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Next Generation Sequencing (NGS) of mtDNA

… a Massively Parallel Sequencing (MPS) 
Approach to mtDNA Analysis

A recent search of the literature identified >25,000 
published articles on MPS applications

>675 publications on MPS mtDNA
77 publications on forensic MPS mtDNA



Differentiate BETWEEN
Maternal Lineages

Differentiate WITHIN
Maternal Lineages

Better 
Discrimination

Potential

For the broader forensic community to 
move to routine mtDNA analysis, greater 
discrimination potential is desirable

MPS mtDNA analysis will allow us 
to accomplish these goals 



Differentiate BETWEEN
Maternal Lineages

Differentiate WITHIN
Maternal Lineages

Better 
Discrimination

Potential

For the broader forensic community to 
move to routine mtDNA analysis, greater 
discrimination potential is desirable

… through heteroplasmy and whole mtgenome analysis

Given that the forensic community is moving to MPS methods for STR and 
SNP analysis, it makes sense to consider MPS mtDNA analysis … in fact, 

perhaps starting with mtDNA analysis is the best approach



Sanger Type

One Amplicon/Sample
= One Read/NP

Up to 160+ Amplicons/Sample =
100’s to 10’s of Thousands of Reads/NP

(STS)

NP = nucleotide position



Holland et al., FSIG 2017

One 
Amplicon/Sample 

= One Read/NP

100-450 bps of 
mtDNA Sequence

One Sample =
100’s to 10’s of 

Thousands of Reads/NP

610-16,569 bps of 
mtDNA Sequence

Can resolve 
heteroplasmy … 
and often times 

resolve mixtures



Workflow

DNA 
Extraction

Amplification of mtDNA

Sample Preparation

Sequencing

Data Analysis

DNA extraction is the 
same, but in many 

instances the amount of 
extract needed for 

amplification is reduced

MPS
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DNA extraction is the 
same, but in many 

instances the amount of 
extract needed for 
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Library Preparation



1122 bps = control region (6.8%)
16024-16569 & 1-576

Multi-copy 
number genome 
of 16569 bps in 

length



King et al., FSIG 2014

While there is a greater density of active SNP sites in the CR, 
there is considerable discrimination potential in the coding region



MPS Workflow

DNA 
Extraction

Amplification of mtDNA

Sequencing

Data Analysis

Library Preparation



Amplification Approaches

PowerSeq™ CRM Nested 
System
10-plex (multiplex) amplification across 
the entire control region

Streamlined library preparation due to 
incorporation of adaptors & indices into 
the amplicon

mtDNA D-loop Protocol (HVRs)
Traditional 4 separate amplification 

reactions across HV1/HV2

NexteraXT library preparation



PowerSeq™ CRM Nested



Whole mtGenome 
Sequencing





Amplification Approaches 
& Kits Available

• ThermoFisher
• Precision ID mtDNA Control Region Panel (2 multiplexes)
• Precision ID mtDNA Whole Genome Panel (2 multiplexes of 

81 amplicons averaging 161 bps)

• Verogen
• Human D-loop protocol (HV1/HV2, 4 amplicons)
• Human mtDNA Genome protocol (databanking)

• Promega
• PowerSeq CRM (control region, 1 multiplex, 144-237 bps)
• PowerSeq WGM (mtgenome, in development, 1 multiplex of 

161 amplicons averaging 167 bps)

Custom approaches are still viable



MPS Workflow
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Extraction

Amplification of mtDNA

Sequencing

Data Analysis

Library Preparation



Library Preparation

Adaptor 
Integration

Tagmentation

Shearing

Adaptor 
Ligation

Ion Chef



Ion Chef
Prior to being loaded 

on the Ion S5

Emulsion PCR



MPS Workflow

DNA 
Extraction

Amplification of mtDNA

Sequencing

Data Analysis

Library Preparation



MPS Instruments

Current 
Players

MiSeq FGx

https://verogen.com/

Ion S5

https://www.thermofisher.com
https://www.illumina.com

Run the FGx in Research Mode



Illumina MiSeq

Sequencing By Synthesis
Reversible Terminators

Bridge Amplification 
“Cluster” Generation

MiSeq

YouTube video: “Intro to Sequencing by 
Synthesis: Industry-leading Data Quality”



Bridge amplification happens on the flow cell to generate “clusters” 
of DNA templates for DNA sequencing



Bridge Amplification (BA)

A single copy of ssDNA attaches to the lawn
via P5 or P7 to a complimentary oligomer, and 

BA makes a copy of the fragment



Bridge Amplification

That copy is now covalently bound to the lawn, will bridge over 
and bind to the other complimentary oligomer (P5 or P7), and 

allow for repeated amplification and cluster formation



Bridge Amplification

The P5 or P7 strands are selected for by cleaving off the other 
strands from the lawn, leaving behind a cluster of DNA strands 

in the same orientation



Goodwin et al., Nat Genet Review 2016

Reverse Terminator 
Sequencing

Represents 
a cluster



Reversible Terminators

Once incorporated and read by the 
CCD camera, the dye is removed from 
the terminator along with the protective 

group on the 3’-hydroxyl group

Addition/Imaging

Post Cleavage



Flow Cell Capacity

Standard v. Micro

~1/3 the capacity,
but the same read output



Sequencing By Synthesis
Solid-State pH Meter PGM

Ion S5
YouTube video: “Ion Torrent™ next-gen 

sequencing technology”



DNA Synthesis

 New synthesis requires a double stranded region of 
DNA (dsDNA) next to a single stranded region 
(ssDNA) = Primer:Template Junction

Watson et al., MolBio of the Gene



 Initiation of synthesis involves an SN2 
(Substitution Nucleophilic Bimolecular) reaction 
where;

 The hydroxyl (OH) group at the 3’-end of the 
primer is the nucleophile that attacks the -
phosphate group of the incoming dNTP

 The leaving group is PPi

DNA Synthesis



Mechanism of Synthesis

Watson et al., MolBio of the Gene



Measuring H+ or PPi
Production

Hydrogen Ion







Chip Specifications



MPS Workflow

DNA 
Extraction

Amplification of mtDNA

Sequencing

Data Analysis

Library Preparation



Software Development
In collaboration with SoftGenetics, Inc.

MPS data from 500 individuals used to assess the software; control region data.

Correct mtDNA haplotypes and assessment of heteroplasmic variants with minimal 
manual interpretation.  Numerous user-defined parameters for filtering the data 
that address the interests of researchers and practitioners.  Multiple options for 
viewing and navigating through the data, and reporting the findings. 

NOTE: no vested interest, no conflict of interest



Software Development
In collaboration with SoftGenetics, Inc.

Generates an exportable consensus haplotype with 
phylogenetically correct SNP and INDEL calls using a 

customizable motif-based alignment algorithm 



GeneMarker HTS

Generates an exportable consensus haplotype with 
phylogenetically correct SNP and INDEL calls using a 

customizable motif-based alignment algorithm 



Generates an exportable consensus haplotype with 
phylogenetically correct SNP and INDEL calls using a 

customizable motif-based alignment algorithm 

“Major” Profile

GeneMarker HTS



GeneMarker HTS

Generates an exportable consensus haplotype with 
phylogenetically correct SNP and INDEL calls using a 

customizable motif-based alignment algorithm 



Provides a list of minor sequence variants that can be 
assessed as potential heteroplasmic positions

“Minor” Profile

1% analytical threshold
2% reporting threshold

GeneMarker HTS



Filtering the data:
2000+ read coverage per nucleotide position

40+ reads of the minor variant (≥2%) for reporting 
consistent read balance (#F;#R)



Software Development
In collaboration with Qiagen

A custom toolkit for use in the CLC Genomics Workbench.

Generates an editable mtDNA profile that employs forensic conventions and 
includes the interpretation range required for mtDNA data reporting; integrates an 
mtDNA haplogroup estimate into the analysis workflow without the use of an 
external tool; and generates configurable export files and an audit trail to assist the 
analyst during review.

NOTE: no vested interest, no conflict of interest

AQME = 
AFDIL-Qiagen 
mtDNA Expert



Software Development
In collaboration with Qiagen

Analyzed mtgenome data from 21 samples of varying quality and preparations.

A total of 211 tool edits were automatically applied to 130 of the 698 total variants 
reported in an effort to adhere to forensic nomenclature.  Additional manual edits 
were required for three samples, with AQME reporting accurate haplogroups for 18 
of the 19 samples analyzed; due to partial mtgenome data.

NOTE: no vested interest, no conflict of interest

AQME = 
AFDIL-Qiagen 
mtDNA Expert



AQME



Take Home Message

DNA 
Extraction

Amplification of mtDNA

Sample Preparation

Sequencing

Data Analysis

Library Preparation

The Future is 
Now for MPS 

mtDNA 
Analysis 


