mitochondrial genome was often used for aDNA analysis. From 2006 to the present, next-

generation sequencing (NGS) technologies have caused a dramatic paradigm shift in aDNA research. 

NGS allows ancient “genome-scale” research using complete mitochondrial or nuclear genome 

sequences. In contrast, there are still several challenges in analyzing contaminated or extremely 

degraded ancient samples. 

 In Chapter 2, I propose a new framework for estimating the proportion of contaminating 

human mitochondrial (macro) haplogroups in high-throughput sequencing and discuss the 

effectiveness of this method using simulated data. This detection framework is based on the Bayes 

classification algorithm, which is a supervised machine learning algorithm, and it can detect a 

contaminating haplogroup in the alignment data of short reads. This new framework can identify a 

contaminating macro-haplogroup with an average detection accuracy of 0.941 and 0.997 at 10× and 

20× depth of coverage, respectively.  
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 In Chapter 3, I verify and discuss the accuracy of the imputation approach for deducing 

missing nucleotides using worldwide mitochondrial haplogroups. In this study, I used simulated NGS 

data from representative worldwide mitochondrial haplogroups and empirical sequencing data using 

degraded 3,000-year-old human bone samples. As a result of this verification, I found that the 

composition of haplogroups in the panel data affected the accuracy of mitochondrial genome 

imputation. In particular, the imputation of the incomplete human mitochondrial genome could be 

made with high precision in the major haplogroups outside of Africa. Also, in this study, imputation 

errors of the protein and RNA coding (or non-coding) regions of the mitochondrial genome was also 

evaluated. Although the accuracy of imputation was decreased in the non-coding region (D-loop), the 

imputation can be performed with high accuracy for protein and RNA coding regions. 

 In Chapter 4, I discuss the development of a comprehensive human mitochondrial analysis 

tool for NGS data and its convenience. Issues related to the determination of mitochondrial 

haplogroups, the detection of contamination, DNA damage, variant annotation, and the assembly of 

mitochondrial genome sequences are particularly important in analyzing degraded and aged human 

bone samples. This tool can estimate mitochondrial haplogroups with high accuracy—0.969, 0.991, 

0.994, 0.994, and 0.997 at 5, 10, 50, 150, and 200-fold depth of coverage, respectively—and can be 

operated using a mouse pointer (graphical user interface operation), and analysis can be completed in 

approximately 1 min even for deep sequencing data with >1,000-fold coverage. Because the analysis 

results are visualized, the genome position where the damage or aDNA contamination is detected can 

be easily identified. This tool allows for a highly reliable ancient human mitochondrial genome 

analysis based on multiple items. 

 

 

 

 

 

 

 

第三章については，５年以内に雑誌等で刊行予定のため非公開 



 
 

�

Table of Contents 

Chapter 1. General Introduction ........................................................................................................ 6�

1-1 History of ancient DNA (aDNA) studies ..................................................................................... 6�
1-2 Human mitochondrial genome .................................................................................................... 6�
1-3 Challenges in ancient genome analysis using poorly-preserved fossil remains .......................... 7�
1-4 Significance of this study ............................................................................................................ 8�

Chapter 2. Inference of a contaminating mitochondrial macro-haplogroup in high-throughput 

sequencing data based on Bayesian classification ............................................................................. 9�

2-1 Introduction ................................................................................................................................. 9�
2-2 Materials and Methods .............................................................................................................. 11�

2-2-1 Detection framework of a contaminated mitochondrial macro-haplogroup ...................... 11�
2-2-2 Artificial contamination data of representative macro-haplogroups .................................. 13�

2-3 Results and Discussion .............................................................................................................. 14�
2-3-1 Impact of depth of coverage on detection accuracy ........................................................... 14�
2-3-2 Impact of post-mortem deamination on detection accuracy .............................................. 14�

Figures, Figure Legends, and Tables ............................................................................................... 17�

Chapter 3. Evaluation of imputation approach for deducing a complete human mitochondrial 

genome sequence from low-coverage sequencing data ................................................................... 22�

3-1 Introduction ............................................................................................................................... 22�
3-2 Materials and Methods .............................................................................................................. 24�

3-2-1 Simulated sequencing data ................................................................................................. 24�
3-2-2 Empirical sequencing data ................................................................................................. 25�
3-2-3 Imputation .......................................................................................................................... 27�
3-2-4 Panel data ........................................................................................................................... 28�

3-3 Results ....................................................................................................................................... 29�
3-3-1 Application to simulated low-coverage sequencing data ................................................... 29�
3-3-2 Application to empirical low-coverage sequencing data from poorly-preserved ancient 

samples ......................................................................................................................................... 30�
3-4 Discussion .................................................................................................................................. 31�

3-4-1 Understanding the female lineage for accurate imputation ................................................ 31�
3-4-2 Difference in imputation errors for each genomic region .................................................. 32�

 

 

 

 

 

第二章については，５年以内に雑誌等で刊行予定のため非公開 

 

 

 

 

 

 

 

第三章については，５年以内に雑誌等で刊行予定のため非公開 



 
 

�

3-4-3 Impact of imputation approach for incomplete human mitochondrial genomes from 

poorly-preserved fossil remains ................................................................................................... 32�
Figures, Figure Legends, and Tables ............................................................................................... 34�

Chapter 4. Development of a comprehensive human mitochondrial genome analysis tool for 

high-throughput sequencing data ..................................................................................................... 48�

4-1 Introduction ............................................................................................................................... 48�
4-2 Material and methods ................................................................................................................ 50�

4-2-1 Format for input data .......................................................................................................... 50�
4-2-2 Test datasets ........................................................................................................................ 50�
4-2-3 File processing .................................................................................................................... 51�
4-2-4 Detection of heteroplasmic sites ........................................................................................ 52�
4-2-5 Optional functions .............................................................................................................. 52�
4-2-6 Software availability .......................................................................................................... 54�

4-3 Results and discussion ............................................................................................................... 54�
Figures, Figure Legends, and Tables ............................................................................................... 60�

Conclusion Remarks .......................................................................................................................... 87�

Literature Cited ................................................................................................................................. 89�

Acknowledgements .......................................................................................................................... 102�

 

 

第三章については，５年以内に雑誌等で刊行予定のため非公開 



Chapter 1 
 

� ��

Chapter 1. General Introduction 

1-1 History of ancient DNA (aDNA) studies 

 The first aDNA study was the analysis of partial DNA sequences of the mitochondrial 

genome from soft tissues of Quagga (Equus quagga), which is an extinct member of the horse family 

(Higuchi et al., 1984). In the following year, ancient human DNA analysis in 2,400-year-old Egyptian 

mummies was reported (Pääbo, 1985). From the 1990s until the early 2000s, the polymerase chain 

reaction (PCR) method allowed extremely small amounts of DNA fragments in archeological samples 

to be amplified, and the partial regions of the hyper variable region (HVR) of the mitochondrial 

genome have been analyzed (e.g., Handt et al., 1996; Oota et al., 1999; Wang et al., 2000). However, 

the contamination by exogenous (typically modern) DNA in ancient samples becomes a serious 

problem in aDNA studies, and several strict guidelines for experimental processes have been proposed 

so as to prevent exogenous DNA contamination (Cooper & Poinar, 2000). From 2006 to the present, 

NGS technologies have expanded ancient “DNA” research to ancient “genome” research. NGS 

technologies allow massively parallel approaches to read very large numbers of DNA fragments, 

which enables genome-scale analysis of mitochondrial or nuclear genomes from archeological samples 

(Green et al., 2006; 2008; Meyer et al., 2012; Prüfer et al., 2014). 

 

1-2 Human mitochondrial genome 

 The human mitochondrial genome is a circular genome of approximately 17 kb resident in 

the mitochondrial organelle. It is present in hundreds to thousands of copies per cell compared to the 

diploid nuclear genome; therefore, the possibility of preservation is greatly increased, even in 

archeological samples. NGS technologies have made it possible to access the nuclear genome in fossil 
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remains, but the mitochondrial genome is often used to evaluate the extent of endogenous or exogenous 

DNA contamination in ancient samples (Fu et al., 2013). The human mitochondrial genome has been 

used to study maternal phylogenetic relationships (Mishmar et al., 2003; Macaulay et al., 2005; Behar 

et al., 2008) as well as disease-related mutations (Taylor & Turnbull, 2005) and for DNA identification 

(Holland & Parsons, 1999), and it is an important genomic region not only in molecular anthropology 

but also in medical and forensic fields. 

 

1-3 Challenges in ancient genome analysis using poorly-preserved fossil remains 

 DNA molecules are degraded after the biological death of an organism. However, the degree 

and rate of DNA degradation enormously varies depending on environmental conditions, such as 

temperature or humidity, which greatly affect aDNA preservation (Hofreiter et al., 2015). Major 

ancient genomics studies have reported little DNA contamination and have targeted well-preserved 

archeological samples with >1% endogenous aDNA. Well-preserved archeological samples with >1% 

endogenous aDNA can be analyzed on the genomic scale even with older samples of tens of thousands 

of years ago (e.g., Meyer et al., 2012; Orlando et al., 2013). However, most samples excavated in 

warm, humid, or dry areas are often poorly-preserved samples with rather <0.1%–1% endogenous 

DNA. In these poorly-preserved samples, only partial and incomplete sequences, even for the 

mitochondrial genome, can be obtained (e.g., Mohandesan et al., 2016; Mizuno et al., 2017). In 

addition, and unfortunately, the contamination by exogenous DNA remains a potential challenge, no 

matter how much effort is made to prevent it. For an accurate aDNA analysis, quality control must be 

thoroughly performed using the mitochondrial genome as an indicator of contamination. 

Comprehensive quality control is required to develop a new computational framework or software to 
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quickly and accurately confirm contaminated resources involving the human mitochondrial genome 

analysis. 

1-4 Significance of this study 

 Until now, analytical methods widely applicable to contaminated and extremely degraded 

old human remains have not been established. In this paper, I employ NGS data of contaminated and 

degraded samples and discuss analytical methods and tools to resolve potential challenges involving 

poorly-preserved fossil remains. I believe that these approaches regarding contaminated or degraded 

samples will help promote the use of poor data that are otherwise discarded because of their low-

quality and incompleteness.  
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Chapter 2. Inference of a contaminating mitochondrial macro-

haplogroup in high-throughput sequencing data based on Bayesian 

classification 

 

2-1 Introduction 

 Human mitochondrial genome research has been performed on worldwide regional and 

indigenous populations, and mitochondrial genome analysis has offered new insights into the 

geographical distribution and evolutionary history of human maternal lineages (Cann, Stoneking & 

WILSON, 1987; Bonatto & Salzano, 1997; Mishmar et al., 2003; Macaulay et al., 2005; Torroni et 

al., 2006; Underhill & Kivisild, 2007; Behar et al., 2008), disease-related mutations (Taylor & 

Turnbull, 2005), and forensic DNA profiling (Holland & Parsons, 1999). Therefore, the human 

mitochondrial genome has been an important analysis target in molecular anthropology, medicine, and 

forensic medicine fields. The human mitochondrial genome has also a key role as obtainable genetic 

profiles for a highly-degraded sample. The mitochondrial genome is easier to access than is the nuclear 

genome because the mitochondrial genome exists in several hundreds to thousands of copies in a cell. 

Therefore, the human mitochondrial genome has also been studied for archeological purposes. The 

recent comparative analysis of archaic hominin and modern humans has also brought new findings 

surrounding the diversity of the hominin mitochondrial genome (Posth et al., 2017). In comparison 

with the previous approach combining conventional PCR and capillary sequencing platforms, high-

throughput sequencing technologies have made it possible to perform the genome-scale analysis of 

archeological or degraded samples (Linderholm, 2015; Orlando, Gilbert & Willerslev, 2015). However, 

although careful attention has been paid to the handling of these samples, there are unexpected risks  
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Chapter 3. Evaluation of imputation approach for deducing a complete 

human mitochondrial genome sequence from low-coverage sequencing 

data 

 

3-1 Introduction 

 High-throughput NGS technologies output a large number of DNA sequences in a massively 

parallel manner and have great advantages over conventional partial DNA analysis for more 

comprehensive genome-scale analysis (Metzker, 2010). However, in highly-degraded samples, 

complete target sequences may not be obtained, even with these high-throughput sequencing 

technologies. For poorly-preserved ancient samples in which only a very small amount of DNA 

remains, multiple mitochondrial DNA copies are present in cells and mitochondrial genomes that are 

easy to acquire are often targeted. Human mitochondrial DNA has been used to analyze worldwide 

human populations (Cann, Stoneking & WILSON, 1987; Mishmar et al., 2003; Macaulay et al., 2005; 

Torroni et al., 2006; Underhill & Kivisild, 2007; Behar et al., 2008). NGS can be used for the detailed 

mitochondrial genome analysis of not only modern humans but also ancient humans (Coia et al., 2016; 

Llamas et al., 2016; Schuenemann et al., 2017) and archaic hominins (Green et al., 2008; Krause et 

al., 2010; Meyer et al., 2013). Complete human mitochondrial genomes are often used to estimate 

effective population sizes and the time to the most recent common ancestor in the population (Peng & 

ZHANG, 2011; Gojobori et al., 2015). However, the quantity of endogenous DNA is extremely low 

because of post-mortem degradation and microbial attack in ancient samples, and it is difficult to 

obtain complete mitochondrial genome sequences. As an experimental method to overcome this 

problem, certain “target enrichment” approaches have been em
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Chapter 4. Development of a comprehensive human mitochondrial 

genome analysis tool for high-throughput sequencing data 

 

4-1 Introduction 

 The human mitochondrial (mt) genome encodes important information that governs the 

development of various diseases (Taylor & Turnbull, 2005). It also reflects maternal lineage (Mishmar 

et al., 2003; Macaulay et al., 2005; Behar et al., 2008) and evolutionary history (Cann, Stoneking & 

WILSON, 1987; Torroni et al., 2006; Underhill & Kivisild, 2007). High-throughput, next-generation 

sequencing (NGS) technologies allow more rapid sequencing of a larger number of sequences than 

does traditional capillary sequencing based on Sanger’s method (Sanger, Nicklen & Coulson, 1977). 

NGS technologies also allow whole genome sequencing, exon sequencing, and gene expression 

profiling at high speeds and low cost-performance (Metzker, 2010; Hawkins, Hon & Ren, 2010). The 

advent of these high-throughput technologies has led to a dramatic improvement in studies on the 

human mitochondrial genome. For instance, NGS has aided the discovery of variants and 

heteroplasmic mutation in the human mitochondrial genome (Tang & Huang, 2010). In addition, short 

reads obtained by NGS can help estimate the probability of exogenous DNA sources in forensic 

samples (Just, Irwin & Parson, 2015). NGS technologies also promotes ancient human mitochondrial 

genome analysis in degraded archeological samples (Coia et al., 2016; Llamas et al., 2016; 

Schuenemann et al., 2017). 

 Consequently, the demand for advanced tools for analyzing the massive volume of data that 

NGS generates has also increased. Currently, there are several command-line tools available to analyze 

high-throughput sequencing data for the human mitochondrial genome. MitoSeek (Guo et al., 2013) 
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is one such character user interface (CUI) tool that provides information on mtDNA copy numbers, 

and alignment quality, somatic annotations, and structural variants of the mitochondrial genome. 

MToolBox (Calabrese et al., 2014) is another bioinformatics pipeline for analyzing mitochondrial 

genome data from NGS platforms, with functions similar to those of MitoSeek. These CUI-based tools 

are complicated in operation, and they are not designed as a general-purpose tool applicable to various 

samples. Because NGS data can contain various errors derived from sequencing platforms, 

experimental or sample conditions, it is necessary to investigate more items for reliable human 

mitochondrial genome analysis. There are also several web-based tools supporting NGS data. For 

instance, MitoBamAnnotator (Zhidkov et al., 2011) assesses the functional potential of heteroplasmy. 

mit-o-matic (Vellarikkal et al., 2015) is another web-based pipeline for clinical annotations of mtDNA 

variants. However, these tools have some limitations with regard to uploading files on their servers. 

For example, the maximum file size that can be uploaded to mit-o-matic is restricted to less than 25 

MB. To address these issues, I developed MitoSuite, a general-purpose and stand-alone tool which 

does not involve file-uploading procedures like web-based tools. The “uploading-free” process offers 

advantage for shortening actual run time, since it eliminates file-uploading and queue times required 

to begin analysis. Furthermore, the uploading-free platform is suitable for leakage prevention of 

personal genome data in clinical or forensic cases. MitoSuite also provides a graphical user interface 

(GUI), which offers user-friendly operability for researchers who are unfamiliar with the command-

line interface. MitoSuite comprehensively supports quality check of alignment data, variant annotation, 

building consensus sequences, haplogroup classification, and detection of heteroplasmic sites, 

exogenous contamination, and base-substitution patterns for mitochondrial genome data obtained by 

high-throughput sequencing. The output summary is provided in the HTML format, which can be 

easily visualized using a web browser, without complicated programming processes. MitoSuite is the 
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first standalone, GUI software for comprehensive profiling of the mitochondrial genome, using high-

throughput sequencing data with intuitive operability. 

 

4-2 Material and methods 

4-2-1 Format for input data 

 MitoSuite supports the BAM format, a binary version of Sequence Alignment/Map (SAM), 

which is a tab-delimited text format for high-throughput sequencing alignment (Li et al., 2009). Since 

the genome size of mitochondria is small (approximately 17 kb), it is easy to manipulate the 

mitochondrial genome in simple text files such as those in FASTA format. However, because FASTA 

files do not contain information on either sequencing quality or alignment processes, it is difficult to 

detect problems with base-call errors or contamination, using sequence data in the FASTA format. In 

contrast, BAM files contain alignment conditions or base substitutions at each position of the 

mitochondrial genome, as well as reads of high-throughput sequencing. By using BAM files, 

MitoSuite can not only check mapping and sequencing quality, but can also detect mismatches 

potentially attributed to exogenous contamination, sequencing errors, or heteroplasmy. The input file 

is mtDNA alignment data, a BAM file mapped against a reference sequence of the human 

mitochondrial genome. MitoSuite supports multiple human mitochondrial reference sequences, 

including not only rCRS (Andrews et al., 1999), but also RSRS (Behar et al., 2012), chrM in hg19, 

chrMT in GRCh37, and chrMT in GRCh38. 

 

4-2-2 Test datasets 

 I used seven sets of empirical sequencing data (NA11920, HG01112, NA18941, HG00096, 

HG00273, NA18548, NA18510) of 1,000 genomes project data (The 1000 Genomes Project 

Consortium, 2012) to evaluate the performance of MitoSuite for high-coverage sequencing data, as 
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well as empirical ancient sequencing data of an ancient hunter-gatherer (Olalde et al., 2014) to examine 

whether this tool can detect ancient DNA profiles. These empirical data (BAM file) were converted to 

FastQ files by the SamToFastQ command in Picard tools (http://broadinstitute.github.io/picard), and 

then realigned to the human mitochondrial reference sequence rCRS, using the Burrows-Wheeler 

Aligner (BWA) (Li & Durbin, 2009). After the realignments, duplicated reads were removed from the 

BAM files by the MarkDuplicates command in Picard tools. Sequence reads for the ancient hunter-

gatherer were aligned against rCRS, and duplicated reads were removed in the same way. Next, to 

check the accuracy of mitochondrial haplogroup assignment, I generated simulated NGS reads using 

324 worldwide mitochondrial genome sequences (Table 4-1) with ART, a simulation tool to generate 

synthetic NGS reads (Huang et al., 2012). These sequence sets were selected from PhyloTree (van 

Oven, 2015) (http://www.phylotree.org), and included all known macro-haplogroups in nearly equal 

proportions. I obtained GenBank accession numbers (https://www.ncbi.nlm.nih.gov/genbank/) from 

the sub tree pages on PhyloTree's site (e.g., http://www.phylotree.org/tree/L0.htm), and then 

downloaded FASTA files from GenBank, based on the accession numbers obtained with my in-house 

Python scripts. Based on the Illumina sequencer model in ART, I assumed 1% sequencing error, 

single-end 100-base reads, and average depth of 1–1000× in the simulated data. I aligned these 

simulated reads against rCRS using BWA, and then used these BAM files as simulation datasets. 

 

4-2-3 File processing 

 First, MitoSuite parses a BAM file and extracts reads together with the alignment condition 

involved with file headers, read groups, and reference sequences. Next, this tool automatically 

calculates summary statistics, including the depth of coverage, GC-content, base-call quality, mapping 

quality, and read length. These are important statistics for the quality control of NGS data. Moreover, 
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this tool directly estimates mitochondrial haplogroups from a BAM file. MitoSuite does not require 

file format conversion (e.g., BAM > FASTA, BAM > VCF) and can directly assign mitochondrial 

haplogroups, based on the haplogroup-defining sites of PhyloTree. Figure 1 shows the schema for the 

file processing that can seamlessly work as an all-in-one tool. 

 

4-2-4 Detection of heteroplasmic sites 

 MitoSuite can also detect heteroplasmic sites that may be attributed to exogenous 

contamination, sequencing errors, amplification errors, or heteroplasmy. My tool outputs a list of 

heteroplasmic positions with frequency greater than the minor allele frequency (MAF), which 

represents the frequency of inconsistent bases with the consensus sequence. MAF, a threshold for the 

detection of heteroplasmic sites, is given as follows:  

!"#	 = 	&'()) &*+, 

where Ndiff and Ncon are the number of bases different from and identical to the consensus sequence, 

respectively. This means that MAF can be used as a threshold for the detection of heteroplasmic sites. 

MitoSuite also verifies the mitochondrial genome assembly by calculating the percentage of 

supporting bases of the consensus sequences in a BAM file (Fig. 4-2A). This percentage (Psupport) is 

computed as follows:  

-./00+12 = 	 (&45166 &'6027)×100 

where Nagree is the number of bases concordant with the assembled consensus sequence at each site, 

and Ndepth is the depth of coverage at each site. This percentage provides clues to find unexpected 

contaminated sites (Fig. 4-2). 

 

4-2-5 Optional functions 
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 MitoSuite also provides a few optional functions to meet user needs for other data profiles. 

These functions can be accessed by selecting the relevant option menus. The optional ‘Annotation of 

disease-related variants’ function provides an annotation list of disease-associated mutations, based on 

the list of reported mitochondrial DNA base substitution diseases at MITOMAP (Kogelnik, 1996) 

(http://www.mitomap.org/MITOMAP) (Fig. 4-3). To accommodate private and local genetic data in 

medical and forensic cases, MitoSuite also supports customizable polymorphic databases. 

Customizable annotation information is required to correspond to the position of rCRS. The annotation 

file is a common comma-delimited CSV format containing two items: a mutation allele with a genomic 

position corresponding to that of rCRS (e.g., C150T, A4282G), and related information (e.g., related-

disease name) in each designated column. The template of the annotation file is available from 

MitoSuite’s support page or can be downloaded by the installer. In this option, MUSCLE (Edgar, 

2004) program is used to realign a consensus sequence against a reference sequence because MitoSuite 

finally takes the positional consistency of the obtained consensus sequence against the reference 

sequence (rCRS). MitoSuite can also calculate the percentage of each base substitution relative to the 

reference sequence in the total mapped reads, and then provide a pie chart showing the proportion of 

each base substitution. This chart will help users find locally biased substitution patterns in total 

mapped reads. Biased substitution patterns are often caused by the sample or experimental conditions, 

rather than by the natural process of mutations. For instance, deamination of cytosine to uracil, a 

postmortem hydrolytic change, often occurs in ancient DNA (Briggs et al., 2007). With the optional 

‘Ancient DNA checker’ function, MitoSuite can detect postmortem damages and calculate the 

percentage of bases inconsistent with the haplogroup-defining variants to estimate exogenous 

contamination. This percentage (Pmismatch) is computed as follows:  
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-<(.<42*7 	= 	
(&<(.<42*7 &<42*7)

=

>

(?@
×100 

where k is the total number of haplogroup-defining sites, Nmismatch is the number of bases inconsistent 

with the defining variant, and Nmatch is the number of bases consistent with the defining variant. 

 

4-2-6 Software availability 

 MitoSuite is freely available from https://mitosuite.com. This tool mainly supports UNIX-

like operating systems (OS) such as Mac OSX and Linux. MitoSuite for Mac OSX also provides the 

graphical installer package (Fig. 4-4). This package can perform automatic installation without any 

command-line operations by the user. Installation instructions, tutorial movies, and additional 

technical support for MitoSuite are provided on https://mitosuite.com. 

 

4-3 Results and discussion 

 MitoSuite is designed for better usability, especially for non-bioinformaticians unfamiliar 

with typing complicated commands (Fig. 4-5). This tool provides a drag-and-drop functionality for 

loading a BAM file and automatically displays an output destination directory. MitoSuite supports the 

latest build 17 and the previous build 16 of PhyloTree for the haplogroup assignment, and five 

available human mitochondrial reference sequences (rCRS, RSRS, hg19, GRCh37, and 38). MitoSuite 

also provides three options (Majority, Best Score, and Majority + Best Score) for calling a consensus 

base at each site. The “Majority” option decides the base by the majority in counting based rules. Thus, 

under this option, the most-read base at the site is adopted as a consensus base. For example, when 

counting only bases with a phred score higher than 30 defined as a base-call quality value at a site 

(when the base call threshold is set to 30), where the read depth of base “A” is 8 and that of base “T” 



Chapter 4 
 

� ���

is 2, the base “A” is adopted as a consensus base at a site. To avoid calling uncertain bases as much as 

possible, MitoSuite adopts “N” as the consensus base when multiple bases have the same read depth 

(e.g. A = 8, T = 8). The “Best Score” option decides the base with the highest basecall quality (phred 

score) at each site. The phred score is defined as the quality value when a sequencer calls bases. This 

option determines a consensus base at a site, using only the value of the Phred Score, regardless of the 

read depth. For example, when considering only bases with a phred score higher than 30 at a site, 

where the highest phred score of base “A” is 31, that of base “T” is 33, that of base “G” is 30, and that 

of “C” is 30, then the base “T” is adopted as the consensus base at the site even if base “T” is read less 

frequently than the other bases. Since this option does not take the read depth into consideration, it can 

also be applied to sites where bases cannot be determined by the majority option. However, this option 

adopts “N” as a consensus base at a site when multiple bases have the same maximum phred score. 

The “Majority + Best Score” option incorporates the “Best Score” with the “Majority” option at each 

site. This option firstly decides a base at each site by placing priority on majority rule, and then 

remaining sites that are not decided under majority rule are called by the “Best Score” option. For 

example, even if base ”A” and base ”T” have the same read depth at a site, base “A” will be adopted 

as a consensus base if it has the highest phred score. It is also necessary to set a threshold value for the 

phred score because MitoSuite adopts only bases with a phred score greater than the threshold values 

set by users to performs mtGenome assembly as well as haplogroup assignment, and detection of 

heteroplasmic sites. A consensus sequence is built on based on these basecall conditions and outputted 

as a FASTA file. MitoSuite also provides optional functions for detection of heteroplasmic sites, 

disease association, and ancient DNA according to their own purposes. The results of these analyses 

results are finally outputted as a single html file (Fig. 4-6). 
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 MitoSuite outputs analytical results for the quality of alignment data and genetic profiles 

that are haplogroup and polymorphisms on the mitochondrial genome. As the results are provided in 

HTML format, they can be easily viewed on a web browser without depending on specific computer 

environments. The main output items are as follows: (1) A summary statistics table in the visualized 

outputs, including categories on data quality and genetic profiles; this item shows an overview of the 

NGS data (Fig. 4-7). Interactive dynamic charts for the mitochondrial genome operate with zoom and 

pan functions, which are useful for users to view the depth of the NGS data across mitochondrial 

genome (Fig. 4-8). (2) Figure 4-9 shows the other output data. All the data are saved in their respective 

output folders, and it is possible to individually access them. The distribution of read length, GC-

content, and mapping quality are provided as histograms. Further, “retrieval” and “sort” functions in 

the data tables allow access to each item. These tables can be used for a quick check of quality as well 

as mutations at a desired destination site. MitoSuite can also automatically build a consensus sequence 

in the FASTA format from a BAM file, from which the phylogenetics or population genetics of the 

sequence can then be easily analyzed.  

 MitoSuite can be run even for deep sequencing data. Here, I used seven high-throughput 

sequencing data from the 1000 Genomes Project as test data sets. Some of the datasets surpassed 1000× 

depth of coverage, and MitoSuite was easily able to analyze these ultra-deep data. Analysis of a sample 

dataset with MitoSuite is shown in Table 4-2. It takes about 1 min to analyze 1000× ultra-deep data at 

the default settings, on a desktop computer equipped with a 3.5-GHz processor and 16-GB RAM. The 

time required is mainly for read operation, since the tool works in a web server independent 

environment. MitoSuite also successfully detected the fragmentation and deamination pattern of 

ancient DNA-like on empirical reads from Olalde et al., 2014 (Fig. 4-9C, E). In addition, the most 
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likely haplogroup estimated by MitoSuite is “U5b2c1” that is consistent with reported one in Olalde 

et al., 2014 (Table 4-2).  

 I also validated the accuracy of mitochondrial haplogroup assignment, using simulated NGS 

reads including data from all macro-haplogroups. The accuracy of haplogroup assignment is computed 

as follows: TP / (TP + FP). True positive (TP) is the number of haplogroups predicted and validated. 

False positive (FP) is the number of haplogroups predicted but failed in validation. The haplogroup 

assignment accuracy for 5×, 10×, 50×, 150×, and 200× fold coverage sets were 0.969, 0.991, 0.994, 

0.994 and 0.997, respectively, assuming 1% base-call error (Fig. 4-10).  

 To examine whether MitoSuite can detect heteroplasmic sites previously reported in 

empirical high-throughput sequencing data, I used MPS raw read data from Avital et al. (2012) (Avital 

et al., 2012). I set MAF > 10% as the detection threshold after performing quality control analyses, 

including trimming of duplicates and low-quality bases (Phred Score < 20). Consequently, MitoSuite 

detected 14 out of 15 heteroplasmic sites with MAF > 10% in Avital et al. (2012) (Table 4-3). The 

differences in quality control procedures and mapping tools between Avital et al. (2012) and this study 

may have changed heteroplasmic fraction in the alignment data. 

 Useful bioinformatics tools for various mtDNA studies have been developed and are 

currently available to researchers. Mitochondrial haplogroup is an important genetic profile for 

molecular anthropological and forensic genetic investigations, and most available mtDNA tools 

support haplogroup assignment for various data formats. MitoTool (Fan & Yao, 2013), 

mtDNAmanager (Lee et al., 2008), and HAPLOFIND (Vianello et al., 2013) can estimate haplogroup, 

using the FASTA format or a text-based format containing variant information against a reference 

sequence. HaploGrep2 (Weissensteiner et al., 2016b) also supports the variant call format (VCF) 

storing DNA polymorphism data, as well as the two above-mentioned formats. mtDNA-Server 
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(Weissensteiner et al., 2016a), MToolBox, mit-o-matic, Phy-Mer (Navarro-Gomez et al., 2015) and 

MitoSuite can manipulate massively parallel sequencing (MPS) data such as the FASTQ or BAM 

(SAM) formats for haplogroup classification. MToolBox, MitoSeek, MitoBamAnnotator, mtDNA-

Server, mit-o-matic, and MitoSuite can annotate variants in high-throughput sequencing data. The 

detection of heteroplasmy from a single individual or tissue provides useful information in clinical or 

forensic cases. MToolBox, MitoSeek, MitoBamAnnotator, mtDNA-Server, mito-o-matic, and 

MitoSuite can also report possible point heteroplasmy (PHP), based on detection parameters (e.g., 

minor allele frequency; MAF) set by users.  

 Users can select a suitable tool that takes into consideration their application, computational 

environment, data size, and bioinformatics skills. Command-line tools such as MitoSeek or 

MitoToolBox have the advantage of flexible incorporation into customizable NGS pipelines, but their 

setup is still difficult for non-bioinformaticians. MitoSeek is a useful tool for the detection of structural 

variants or somatic mutations, but its use requires installation of Circos, which is a software package 

for genomic data visualization (Krzywinski et al., 2009). This in turn requires users to install several 

dependent Perl modules based on their computational environment (e.g., operating system), as well as 

to set the local path to executable files. Command-line tools sometimes change their command 

specifications when updating the version. Therefore, users need to appropriately manage the version 

of dependent command-line tools for proper functioning of the pipeline and set an environment path 

in the local host, because the pipelines contain several command-line tools, including mapper or 

variant callers (e.g., BWA, Picard tools, GATK (McKenna et al., 2010)). Web-based tools such as mit-

o-matic or mtDNA-Server do not require complicated installation processes, and provide a system that 

is easy to use. However, there are still unavoidable issues that include file size limits or queue times 

required to start analysis on the web-server. In addition, it is often necessary to assign an email address 
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or individual account to manage uploaded data, and few servers clarify what technology is being used 

in the background of the management system. Users thus need to trust the server-side management 

system. Indeed, the mitochondrial genome is widely used in medical and forensic fields, and thus 

analysis environments must be very restrictive in terms of security systems. MitoSuite provides a 

server-independent system that brings advantages especially to medical and forensic researchers in 

terms of security.  

 MitoSuite can be a user-friendly all-in-one solution for many investigators unfamiliar with 

advanced data-processing techniques to deal with poorly-preserved samples. MitoSuite provides a 

graphical user interface with intuitive operability, in addition to a graphical report on quality of 

alignment data, variant annotation, building of consensus sequences, haplogroup classification, 

detection of heteroplasmic sites and exogenous contamination, post mortem damage (PMD) detection, 

and interactive dynamic graphics across the complete mitochondrial genome in NGS data (Table 4-4). 

Especially, haplogroup assignment, detection of contamination, PMD detection, variant annotation, 

and the assembly of mitochondrial genome sequences are important functions to realize an accurate 

human mitochondrial genome analysis for highly-degraded or contaminated samples. I expect 

MitoSuite to promote comprehensive human mitochondrial genome studies in the fields of 

anthropological science as well as forensic casework, and medicine. 
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Figures, Figure Legends, and Tables 
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Figure 4-1. File preparation and processing flow
 for M

itoSuite.  
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 Figure 4-2. Support ratio in sim
ulated N
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S reads. 
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         Figure 4-3. Screenshot of annotation results of the visualized outputs of M
itoSuite. 

U
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s a reference sequence position (rC
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izable annotation 

database. The annotation file is a com
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a-delim
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SV
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at containing tw
o item
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utation allele w
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corresponding to that of rC
R
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150T), and related inform

ation (e.g., related-disease nam
es) in each designated colum

n. The tem
plate of the 

annotation file is available from
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itoSuite’s support page (https://m
itosuite.com

) or can be dow
nload by the installer. 
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Figure 4-4. A
 screenshot of an autom

ated installer package of M
itoSuite. 
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Figure 4-5. A
 screenshot of the graphical user interface of M

itoSuite. 
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Figure 4-6. A
 screenshot of the visualized outputs of M

itoSuite. 

The top page in an output file (results.htm
l) is show

n. A
fter com

pletion of analysis, users can quickly access the detailed inform
ation by clicking 

the link m
enu in the output page. 
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Figure 4-7. A
 screenshot of sum

m
ary statistics table in the outputs of M

itoSuite. 

This table show
s 20 item

s on analysis results at a tim
e and helps to grasp the data sum

m
ary quickly. 

C
lick "View

 table" button to open the table below
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 Figure 4-8. A
 screenshot of area chart for depth of coverage across the hum

an m
itochondrial genom

e in the outputs of M
itoSuite. 
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ifferent types of outputs given by M

itoSuite. 
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) Line plot of base frequency at each position of reads. (C
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apping quality (blue), 

read length (green), and G
C

-contents (yellow
). (D

) Pie chart of proportion of base substitutions. (E) Line plot of base substitutions at each position 

of reads. This plot show
s the deam
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hich is a post-m

ortem
 hydrolytic change representative of ancient sequences. 
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Figure 4-10. H
aplogroup assignm

ent accuracy of M
itoSuite for sim

ulated N
G

S reads generated from
 324 w

orldw
ide m

itochondrial 

genom
e sequences.
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Table 4-1. Mitochondrial genome sequences to test haplogroup assignment in MitoSuite. 

Accession Haplogroup (PhyloTree Build 17) 

EU092714 L0a1a1 

JX303911 L0a1a2 

JQ044943 L0a1a3 

EU092906 L0a4 

HM771161 L0a2a1 

EU092936 L0b 

EU092870 L0f1 

KC345899 L0k1a1 

KC345791 L0d1a 

KC345891 L0d2d 

DQ112737 L1b1 

JQ705275 L1c1a 

AF346992 L1c2a1a 

HM771222 L1c2b1a 

EU273502 L1c4a 

EU273489 L1c6 

JX303797 L1c5 

EU092703 L1c3a 

EU273488 L1c3b1a 

EU273493 L1c3c 

DQ341060 L5a1a 

EF556173 L5a1a 

EU092888 L5a1b 

EU092943 L5a1b 

HM771198 L5a1c 

EU092699 L5a2 

DQ341061 L5b1a 

EU092774 L5b1b 

DQ304928 L2a1a 

EU092761 L2a1b 

EU092747 L2b1 

EU092661 L2b3c 



Chapter 4 
 

� 	��

Accession Haplogroup (PhyloTree Build 17) 

JQ044941 L2c 

AY195785 L2c5 

JQ045050 L2d 

EU092794 L2d1a 

EU092724 L2e 

FJ460523 L2e1a 

EU092773 L6a 

EU092802 L6a 

DQ341063 L6b 

EU092686 L6b 

FJ460531 L4a1 

DQ341064 L4a1a 

EU092935 L4a2 

JQ044811 L4b1a 

EU092942 L4b2a1 

EF184627 L4b2a2 

EU092938 L4b2a2a 

JQ702504 L4b2b1 

JN655813 L3a1a 

EU092726 L3b1a 

EU092891 L3f1a 

EU092660 L3c 

DQ112884 L3d 

EU092827 L3e1 

DQ341069 L3i1b 

EU092822 L3k 

EF556171 L3x1a1 

JN655830 L3h1a1 

JQ702955 M1a 

AP012349 M20 

KC505097 M51a 

DQ408676 M3 

DQ408679 M4 
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Accession Haplogroup (PhyloTree Build 17) 

AY922291 M65a1 

EF556195 M5a 

HM156679 M18a 

JX289116 M38 

HM346892 M9a1 

AY519496 C1a 

FJ951462 C4a1 

FJ951515 C5a1 

FJ951594 C7 

FJ383641 C7b 

FJ951440 C5d1 

FJ951614 C5c 

FJ951472 C5b1 

FJ951611 C4e 

GQ895155 C4d 

AY519493 Z1 

FJ147318 Z1a 

AP008426 Z2 

AP008841 Z3 

EU597518 Z3a1 

FJ383644 Z3b 

GU392051 Z4 

AP013181 Z4a1a1 

AP008553 Z5 

FJ383629 Z7 

GQ119027 E1a 

EF093539 E1a1 

EF185804 E1a1a1 

HQ700849 E1a2 

HQ700847 E1a2a 

FJ428236 E1b 

EF061150 E1b1 

HQ700856 E2a 
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Accession Haplogroup (PhyloTree Build 17) 

EF185816 E2b1 

EF093542 E2b2 

AP008845 G1a1a4 

EF153773 G1a1 

AY195762 G1b 

AY255137 G1c 

FJ198217 G2a1 

FJ015040 G2b1a 

JF824842 G2c 

GU014566 G3a1 

FJ748726 G3b1 

AP008911 G4 

DQ372885 Q1 

AY289085 Q1a 

AF347003 Q1b 

EU597543 Q1c 

HQ113226 Q2a 

GQ214525 Q2a1 

EF495218 Q2b 

AY289079 Q3a 

AY289089 Q3a1 

EF061146 Q3b 

JQ704974 D4 

JN253391 D1 

AP011004 D4b2 

AP008251 D4c1b 

AP008628 D4d 

AP008789 D4e1a 

EU660536 D2a 

JF824877 D2b1 

AP008519 D5c1a 

AP011006 D6a1 

JQ245777 N1a1a 
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Accession Haplogroup (PhyloTree Build 17) 

AY714031 N5 

EU787451 N2a 

KC867130 N3 

KC887495 N7a1 

JX289118 N8 

AP008726 N9a1 

EF495214 N13 

DQ112753 N14 

JF739542 N22 

AP010699 A1 

DQ282395 A2 

AY963575 A6a 

EF153771 A12 

JF824996 A15a 

EF153780 A16 

AP013217 A3 

AP008265 A5a 

EU482363 A8 

HM569228 A10 

JQ245791 I 

HM454265 I1a 

FJ968796 I1b 

JQ705932 I1c 

EU570217 I2 

JQ702041 I3a 

KJ021059 I4 

JQ245724 I5 

JQ705382 I6a 

KF146253 I7 

AY289059 O 

DQ404447 O1 

AY289056 O1a 

AF346963 S1 
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Accession Haplogroup (PhyloTree Build 17) 

JN226144 S1a 

AY289051 S2 

AY289066 S3 

AY289062 S4 

EF495220 S5 

EU600318 X1a 

EF177437 X3 

GQ200588 X2 

DQ523631 X2c 

EU600325 X2h 

JQ245730 X2i 

FJ008043 X2m1 

EF660942 X2n 

JQ245731 X2o 

HQ456226 X4 

EU439939 X2a1 

FJ825753 X2a2 

EU935450 X2j 

FJ457949 X2b 

JQ705795 X2d 

KF056262 W 

JQ702793 W1 

JQ705313 W3a 

KF146279 W3b 

KF146281 W4 

KF146285 W5 

JQ245723 W6 

HM352797 W7 

JQ245778 W8 

JQ245759 W9 

EF153813 Y1 

HM776715 Y1a 

GU123044 Y1b 
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Accession Haplogroup (PhyloTree Build 17) 

AY255138 Y1b1 

JF824992 Y1b1a 

AP008723 Y2 

GQ119016 Y2a 

GQ119013 Y2a1 

KC994134 Y2a1a 

AP008764 Y2b 

KC985149 R1a 

JQ705561 R1a1a 

KC985159 R1a1 

HM030522 R1a1b 

KC985148 R1a1c 

KC985165 R1b 

JQ703633 R1b1 

JX155266 R2a 

EF556167 R2b 

JX155271 R2c 

AY255136 B6a 

JX900371 B4a1a1 

JQ704728 B2a 

AY519494 B4b1a 

AY255135 B4d1 

KC733253 B4e 

JN857017 B4j 

KC521454 B4c1a 

EU597566 B5a1a 

JF824930 B5b1a 

HM357817 F1a1a 

AP010738 F1c 

AP012346 F1f 

KF849909 F2 

AY255167 F3a 

AP013180 F3b 
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Accession Haplogroup (PhyloTree Build 17) 

AP008744 F4a1a 

AP013200 F4a1b 

JF824892 F4a2 

AY289095 F4b 

JQ704041 J2a1 

AY339579 J2a1a1a1 

FJ348157 J2a1a1a2 

JQ703568 J2a1a1a3 

JQ705390 J2a1a1b 

JQ797924 J2a2 

EF660967 J2a2a 

JQ797920 J2a2a1 

JQ702563 J2b1 

FJ213765 J2b2 

AF347004 P1 

DQ112897 P2 

KC993994 P10 

AY289052 P3a 

EF061158 P4a 

AY289063 P5 

AY289053 P6 

AY289054 P7 

DQ404446 P8 

KC993944 P9 

KC405582 T1a 

JQ798058 T2a1 

AY495273 T2b 

JQ798090 T2c 

AY714037 T2d1a 

EF177410 T2e 

JQ703997 T2f 

EU935442 T2g1 

JN202724 T2h 
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Accession Haplogroup (PhyloTree Build 17) 

JX462725 T3 

JQ702678 R0a1 

HM185216 R0a1a 

HM185266 R0a2 

HM185261 R0a2b 

HM185215 R0a2c 

JF717359 R0a2d 

HM185238 R0a2h 

HM185265 R0a3 

JQ702940 R0a4 

JF717361 R0b 

JQ705599 HV0 

JF320654 HV1 

AY713986 HV2 

EF417833 HV4 

EF419890 HV5 

HQ658738 HV6 

EU545443 HV7 

EU545457 HV8 

HM852849 HV12a 

JF700125 HV13 

HQ384174 H1 

EU597492 H2a 

AY738987 H3 

EU935460 H4 

AY495174 H5 

HM765475 H6a 

AY495120 H7 

AY738957 H8a 

EF660914 H31 

HQ659700 H100 

JQ702026 V1a 

JQ705658 V2 
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Accession Haplogroup (PhyloTree Build 17) 

JQ703666 V3 

AY495312 V4 

AY339451 V5 

FJ348207 V6 

JQ705798 V7 

JQ702025 V8 

EF177445 V9 

JQ704988 V23 

HM852790 U1a1 

KC521458 U5 

EF064317 U6a 

JQ702004 U2e2a4 

FN600416 U2 

HM852891 U3a 

JQ703947 U4a1 

AY882389 U9a 

AY714004 U7 

JQ702759 U8a 

JQ706038 K1a 

DQ301795 K1a1b1a 

AY714044 K1a1b2a 

JQ705454 K1a1c 

JQ702168 K1b1a1a 

AY495241 K2a 

JX273249 K2b 

JQ704064 K2b1b 

DQ301796 K2c 

HM852886 K3 

 

 

 

 



Chapter 4 
 

� 
 �

Table 4-2. Sample dataset analyzed with MitoSuite. 

Sample Age Haplogroup 
Depth 
(avg) 

Run (min) Reference 

NA11920 Modern H1a1a1 1517 1.5  1000 Genomes Project 
HG01112 Modern A2ac1 1505 1.4  1000 Genomes Project 
NA18941 Modern N9b1a 1297 1.2  1000 Genomes Project 

HG00096 Modern H16a1 1213 1.1  1000 Genomes Project 

HG00273 Modern U5b1b2a 1117 1.1  1000 Genomes Project 
NA18548 Modern C4a1b 1021 1.1  1000 Genomes Project 
NA18510 Modern L0a1a3 747 0.8  1000 Genomes Project 
La Brãna1 7,000 BP U5b2c1 93 0.2  Olalde et al., 2014 

avg: average 
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T
able 4-3. D

etected heteroplasm
ic sites w

ith M
A

F > 10 %
 in A

vital et al., (2012). 

 

    Table S2  D
etected heteroplasm

ic sites w
ith M

A
F > 10 %

  in A
vital et al., (2012).

Sam
ple ID

m
tD

N
A

 Position
R

egion
C

ell Type
H

eteroplasm
ic fraction (A

vital et al.)
H

eteroplasm
ic fraction (M

itoSuite)
> 10%

 (A
vital et al.)

> 10%
 (M

itoSuite)
R

un

95451
9077

A
TP6

B
lood

43.99
41.3

�
�

SR
R

409202

95451
9077

A
TP7

M
uscle

47.22
45.1

�
�

SR
R

420854

95452
9077

A
TP7

B
lood

38.53
48.9

�
�

SR
R

420827

95452
9077

A
TP7

M
uscle

41.82
28.7

�
�

SR
R

420855

70251
16213

D
-LO

O
P

B
lood

10.64
15.2

�
�

SR
R

420842

70251
16213

D
-LO

O
P

M
uscle

15.21
33.3

�
�

SR
R

420957

70252
16213

D
-LO

O
P

B
lood

11.81
12.2

�
�

SR
R

420844

68842
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D
-LO

O
P

M
uscle

11.88
41.9

�
�

SR
R

420859

68842
11299

N
D

4
M

uscle
11.52

11
�

�
SR

R
420859

68842
14167

N
D

6
M

uscle
10.94

36
�

�
SR
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Conclusion Remarks 

 In Chapter 1, I introduced the history of previous aDNA studies and summarized the 

challenges faced in DNA analysis dealing with poorly-preserved fossil remains. These main challenges 

include exogenous human DNA contamination and missing regions in the genome data. In this thesis, 

I focused on the human mitochondrial genome, which is used for quality control in ancient genomics, 

and proposed several computational approaches to deal with these challenges. In Chapter 2, I proposed 

a new framework for detecting a contaminated mitochondrial macro-haplogroup in high-throughput 

sequencing data. This framework is based on the Bayes classification algorithm and can detect a 

contaminated macro-haplogroup with a high accuracy from high-throughput mitochondrial genome 

sequencing data using the archive of worldwide human mitochondrial genomes. In Chapter 3, I 

evaluated the impact of imputation approaches for deducing missing regions in the human 

mitochondrial genome for representative mitochondrial macro-haplogroups. Such an evaluation of the 

imputation using simulated low-coverage sequencing data helps deduce the missing nucleotides with 

high accuracy using the panel (Haplogroup panel) comprising closely related maternal lineages. This 

approach could particularly deduce most missing nucleotides among haplogroups dispersed outside 

Africa and has also been applied to deduce the missing nucleotides in the human mitochondrial genome 

of low-coverage sequencing data (4.21 X) of a 3,000-year-old highly-degraded human bone. As a 

result, 99.78% of the missing nucleotides was successfully filled, 100% of which were consistent with 

covered nucleotides in deep sequencing data (29.96 X) of the same ancient sample. Although sufficient 

attention is required for the imputation that may include errors, this method could fill most missing 

nucleotides of the human mitochondrial genome; therefore, it may be a useful approach for degraded 

and valuable archeological samples that pose a challenge to perform the re-experiment. In Chapter 4, 

I summarized the development of MitoSuite, which is an all-in-one tool that can comprehensively 
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analyze the human mitochondrial genome in high-throughput sequencing data. MitoSuite allows the 

comprehensive analysis of multiple essential parameters involving the haplogroup assignment, the 

detection of contaminated genomic position, the calculation of contamination rate, PMD detection, 

and the assembly of a consensus sequence, which are essential for an accurate aDNA analysis. This 

tool achieves much more straightforward and comprehensive ancient mitochondrial genome analysis. 

The computational framework and analysis tools in Chapters 2–4 could be a useful approach to 

contaminated or extremely degraded fossil remains that previously could not be analyzed because of 

their conditions. 
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