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Overview

We present the use of two technologies not yet widely used in 
mitochondrial DNA analysis:
1. Long-range mtDNA PCR combined with Oxford Nanopore sequencing

2. Deconvolution of mixed mitochondrial samples

Through the combination of these technologies, we can derive mtDNA haplotypes for each 
individual contributor in a mixed sample.

Human Mitochondrial DNA  16,571 BP

Resolving mixed individuals with 
large overlapping sequences  

PCR Amplification and ONT Sequencing
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Multiplex Long Range PCR

The goal is even PCR amplification efficiency for effective secondary analysis and sequencing

Barcode17066 (1:50) 17115 (1:50) 17257 (1:15) Type
1_single_source_172572ulSingle Source1
2_single_source_171152.8ulSingle Source2
3_single_source_170662.2ulSingle Source3
4_mixed_3:1_17257v171151.4ul3ulMixed 3:14
5_mixed_3:1_17257v170661.1u3ulMixed 3:15
6_mixed_3:1_17115v170661.1ul4.2ulMixed 3:16
7_mixed_1:3_17257v171154.2ul1ulMixed 1:37
8_mixed_1:1_17257v171151.4ululMixed 1:18
9_mixed_10:1_17257v171151.4ul10ulMixed 10:19

PCR Amplifications of Mitochondria with 1500 bp overlap
Takara Biosciences GXL master mix
6 Primer Pools 1500bp overlaps
9 cell line mixes

Long Range PCR Takara GXL PCR
25 ul GXL
6 ul primer multiplex
18 ul H20
1 ul DNA (1-3ng)

Oxford Nanopore Sequencing 
Ligation NDB114 barcoded Library
Multiplex PCR Product
GridION with R10.4 flow cells 

-

Nanopore Sequencing

• 40-100 Gb per flow cell P2
• Detect base modifications on native DNA
• Reads up to 2 megabases

– Amplicon
– Native DNA
– DNA base modification detection 
– Direct RNA sequencing
– RNA base modifications
– Low input PCR barcoding
– Short read sequencing
– Adaptive Sampling Sequencing

Increased Accuracy at 40x Coverage and New Duplex 
chemistry HD

MacKenzie M, Argyropoulos C. An Introduction to Nanopore Sequencing: Past, Present, and Future 
Considerations. Micromachines (Basel). 2023 Feb 16;14(2):459. doi: 10.3390/mi14020459. PMID: 36838159; 
PMCID: PMC9966803.

Duplex and HD FC

Can sequence just about anything...
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Danakil Depression-
Ethiopia Toxic Saline 
Hot Springs

Limestone
Caves
Romanian

New Biofilm microbes

Exoplanetary 
Ecosystems
Evolution-Origins of Life

Novel Microbes
from Space
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Unknown Infections

Read CountOrganism

11314 (42.07%)Escherichia coli

2163 (8.04%)Klebsiella pneumoniae

2056 (7.65%)Enterococcus faecium

1977 (7.35%)Enterococcus casseliflavus

1673 (6.22%)Morganella morganii

816 (3.03%)Enterococcus sp. 
6D12_DIV0197

469 (1.74%)Enterococcus faecalis

279 (1.04%)Enterococcus sp. 
3G6_DIV0642

264 (0.98%)Clostridium sp. CAG:299

255 (0.95%)Enterococcus innesii

223 (0.83%)Klebsiella aerogenes

134 (0.5%)Klebsiella oxytoca

133 (0.49%)Clostridium perfringens

130 (0.48%)Morganella sp. 
Maggie

Long Amplicon Mitochondrial Reassembly

Long Range PCR with GXL Taq

Brian Young NicheVison

PCR of Mitochondria 

Primers : Amanda Ramos, Cristina Santos, Luis Alvarez, Ramon Nogue, Maria Pilar Aluja.  Human mitochondrial DNA 
complete amplification and sequencing: A new validated primer set that prevents nuclear DNA sequences of 
mitochondrial origin co-amplification. Electrophoresis 2009, 30, 1587–1593. 

Long Range PCR with Takara GXL taq
• Set 1: 16488for to 3947rev
• Set 2: 8910for to 12226rev
• Set 3: 10360for to 15349rev
• Set 4: 13477for to 1677rev
• Set 5: 2028for to 6739rev
• Set 6: 5468for to 10154rev

Primer Set 1 Primer Set 3 Primer Set 6

Run 1 Multiplex

4989bp4028bp 4686bp
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Primer Set 2 Primer Set 4 Primer Set 5

Run 2 Multiplex

4769bp 4711bp3316bp

Validation of mixed amplicon pool by RTqPCR and ddPCR

RTqPCR

MW-BP Analysis

Nanopore Results Nanopore Read Length Results
*Interchangeable results from both runs

Read Length Histogram of the Amplicons

Amplicon 1 (4032bp)

Amplicon 3 (4989bp)

Amplicon 6 (4686bp)
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Nanopore Read Depth by Sample – Run 2
Barcode labelTotal ReadsTotal Bases (Mb)Nanopore BarcodeTypeIn-Vitro Mixture

1_single_source_1725789, 680383.661Single Source1

2_single_source_1711578, 950328.942Single Source2

3_single_source_1706664,490276.293Single Source3

4_mixed_3:1_17257v17115103,850440.14Mixed 3:14

5_mixed_3:1_17257v1706696,800411.095Mixed 3:15

6_mixed_3:1_17115v17066107,050451.166Mixed 3:16

7_mixed_1:3_17257v17115103,130435.017Mixed 1:37

8_mixed_1:1_17257v1711597,250409.638Mixed 1:18

9_mixed_10:1_17257v17115100,750429.529Mixed 10:19

Barcode Primer Forward Amplicon Primer Reverse Barcode

Total Nanopore Output

Flow cells: 2

Total output: 6.92 Gbases

Total number of reads (> 1 Kb): 1.59 x 106

Mixed mtDNA Deconvolution and 
Individual Haplotyping

Definitions

• HAPLOGROUP: a group of similar mtDNA 
sequences that share a common ancestor.

• HAPLOTYPE: the unique genetic sequence of 
an individual’s mtDNA (i.e., their unique 
maternal genetic profile).

Haplotype
Markers

Haplogroup
Markers

https://en.wikipedia.org/wiki/Human_mitochondrial_DNA_haplogroup
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Current mtDNA Analysis Workflow

Single Source 
Sample

Sanger or MPS 
Sequence

Align to rCRS 
Reference Call Variants

Haplotype
List of Variants

• Current practice for mtDNA haplotyping requires single-source samples due to inability to deconvolute 
mixtures.  

• Being able to deconvolute mtDNA mixtures will enable exploitation of mtDNA from crime scenes.

• Single hair
• Single bone/tooth

Workflow for Mixed mtDNA Samples
>Classification of Reads by Maximum Likelihood

Mixed 
Sample

Massively 
Parallel

Sequencing

Separate Reads by 
Contributor Using 

Phylogenetic 
Information

Filter 
NUMTs

Workflow for Mixed mtDNA Samples
>Haplogrouping by Phylogenetic Analysis

Contributor 2 
Haplogroup

Contributor 1 
Haplogroup

Contributor N 
Haplogroup

⁞

Probabilistic 
Phylogenetic

Analysis

Separate Reads by 
Contributor Using 

Phylogenetic 
Information
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Workflow for Mixed mtDNA Samples
>Variant Calling

Contributor 2 
Haplogroup

Contributor 1 
Haplogroup

Contributor N 
Haplogroup

⁞

Call 
Variants

Contributor 1 
Haplotype

Call 
Variants

Call 
Variants

Contributor 1 
Haplotype

Contributor 1 
Haplotype

An Information Gap

• Not all short reads can be classified 
by contributor leaving large gaps in 
chromosome coverage.

• Hence, the isolated haplotypes are 
incomplete.

Read covering a 
phylogenetically 

informative position

Read not covering a 
phylogenetically 

informative position

Classifiable
By Haplogroup

Not Classifiable
By Haplogroup

Classifiable
By Person

Not Classifiable
By Person

If contributors to the mixture are from different haplogroups 

Denotes a SNP that is not “diagnostic” but part of the haplotype of an individual.

Denotes a diagnostic SNP that can be used to classify a read by contributor.

Illustration of Deconvolution Using Short Reads
>Many Reads Cannot be Classified

Reads Classified as Contrib. 1
Reads Classified as Contrib. 2

0 16,569

GapGap Gap Gap Gap Gap Gap GapGap

Contrib. 1 Amplicons
Contrib. 2 Amplicons

0 16,569

Contributor 1

Contributor 2

Illustration of Deconvolution Using Long Reads
>All Reads are Classifiable

29 30
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Samples Used for Creating Mixtures

Expected Haplotype1,2Haplogroup
(Estimated by 

MixtureAceMT)

Coriell
PopulationAccession

Variant CallsTree Span
73G 150T 263G 309.1C 315.1C 750G 1438G 1721T 2706G 3197C 4769G 5460A 7028T 7768G 8860G 

9477A 10908C 11467G 11653G 11719A 11923G 12308G 12372A 12634G 13420T 13617C 13630G 13637G
14182C 14766T 15326G 15497A 16192T 16270T 16526A

U5 -> LeafU5b2b1bCaucasianNA17257
73G 152C 182T 185T 189G 195C 247A 263G 309.1C 315.1C 357G 523- 524- 709A 710C 750G 769A 825A 
1018A 1738C 2352C 2706G 2758A 2768G 2885C 3308C 3594T 3666A 3693A 3828G 4104G 4769G 5036G 
5046A 5393C 5655C 6548T 6827C 6989G 7028T 7055G 7146G 7256T 7389C 7521A 7867T 8248G 8468T 

8655T 8701G 8860G 9540C 10398G 10688A 10810C 10873C 11719A 12519C 12705T 13105G 13506Y 
13650T 13789C 13880A 13980A 14178C 14203G 14560A 14766T 14769G 15115C 15326G 16126C

16187T 16189C 16223T 16264T 16270T 16278T 16293G 16311C 16519C

L1b -> LeafL1b1a3African 
AmericanNA17115

73G 249- 263G 290- 291d 309.1C 315.1C 489C 750G 1438G 1888A 2706G 3552A 3693A 4715G 4769G 
7028T 7196A 8584A 8701G 8860G 9230C 9540C 9545G 10398G 10400T 10873C 11719A 11914A 12414C
12705T 13105G 13263G 14318C 14766T 14783C 15043A 15301A 15326G 15487T 15930A 16153A 16223T 

16298C 16325C 16327T

C -> LeafC1c6Central 
AmericanNA17066

1Sources: Just R, Parson W, Irwin J. 2019 Maximizing mtDNA Testing Potential with the Generation of High-Quality mtGenome Reference Data. NIJ Report 2011-MU-MU-K402; 
familytreedna.com/mtdna-haplogroup-mutations.aspx; Phylotree.com
2Required mutations defining the outer branches of the phylogenetic tree are highlighted in green.

Percent 
Classified

Total Reads
Number of 

Reads 
Classified

Maximum Likelihood Estimate
Sample ProportionHaplogroup

CalledExpectedCalledExpected
29%89,68025,9911.001.00U5b2b1b--CAU

22%78,95017,5181.001.00L1b1a3--AA

30%64,49019,3321.001.00C1c6--MX

26%103,850
21,9530.820.75U5b2b1bU5b2b1b3:1 CAU:AA
5,0960.180.25L1b1a3L1b1a3

28%96,800
26,8981.000.75U5b2b1bU5b2b1b3:1 CAU:MX

----0.25--C1c6

22%107,050
14,5360.610.75L1b1a3L1b1a33:1 AA:MX
9,4180.390.25C1c6C1c6

23%103,130
17,0130.270.25U5b2b1bU5b2b1b1:3 CAU:AA
6,5490.730.75L1b1a3L1b1a3

26%97,250
14,0950.560.50U5b2b1bU5b2b1b1:1 CAU:AA
11,2140.440.50L1b1a3L1b1a3

29%100,75027,2550.940.91U5b2b1bU5b2b1b10:1 CAU:AA
1,8680.060.09L1b1a3L1b1a3
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GapGapGap

Illustration of Information Gains in the mtDNA CR 
Using Short or Long Reads

3,94716,488

Short
Reads

(Promega)

Long
Reads
(ONT) 1,67713,477

= Diagnostic SNP for haplogroup U5b2b1b

Haplotype Analysis

33 34

35 36
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Expected Observed Expected Observed Expected Observed
73G 73G 73G 73G 5655C 5655C
150T 150T 152C 152C 6548T 6548T
263G 263G 182T 182T 6827C 6827C

309.1C T310TC 185T 185T 6989G 6989G
315.1C -- 189G 189G 7028T 7028T
750G 750G 195C 195C 7055G 7055G

1438G 1438G 247A 247A 7146G 7146G
1721T 1721T 263G 263G 7256T 7256T
2706G 2706G 309.1C -- 7389C 7389C
3197C 3197C 315.1C -- 7521A 7521A
4769G 357G 357G 7867T 7867T
5460A 523-524- -- 8248G 8248G
7028T 7028T 709A 709A 8468T 8468T
7768G 7768G 710C 710C 8655T 8655T
8860G 8860G 750G 750G 8701G 8701G
9477A 9477A 769A 769A 8860G 8860G

10908C -- 825A 825A 9540C 9540C
11467G 11467G 1018A 1018A 10398G 10398G
11653G 11653G 1738C 1738C 10688A 10688A
11719A 11719A 2352C 2352C 10810C 10810C
11923G -- 2706G 2706G 10873C 10873C
12308G 12308G 2758A 2758A 11719A 11719A
12372A 12372A 2768G 2768G 12519C 12519C
12634G 12634G 2885C 2885C 12705T 12705T
13420T 13420T 3308C 3308C 13105G 13105G
13617C 13617C 3594T 3594T @13506Y C13506T
13630G 13630G 3666A 3666A 13650T 13650T
13637G 13637G 3693A 3693A 13789C 13789C
14182C 14182C 3828G 13880A 13880A
14766T 4104G 13980A 13980A
15326G 4769G 14178C 14178C
15497A 5036G 14203G 14203G
16192T 5046A 14560A 14560A
16270T 5393C 14766T 14766T
16526A 14769G 14769G

15115C 15115C
15326G 15326G
16126C
16187T
16189C
16223T
16264T
16270T
16278T
16293G
16311C
16519C

Sample 4  Run1&2 (3:1; CAU:AA)

Gap in Reads?

Gap in Reads?
Gap

Gap

U5b2b1b (CAU) L1b1a3 (AA) L1b1a3 (AA)

3:1 mixture
NA17257: NA17115 

CAU:AA
Haplogroup-informative 

SNP calls Are Concordant 
With Expected

Additional private variant 
calls that define the 

haplotype are not shown.

Conclusions

• Long range sequencing by Oxford Nanopore Technologies (ONT) combined with probabilistic 
deconvolution holds promise for mtDNA analysis of mixed samples.

• Here, the mtDNA genome was covered by 6 amplicons to accommodate slightly degraded DNA.  
However, entire mtDNA chromosomes can possibly be sequenced.  If done on mixed samples, the 
mixture will be “deconvoluted by sequencing”, and the haplotypes will be “phased by sequencing”.

Long Range mtDNA Sequencing for mtDNA 
Mixture Deconvolution

Brian Young1,2,3, Sophia Hadley4, Jeff Smith1, Bhupinder Singh1, 
George Duncan5, Scott Tighe4

1NicheVision Forensics, 2Syracuse University, 3Florida International University, 4University of Vermont, 5Nova 
Southeastern University

Green Mountain DNA Conference 2024

Brian@nichevision.com
Scott.Tighe@uvm.edu

37 38

39


