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A Massively Parallel Sequencing (MPS) Approach to 
Mitochondrial (mt or mito) DNA Analysis

A recent search of the literature identified …

915 publications on “MPS mtDNA”
128 publications on “forensic MPS mtDNA”



The Time is Now for mitoMPS Analysis



https://www.mdpi.com/journal/genes/special_issues/forensic_mitochondrial_genomics

Deadline for manuscript submission is 10 February 2021



One Amplicon 
Target & Sample 

with One Read/NP

100-450 bps of 
mtDNA 

Sequence/Sample

Up to 100’s of Targets
10-100 Samples

10’s to 10’s of Thousands of 
Reads/NP

Read Lengths of 150-300 bps
>5 GB of Sequence Data/Run

610-16,569 bps of mtDNA 
Sequence/Sample/Run

Deep Coverage (DC) or
Deep Read (Dr) MPS

16569 bps

CR = 1122 bps      HV1/HV2 = 610 bps

Sanger-type 
Sequencing



MPS can resolve heteroplasmy

2000 total read minimum/np
40 read minimum for minor variants

2% reporting threshold
(1% analytical threshold)

Balance ratio filters

3/30 C variants = 10% Minor Variant 
Frequency (MVF)

Threshold of 2%

“Minor” Profile

1% analytical threshold
2% reporting threshold

Holland et al., FSIG 2017
GeneMarker™ HTS



mtDNA analysis is a useful tool for testing of hair 
shafts and skeletal remains associated with 
criminal and identification cases

FBI 1996



mtDNA Workflow

DNA 
Extraction

DNA extraction is the same, 
but with MPS the amount of 
information gained from the 

extract is significantly 
increased



Routinely obtain CR sequence from hair shafts

With recent advancements to a hair extraction protocol 
published in 2018, routine mtgenome sequence from as 

little as 1 mm of shaft material (unpublished findings)



mtDNA Workflow

DNA 
Extraction

Amplification of mtDNA

Sample Preparation

Sequencing

Data Analysis

MPS

Library Preparation

DNA extraction is the same, 
but with MPS the amount of 
information gained from the 

extract is significantly 
increased



Amplification Approaches 
& Kits Available

• Promega
• PowerSeq CRM (control region, 1 multiplex, 144-237 bps)
• PowerSeq WGM (mtgenome, 1 multiplex of 161 amplicons 

averaging 167 bps, research product)

• Verogen
• ForenSeq mtDNA Control Region (2 multiplexes, 18 amplicons 

averaging 118 bps)
• ForenSeq mtDNA Whole Genome (2 multiplexes, 245 amplicons 

averaging 131 bps)

• ThermoFisher
• Precision ID mtDNA Control Region Panel (2 multiplexes)
• Precision ID mtDNA Whole Genome Panel (2 multiplexes of 81 

amplicons averaging 161 bps)



Differentiate BETWEEN
Maternal Lineages

Differentiate WITHIN
Maternal Lineages

Better 
Discrimination

Potential

DCMPS of mtDNA heteroplasmy allows us 
to accomplish these goals 



44% of Mother-Child Pairs 
were Differentiated

… heteroplasmy must be observed in both tissues of one relative but not the other



Sister Marija was a nun from Rijeka, Croatia who dedicated 
her life to helping the poor and less fortunate. She is 
currently under consideration for beatification (Sainthood) 
by the Vatican, which requires the identification of her 
remains.

Sister Marija died in 1922 and was buried in a tomb along 
with other nuns belonging to the Society of Sisters of the 
Sacred Heart of Jesus, including her biological sister, 
Tereza Kozulić.



Capture method using a 
custom designed bait cocktail 

developed by AFDIL for the 
entire mitogenome



b subclade is common in 
Eastern Europe

13327 is in the ND5 gene, 
with the A>G SNP causing 
a non-syn change from T>A

No known disease state 
associated with the change

Differentiating
Heteroplasmy

Sister 1 Sister 2

Stat = no observations in 4289 
worldwide samples or 726 European 

samples = 1 in 197 to 1163



… are differentiating sites of heteroplasmy 
due to background noise or error in the MPS 

process, or to numts, especially with low-
level heteroplasmy?? 



“Noise” in the System



A.
Metals‐Power Hair‐Power Blood/Buccal‐Power LowTemp‐Power LowTemp‐Next Buccal‐Next

Total error 0.485±0.0049 0.325±0.1005 0.231±0.0663 0.297±0.0694 0.205±0.0021 0.182±0.0645
A error 0.118±0.0009 0.100±0.0417 0.052±0.0230 0.048±0.0035 0.070±0.0476 0.037±0.0121
C error 0.121±0.0006 0.085±0.0280 0.080±0.0191 0.069±0.0189 0.079±0.0297 0.060±0.0205
G error 0.131±0.0033 0.048±0.0227 0.044±0.0097 0.059±0.0013 0.061±0.0023 0.047±0.0204
T error 0.115±0.0038 0.091±0.0261 0.053±0.0145 0.049±0.0110 0.065±0.0243 0.039±0.0139

B.
Buccal‐Next 

CR
Buccal‐Next 
mtgenome

Total error 0.158±0.0720 0.166±0.0745
A error 0.032±0.0148 0.036±0.0164
C error 0.057±0.0273 0.063±0.0292
G error 0.036±0.0180 0.036±0.0171
T error 0.032±0.0126 0.030±0.0124

“Noise” in the System

Background noise or error ranged from 0.030% 
to 0.131% across the four nucleotides.

Samples with increasing DNA damage saw 
increases in error.

420+ million reads of data



Comparison of sites with greatest 
error between MiSeq runs (i.e., 
datasets)

Dark Blue = zero concordance
Yellow = 100% concordance

DNA recovered from the surface of 
ammunition components (Holland et 
al., FSIG 2019) gave the highest level 
of concordance



Estimate that ~750 NUMTs can be 
found in the nugenome, including 
some entirely intact mitogenomes, 
with ~4 unique NUMTs per 
individual

Most supported pathway is 
degradation of abnormal 

mitochondria

Lysis

Encapsulation
Membrane 
Fusion

*
NUMTs
= nuclear mitochondrial DNA segments
= nuclear mitochondrial sequences
= nuclear mitochondrial segments
= nuclear mitochondrial insertions



Heteroplasmy observed in whole 
mtgenome MPS data is dependent 

on enrichment method

2 amplicon approach 180 amplicon approach

As amplicon size decreases, the number of minor variants with discrepant frequencies can increase, 
with the majority of variant frequencies increasing when aligned to the rCRS only

The impact is mitigated 
when nucDNA is depleted



If we’re going to consider low-level heteroplasmy (2-5% 
of the minor variant):

What’s the potential impact of DNA damage on the 
interpretation of MPS data when dealing with low-
template samples?

Most importantly, what’s the impact on reporting 
thresholds?



Buccal cells collected from donors, DNA 
extracted, and mtDNA quantified using a custom 
mtqPCR assay (Gallimore et al., 2018)

Experimental Design:

Control sample at 
100k copies/uL of 
mtDNA stored at -20C

Dilutions made to 25k 
and 2.5k copies/uL 
before or after 
damage for three 
weeks at RT

dAD = Dilution After Damage

dBD = Dilution Before Damage



Box and whisker plot depicting mtqPCR results as percent yield (observed/expected) for each dilution category 
(n = 20 per category) after exposure to DNA damage. Two outliers were observed for the 100 K Undam 
category (82% and 85%). Median values are depicted by lines within box plots. Kruskal-Wallis test (with 
Benjamini-Hochberg correction for multiple testing) p values are given in the bottom portion of the figure with 
the ends of the brackets denoting which datasets are being compared.

Control sample yields 
are high, reflecting that 
storage at -20C is 
effective, even when 
stored in water

Storage in water at RT 
results in lower yields 
across the data set



Box and whisker plot depicting mtqPCR results as percent yield (observed/expected) for each dilution category 
(n = 20 per category) after exposure to DNA damage. Two outliers were observed for the 100 K Undam 
category (82% and 85%). Median values are depicted by lines within box plots. Kruskal-Wallis test (with 
Benjamini-Hochberg correction for multiple testing) p values are given in the bottom portion of the figure with 
the ends of the brackets denoting which datasets are being compared.

Dilutions made 
before damage (dBD) 
result in the lowest 
yields for the 2.5k 
samples



Box and whisker plot depicting mtqPCR results as degradation ratios (mtcopies of 69 bp target/mtcopies of 283 bp 
target) for each dilution category after exposure to DNA damage. The following outliers were removed from the figure: 
2.1 (100 K Undam), 11 (100 K Dam), 145 and 349 (2.5 K dBD), and 28 and 39 (2.5 K dAD). Median values are depicted 
by lines within box plots. Kruskal-Wallis test (with Benjamini-Hochberg correction for multiple testing) p values are given 
in the top portion of the figure with the ends of the brackets denoting which datasets are being compared.

Control sample 
degradation is low, 
again, reflecting that 
storage at -20C is 
effective

Dilutions before 
damage (dBD) result in 
higher degradation for 
both the 2.5k & 25k 
samples



144-237 bps = “10-Plex” approach

versus

Amplification of the entire 
CR (1.16kb amplicon) 
referred to as the “1 kb” 
approach with adapters 
on the primers for library 
preparation

NexteraXT library 
preparation

Libraries run on a MiSeq 
with a 600-cycle v3 kit 
(10-Plex) versus 300-
cycle v2 kit (1 kb)



Comparison of normalized average read depths between different DNA damage dilution categories and 
two amplification and library prep strategies (1 kb v. 10-plex; n = 20 per category).

MPS Results



MPS Results

Table 1: MPS results depicted as percentages of full profiles, partial profiles, and no results across 
each dilution category and comparing the two amplification and library prep strategies (1 kb v. 10-
plex), with n = 20 per category.



MPS results depicted as percentages of full profiles, partial profiles, and no results across each dilution 
category and comparing the two amplification and library prep strategies (1 kb v. 10-plex) with n = 20 
per category.

MPS Results



Box and whisker plot depicting damage rates (number of damage sites/number of total sites reported ×
100) calculated across each dilution category using a 4000 read cutoff and a comparison of the 1 kb and 10-
plex amplification and library prep strategies (n = 20 per category).

Damage Rates



Frequencies of each type of base change observed in 486 damage lesions across 
all samples and comparison of two amplification and library prep strategies (1 kb v. 
10-plex). Data is stacked, not overlapping. Type 1 deamination is represented by A-G 
and T-C base changes and type 2 deamination by C-T and G-A base changes.

Type of Base Change

35 sites (hot spots) were 
replicated in the dataset (7.2%) 
when assessing MPS results 
from duplicate amplifications



HV1 HV2

Individual MVFs of 486 
damage lesions observed 
across the control region 
for all samples (144 in the 
1 kb samples and 342 in 
the 10-plex samples). 
Proposed analytical (2%) 
and reporting (5%)
thresholds are marked by 
the first and second circles 
moving outward, 
respectively, for each 
dataset.

Impact of 
Damage on 
Reporting 
Thresholds



Overall damage 
assessment using a 
damage coefficient scale 
of 1–5 (1 = highest 
damage; 5 = little to no 
damage). 

The last plot shows the 
overall damage 
assessment when 
averaging the damage 
coefficients for all four 
categories.



Take Home Messages

DNA damage impacts the quantity and quality of 
mitoMPS data when working with low-template samples.

DNA damage increases as template levels decrease, 
especially when the damage occurs after dilution.

Therefore, it’s important to protect against further 
damage when working with forensic samples containing 
low amounts of extracted DNA.



Take Home Messages

Duplicate amplifications will mitigate the impact of the 
damage on interpretation of low-level heteroplasmy.

Reporting thresholds may be impacted by damage 
associated with low-level template samples.

The Promega 10-Plex helped to mitigate the impact of 
the damage, mostly likely due to the size of the 
amplicons being targeted.
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