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ABSTRACT

Introduction: Primary mitochondrial diseases (PMDs) comprise a large and heterogeneous group of
genetic diseases that result from pathogenic variants in either nuclear DNA (nDNA) or mitochondrial
DNA (mtDNA). Widespread adoption of next-generation sequencing (NGS) has improved the efficiency
and accuracy of mtDNA diagnoses; however, several challenges remain.

Areas covered: In this review, we briefly summarize the current state of the art in molecular diagnostics
for mtDNA and consider the implications of improved whole genome sequencing (WGS), bioinformatic
techniques, and the adoption of long-read sequencing, for PMD diagnostics.

Expert opinion: We anticipate that the application of PCR-free WGS from blood DNA will increase in
diagnostic laboratories, while for adults with myopathic presentations, WGS from muscle DNA may become
more widespread. Improved bioinformatic strategies will enhance WGS data interrogation, with more
accurate delineation of mtDNA and NUMTs (nuclear mitochondrial DNA segments) in WGS data, superior
coverage uniformity, indirect measurement of mtDNA copy number, and more accurate interpretation of
heteroplasmic large-scale rearrangements (LSRs). Separately, the adoption of diagnostic long-read sequen-
cing could offer greater resolution of complex LSRs and the opportunity to phase heteroplasmic variants.

KEYWORDS
Bioinformatics; primary
mitochondrial diseases;
large-scale rearrangements;
long-read sequencing;
mitochondrial DNA

PLAIN LANGUAGE SUMMARY

Mitochondria generate our bodies’ energy, and they contain their own circular DNA molecules. Changes
in this mitochondrial DNA can cause a wide range of genetic diseases. Improved computer processing
of the sequence of this DNA and new techniques that can read the full DNA sequence in one
experiment may enhance our ability to understand these genetic variants.

1.1.1. Advances in the field of mitochondrial medicine

Molecular diagnoses enable personalized management and
counseling in PMDs. Given the progress in reproductive
the motivation to

1. Introduction
1.1. Primary mitochondrial diseases
trials,

and clinical secure

Primary mitochondrial diseases (PMDs) are genetic disorders
caused by pathogenic variants in mitochondrial DNA (mtDNA) or
nuclear DNA (nDNA) genes that encode mitochondrial proteins or
RNAs. mtDNA variants can be present in all copies of mtDNA
(homoplasmy) or co-exist with wild-type mtDNA (heteroplasmy).
PMDs are characterized by perturbed oxidative phosphorylation
or other aspects of mitochondrial functioning [1]. Mitochondria
are commonly described as the ‘powerhouses’ or ‘batteries’ of cells
given they are the central site of energy generation. However, as
they house a myriad of other biochemical functions (e.g. calcium
homeostasis and apoptosis), the biochemical manifestations of
PMDs are correspondingly diverse [2-4]. In this review, we focus
on molecular diagnostics pertaining to PMDs due to mtDNA
variants; these include matrilineal mtDNA variants and secondary
changes in mtDNA due to mtDNA maintenance defects (MDMDs).

options
a diagnosis is growing ever stronger [5,6]. Prenatal options
for PMDs now include preimplantation genetic diagnosis
(PGD) and mitochondrial donation [7]. These in vitro fertili-
zation-type approaches save couples the considerable dis-
tress of undergoing invasive diagnostic procedures and the
termination of an affected pregnancy. Regarding treat-
ments, there have been exciting developments in gene
therapy (adeno-associated virus therapies) for acute Leber
Hereditary Optic Neuropathy (LHON) and small molecules
are entering clinical trials for mitochondrial myopathies
[6,8,9]. Importantly, a molecular diagnosis is a prerequisite
for recruitment to trials emphasizing the need for effective
diagnostics to allow patients to access emerging therapies.
Additionally, preclinical research is also investigating the
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Article highlights

¢ In most diagnostic laboratories mtDNA is enriched with a long-range
PCR and then sequenced using NGS. This technique is very accurate
and reliable for heteroplasmic single nucleotide variants. However,
the long-range PCR step can result in preferential amplification of
short amplicons meaning deletions in mtDNA can be exaggerated.
Whole genome sequencing could overcome this problem as it does
not include a PCR step. In addition, as WGS includes both mtDNA and
nDNA, it could allow for a more efficient diagnostic process by
analyzing both concomitantly.

¢ Innovations in WGS bioinformatics for mtDNA now enable improved
alignment, coverage, and NUMT elimination, thereby increasing its
suitability for diagnostic use.

e Structural variant tools that process and interpret multiple hetero-
plasmic LSRs offer realistic solutions for the application of WGS to
muscle DNA.

e Accuracy of long-read technologies has improved so that they may
potentially contribute toward mtDNA diagnostics, including superior
LSR detection and mtDNA variant phasing.

¢ Innovations in Cas9 applications have enhanced targeted mtDNA
long-read sequencing.

» Significant barriers to long-reads diagnostic use remain, including
depth of coverage and innovative bioinformatic solutions to data
analysis.

potential role of mtDNA editing and various heteroplasmy
modulation techniques; however, clinical application of
these methods remains remote for now [10-13].

1.1.2. The changing landscape of mtDNA diagnostics
While PMD diagnostics have traditionally been laborious, pla-
cing whole genome sequencing (WGS) at the center of diag-
nostics could revolutionize the sector. Concomitant
sequencing of NDNA and mtDNA has been possible for several
years; however, recent bioinformatic advances discussed in
this article are now, for the first time, offering the prospect
of all-in-one WGS-based testing for PMD diagnostics.
Furthermore, long-read sequencing methods, previously
thought to have insufficient sensitivity for use in diagnostics,
are now achieving superior accuracy, even in homopolymeric
regions [G]. The next decade is likely to see a transition away
from traditional multistep testing toward next-generation
sequencing (NGS) WGS, and eventually long-read WGS.

In this article, we summarize current targeted NGS approaches
to mtDNA and consider how bioinformatic innovations may facil-
itate the wide-ranging implementation of WGS in routine practice.
We review the opportunities that increasingly sophisticated bioin-
formatic callers for complex and multiple large-scale rearrange-
ments (LSRs) offer for WGS, especially from muscle-extracted DNA.
Finally, we consider improvements in long-read technologies and
targeting approaches for mtDNA and how these might improve
mtDNA diagnostics going forward.

2. Body
2.1. Mitochondrial DNA diagnostics

2.1.1. 2.1 Characteristics of mitochondrial DNA and their
diagnostic implications

Mitochondrial genomes are relatively short (~16.6kb) dou-
ble-stranded multicopy DNA molecules located in the

mitochondrial matrix. The length and sequence of human
mtDNA were resolved in 1981 by Anderson et al. [14]. Using
Sanger sequencing, they established that the mtDNA
sequence is 16,569 bases in length. The original sequence
included an error (extra base) at position 3107 which has
been retained to avoid confusion and the need for renaming
of variants [15]. The mitochondrial genome displays ‘extreme
economy,” whereby most genes are not separated by a non-
coding sequence. Rather, mtDNA contains only 37 genes, of
these 13 are protein-coding genes, which are separated for
the most part by one of the 22 transfer RNA (tRNA) genes
(Figure 1A). The two remaining genes encode mitochondrial
ribosomal RNAs (rRNAs). The two strands of mtDNA are
known as the heavy strand (H-strand) and light strand
(L-strand) owing to the higher proportion of heavy purine
nucleotides (guanines) in the former. The ‘start/end’ sites of
the mitochondrial genome are contained within the ‘control
region,” a non-coding section which includes the displace-
ment loop (D-Loop) and transcriptional (HSP and LSP) and
replication (Oy) promoters (Figure 1B). The name D-loop
arises from the fact that the area often contains a short
additional strand of mtDNA, hydrogen bonded to the
L-strand which displaces the H-strand outwards to form
a D shape [16,17]. This third strand, known as ‘7S DNA’ is
the result of early termination of H-strand replication which
originates in the D-loop at the origin of heavy strand repli-
cation (Oy) [18]. Parts of the D-loop are ‘hypervariable’ and
subject to a high rate of variation between ethnicities [19].
While the control region contains the start site of H-strand
replication, the start site of L-strand replication (O) is
located further downstream. The DNA between Oy and O,
(in the direction of replication) is known as the major arc,
with the area between O, and Oy known as the minor arc
(Figure 1B).

mtDNA contains several repetitive sections and homopoly-
meric regions (runs of guanines), which can cause difficulties
for certain sequencing technologies [20-22]. mtDNA has less
effective DNA repair mechanisms and as such is subject to
deletion (and other variant) formation, especially at these
repetitive sections, which include perfect repeats (Class
| deletions) and imperfect/interrupted repeats (Class Il dele-
tions) [23,24]. Homopolymeric regions, in particular, can give
rise to non-canonical DNA structures (G-quadruplexes) [G] that
contribute to deletion formation and abnormal mitochondrial
functioning [25]. As a result, LSRs, especially deletions, are
common and play an outsized role in mtDNA-related PMDs.
Indeed, the most common cause of mitochondrial myopathy
is a recurrent Class | deletion (~m.8470_13446del4977) which
accounts for many cases of chronic progressive external
ophthalmoplegia (CPEO) and Kearns Sayre Syndrome (KSS)
[26,27].

The mtDNA molecule is circular in its native form. This
can pose challenges to NGS, given that aligners are
designed to deal with linear genomes and do not map
sequence reads across a start/end site. Therefore, reads in
this area may be removed, resulting in poor coverage of the
control region. Uniform control region coverage is further
compounded by its repetitive and highly variable nature,
which may also contribute to suboptimal alignment. Also,
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Figure 1. Mitochondrial DNA. (A) Mitochondrial DNA (mtDNA) structure highlighting 13 genes encoding 13 oxidative phosphorylation proteins, 22 tRNAs (black)
and 2 ribosomal RNAs (green). Control region including D-loop and regulatory elements is represented in grey| (B) mtDNA demonstrating the origins of mtDNA
replication (Oy and Oy), the transcriptional promoters (HSP and LSP), and major (pink) and minor (orange) arcs.

the fact that this is the typical location for primer place-
ment for mtDNA enrichment means it is underrepresented
in sequence reads from PCR-enriched samples (Figure 2A).

Human mtDNA displays several characteristics that add to
the complexity of PMD diagnostics. These include tissue het-
eroplasmy, temporal heteroplasmy variation, increased mut-
ability, nuclear-encoded maintenance, age-related mutation
accumulation, and NUMTs (nuclear mitochondrial DNA seg-
ments) [G]. These are defined and explored further in Table 1.

2.1.2. Historical perspective of mitochondrial DNA
diagnostics

The first molecular cause of a PMD, mitochondrial myopathy due
to large-scale deletions of mtDNA, was identified at UCL Queen
Square Institute of Neurology, London, by Holt, Harding, and
Morgan-Hughes in 1988 [33]. The most prevalent variants account-
ing for mitochondrial syndromes [LHON, KSS, Mitochondrial
Encephalomyelopathy with Lactic Acidosis and Stroke-like
Episodes (MELAS), and Myoclonic Epilepsy with Ragged Red
Fibres (MERRF)] soon followed [34-38]. In the pre-next generation
sequencing era, diagnostics were slow and involved Sanger
sequencing and Southern blotting, which were relatively insensi-
tive to low-level heteroplasmy. In addition to molecular techni-
ques, diagnostics also include histopathological and biochemical
correlations with genetic defects [4]. A detailed discussion of these
important methods is outside of the scope of this article.

2.1.3. Current strategies in mitochondrial DNA genetic
diagnostics

The current state of the art in mtDNA diagnostics increasingly
centers on targeted NGS of mtDNA. Following improvements
in enrichment techniques, especially two-amplicon and single-
amplicon long-range PCR (LR PCR), mtDNA is now widely
enriched prior to sequencing using this method [39,40]. NGS
on PCR-enriched mtDNA delivers extremely deep coverage.

Depth (the number of times a given locus is sequenced in NGS
data) is important in mtDNA diagnostics. In nDNA sequencing,
a depth of ~30x is typically sufficient for the reliable calling of
variants (e.g. a heterozygous variant would be expected in roughly
15/30 reads). However, since mtDNA variants are heteroplasmic,
they may only be present in a small minority of reads if the
heteroplasmy level is low. At a depth of 30x a low-level hetero-
plasmic variant might only be present in a single forward or
reverse read or might be entirely absent. Furthermore, as random
errors occur in NGS reads, it may be difficult to distinguish an error
from a true heteroplasmic variant at 30x. Diagnostic laboratories
overcome this issue by using very deep sequencing of mtDNA.
Deeply sequencing a locus (e.g. 1000x) increases the likelihood
that a variant will be identified in multiple forward and reverse
reads, differentiating it from a random error (true variants should
be present in an equal proportion of forward and reverse reads).
As a result, laboratories typically use a depth in excess of 500x.

Notably, other mtDNA enrichment techniques have been
developed, including rolling circle amplification, the concentration
of mitochondria using centrifugation, and enzymatic digestion of
linear (nuclear) DNA [41-46]. However, these are not routinely
applied in most diagnostic laboratories. Although NGS is the
mainstay, the exact methodologies and ordering of molecular
tests vary depending on the diagnostic laboratory, specific patient
presentation, fitness for invasive testing, and clinical urgency. For
example, recurrent SNVs (e.g. m.3243A>G, m.8993T>G/
C m.8344A>G, m.11778 G>A) may be screened in blood with
inexpensive non-NGS methods [(e.g. Sanger sequencing or restric-
tion fragment length polymorphism analysis (RFLP)] in some jur-
isdictions. Other laboratories may progress straight to broader
NGS of the mitochondrial genome for time-saving efficiency
(mtDNA sequencing allows common and rare SNVs to be identi-
fied or out-ruled concurrently) [47]. A major consideration when
testing is choosing DNA from the appropriate tissue. While most
pathogenic mtDNA variants can be identified in children and
young people (under 20years) in blood-extracted DNA, the
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Figure 2. Single deletion in mitochondrial DNA | 2A shows the common deletion (m.8470 -13,477) as represented in a Circos plot generated using eKlipse (red arc
links deletion breakpoints). Note the drop-off in coverage at the D-loop secondary to the primer placement and alignment difficulties which are incorrectly called as
deletions. | 2B shows the same patient’s deletion as evidenced by a drop-off in coverage visualized using IGV (Integrative Genomics Viewer).

same is not true for adults. Some variants, such as single deletions,
may be lost from blood very early in childhood. The heteroplasmy
levels of some SNVs fall over time, while others accumulate in
post-mitotic tissues [28,48-50]. Consequently, testing muscle-
extracted DNA is often mandated in adults.

Invasive testing has long played an important role in the
investigation of PMDs. Tissue biopsies, such as muscle and
liver biopsies, can provide valuable insights into biochemical
dysfunction e.g. through respiratory chain enzyme analysis
and histopathological abnormalities, such as ragged red fibers
and cytochrome c¢ oxidase (COX) negative fibers. Findings can

be used to help classify mtDNA variants e.g. the level of
a putative heteroplasmic mt-tRNA should segregate strongly
with a COX-negative staining pattern if it is disease-causing.
Separately, identifying a higher level of a heteroplasmic var-
iant in muscle (a post-mitotic tissue), compared to blood (a
dividing tissue) is supportive of the variant being deleterious
as it suggests a negative effect on cell fitness. Additionally,
mtDNA from post-mitotic tissues e.g. liver and muscle are
needed for accurate measurement of certain types of mtDNA-
changes, including depletion in copy number and multiple
deletions.
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Table 1. Mitochondrial DNA characteristics that complicate molecular diagnostics [28-32]. Abbreviations; MDMDs, Mitochondrial DNA Maintenance Defects; mtDNA,
mitochondrial DNA; nDNA, nuclear DNA; NGS, next-generation sequencing; NUMT, nuclear mitochondrial DNA segments; PMD, primary mitochondrial disease; SNVs,

single nucleotide variants.

mtDNA feature

Definition

Implication for Diagnostics

Heteroplasmy

Temporal heteroplasmy
variation

The co-existence of wild-type and mutant mtDNA in an individual.

The proportion of some heteroplasmic variants can change over
time e.g. deleterious SNVs or deletions may be selected against
in a tissue with rapid turnover e.g. leukocytes; conversely some
mutations may accumulate in postmitotic tissues e.g. muscle or

mtDNA variants may be present at a lower variant allele fraction
than in medelian disease warranting dedicated variant calling
strategies in NGS data. mtDNA must be sequenced to
a sufficient depth to identify low-level heteroplasmy.

Some diagnoses may require DNA samples from multiple tissues
e.g. blood, urinary epithelial cells and muscle cells.

brain.
Increased mutability

encountered relatively commonly.

Nuclear encoded mtDNA
maintenance
mtDNA (MDMDs).

Age-related and
secondary disease-
related deletion
accumulation

NUMT
mtDNA.

Circular genome mtDNA is a circular structure, resembling a plasmid.

mtDNA lacks the sophisticated repair mechanisms of nDNA,
therefore individually rare but benign ‘polymorphisms’ may be

Dominant and recessive variants in nuclear encoded mtDNA
maintenance genes may in turn have a deleterious effect on

Variants, especially deletions, may accumulate in post-mitotic
tissues over time unrelated to PMD. These may be due to aging
or a non-PMD disease e.g. inclusion body myositis.

Non-functioning nuclear pseudogenes which originate from

Clinical scientists cannot rely on rarity alone when filtering out
variants and must consider additional factors including rare
haplogroup signatures, conservation and (predicted)
consequence. Heteroplasmy measurement is often warranted
across multiple tissues to assess how deleterious a rare variant is.

Multiple deletions, copy number depletion and accumulation of
SNVs may occur secondary to an nDNA variant. These require
specialist bioinformatic approaches and simultaneous testing
of nDNA.

Unpicking which variants are due to unidentified MDMDs and
which result from aging or disease can be challenging. High
resolution assessment of deletion patterns, and emerging
machine learning tools may help differentiate these groups in
the future.

NUMT sequences can closely resemble mtDNA and cause issues
with mapping. This could affect accuracy of heteroplasmy
measurement.

Genomic alignment tools are built to map reads to linear
genomes meaning mapping may be affected at the start/end
site of mtDNA.

The subtype of the variant in mtDNA is an important con-
sideration when choosing the testing methodology: 1) hetero-
plasmic SNVs are typically readily identifiable in NGS data if
coverage is of sufficient depth; 2) LSRs (including single dele-
tions, multiple deletions, and duplications) have traditionally
been challenging to define and identify with NGS in clinical
testing and are often tested for using LR-PCR or digital droplet
PCR (ddPCR); 3) mtDNA copy number (depletion testing) is not
possible with most NGS approaches, though this may change
in the future (see below) and is typically testing for using
ddPCR.

3. Mitochondrial DNA in whole exome and whole
genome sequencing

Both WES and WGS include mtDNA and nDNA. WES has
been adopted almost universally over the last 10-15 years,
with unprecedented success in enhancing diagnostic rates
and discovering novel causes of nDNA PMD [51-54].
However, its utility for mtDNA diagnostics has limitations.
As WES uses baits to capture exons for library preparation,
mtDNA must be specifically targeted; otherwise, off-target
reads that incidentally capture mtDNA must be analyzed.
Several publications have successfully reported mtDNA diag-
noses in WES [55-58]. However, both approaches to mtDNA
in WES (targeted and off-target) fail to achieve very deep
coverage, thus identification of low-level heteroplasmic var-
iants is limited. As such, this technique is most suited for
opportunistic, but not diagnostic mtDNA analysis. In com-
parison, modern WGS does not involve a targeted library
capture with PCR, hence it benefits from the naturally

occurring high copy number of mtDNA to deliver very
deep sequencing (>1000x) which is sufficient for reliable
heteroplasmy calling. WGS also allows simultaneous uniform
nDNA coverage at~30x. This optimal genome-wide cover-
age has prompted calls for a WGS-first approach, avoiding
targeted testing for recurrent mtDNA variants and separate
sequencing of nDNA panels [59]. WGS is especially useful in
young people under 20 years in whom levels of pathogenic
variants are more likely to be detectable in blood [59,60].
Several studies from the UK, Australia, and Egypt have
affirmed the utility of WGS in diagnosing both nDNA PMD
and heteroplasmic SNVs in mtDNA [61-65].

The WGS-first approach introduces a number of diagnos-
tic opportunities: 1) PMD phenocopy genes; for example,
neuromuscular or neurodevelopmental conditions, can be
difficult to discern clinically but can be identified by apply-
ing additional virtual panels or using a gene agnostic trio
approach while screening PMD genes [64]; 2) dual pathol-
ogy compound genetic phenocopies in an individual with
two separate genetic diseases) can also be detected in WGS
data with careful application of virtual panels; 3) digenic
diseases (where variants in mtDNA and nDNA combine to
give rise to a disease) can theoretically be identified,
although this is a complex undertaking [66-68]; 4) mtDNA
copy number, an important measure for children with
mtDNA depletion syndromes, can potentially be estimated
by comparing the proportions of nDNA and mtDNA reads in
WGS data [69]; 5) assessment of nDNA background in which
mtDNA disease variants occur, which might enable more
precise counseling for risk of future symptoms. For example,
the risk of stroke-like episodes and psychiatric involvement
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in m.3243A>G-related disease was recently localized to
a small number of regions of nuclear regions with relatively
large effect sizes [70]. Finally, the nuclear background may
provide insights regarding the susceptibility to falling
MmtDNA  copy number and heteroplasmic variant
accrual [71].

As an ‘all in one’ genetic test WGS is likely to offer improved
diagnostic efficiency to patients. Whether this approach will also
deliver a cost saving will depend on several factors, including the
availability of WGS infrastructure (sequencers, staffing, bioinfor-
matic pipelines, and data storage) and the scale of the testing.
For example, in a healthcare setting where first-line WGS is already
in use at scale (e.g. the UK) the existing infrastructure and the
economy of scale could deliver an overall cost saving over multi-
step testing (WGS replacing targeted NGS of mtDNA, WES for
nuclear gene panels, and LR-PCR for rearrangements). By compar-
ison, in jurisdictions where WES is the mainstay of testing for rare
diseases, a first-line WGS-based approach for PMD may prove very
expensive, especially in cases where basic testing such as RFLP or
Sanger sequencing could deliver a diagnosis inexpensively (e.g.
3243A>G or common LHON variants). Ultimately, health economic
studies will be needed to inform the most cost-efficient
methodology.

Given the opportunities it presents, it is likely that the investiga-
tion of suspected PMDs, as with other genetic disorders, will utilize
WGS of blood DNA as the mainstream first-line molecular diag-
nostic tool. Adopting WGS as the primary tool to diagnose PMDs
will also minimize the invasive investigations often required for
metabolic and pathological tests (e.g. muscle, skin, or liver biop-
sies), particularly in children. Previously, we have published on the
barriers facing the introduction of first-line WGS from blood DNA;
namely, the unavoidable need for muscle biopsies in adults with
muscle-specific mtDNA variants, and for muscle tissue for func-
tional and histological studies, and the lack of accurate and sensi-
tive bioinformatic tools for structural variants including multiple
deletions and duplications [60]. One alternative strategy could be
to accept the disadvantages of an early muscle biopsy and under-
take WGS directly on muscle-extracted DNA, particularly in com-
plex, presumed genetic myopathies in adults. This will deliver
reliable mtDNA sequence data, specifically for SNVs and single
mMtDNA deletions, which can be detected using standard NGS
CNV (copy number variant) callers [62].

4. Bioinformatic innovations for mitochondrial DNA
in next-generation sequencing data

4.1. Improvements in mitochondrial DNA alignment and
variant calling

Most bioinformatic variant callers are designed to identify
heterozygous and homozygous SNVs present at a standard
Variant Allele Fraction (VAF) (i.e. ~50% or ~100% of reads) and
therefore some will disregard low VAFs as sequencing errors.
However, since heteroplasmic mtDNA variants can be present
in any VAF, the pipeline utilized for variant calling in NGS must
call sequence variants at any level. This issue is common to
somatic cancer mutation calling, and the Mutect2 somatic

cancer variant caller has been utilized successfully for mtDNA
analysis [58,72]. A variety of tools specifically designed for
mtDNA SNV or insertions/deletions (INDELs) calling and/or
mtDNA mapping and mtDNA copy number estimation is
now available, including Mity, MToobox, mt-DNA Server
(Mitoverse), MitoHPC (Mito High Performance Caller), and
MitoScape [69,73-76] (See Table 2). Mity has been employed
in two large studies investigating the diagnostic utility of WGS
in PMD diagnostics [62,63]. It has been shown to be ultrasen-
sitive to low-level heteroplasmy, identifying variants that are
well below 1% VAF and demonstrating an impressive correla-
tion with gold standard clinical techniques for heteroplasmy
measurement. These tools take several approaches to over-
come mtDNA/NUMT mapping problems with variable short-
comings, primarily due to reliance on unique sequence
alignment to mtDNA or hard filtering of possible NUMTs
[76]. For example, MToolbox only includes reads that singu-
larly map to mtDNA (not to mtDNA and nDNA), which though
useful, could potentially remove genuine mtDNA reads lead-
ing to inaccurate heteroplasmic VAFs [74]. Similarly, Mity only
includes mtDNA reads with extremely high mapping quality
scores, thus potentially excluding true mtDNA reads contain-
ing unusual variants [73] though this concern has not been
born out in clinical studies. Other tools, such as ‘mt-DNA
Server,” remove NUMTs by identifying variants located close
to known NUMT-flanking sequences, which are not included in
analysis [75]. Again, this may remove consequential variants
and the method relies on NUMT sequence knowledge, which
is poorly described and constantly evolving.

The MitoHPC tool from 2022 uses a novel assembly method
[69]. It performs an initial mapping of all reads to the whole
genome reference to identify reads that map to both mtDNA
and NUMTs regions. NUMT regions are determined agnosti-
cally by identifying areas of read pile-up when known mtDNA
reads are mapped to nDNA. Unmapped reads, where only one
mate in a pair maps to the mtDNA sequence, were identified
and included in further analysis of NUMT regions. The use of
a circularized mapping delivered uniform coverage, including
across the control region/D-Loop. Variants are called on this
remapped circular alignment using any heteroplasmy calling
tool (e.g. Mutect2). To further boost coverage and improve
variant calling MitoHPC then uses the homoplasmic and high-
level heteroplasmic variants called during this process to build
a reference sequence specific to that individual. When reads
are re-mapped to this new bespoke reference, MitoHPC
removes false-positive calls, especially in homopolymeric
regions.

MitoScape, primarily designed for use in common diseases,
uses yet another novel approach [76]. A machine learning tool,
MitoScape distinguishes true mtDNA from NUMTs. It is
informed by several NGS datasets, including data from
enriched mtDNA sequencing and WGS from wild-type cells
and mtDNA depleted (rho zero) cells. MitoScape is trained
on numerous features from these datasets. For example, it
uses the fact that variants on paired-end reads are co-
inherited due to linkage disequilibrium (haplogroups) as
a feature that distinguishes true mtDNA reads from NUMTs.
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Table 2. Selected bioinformatic tools for calling mitochondrial DNA variants. Abbreviations: SNV, single nucleotide variant; INDEL, insertion or deletion; GUI,

graphical user interface; NUMT, nuclear mitochondrial DNA.

Tool Notes Website or github entry
Mutect2 Widely-used variant caller suitable for heteroplasmic SNVs and INDELs. https://gatk.broadinstitute.org/hc/en-
(mitochondria- Initially designed for somatic (tumor) variants. us/articles/360042477952-Mutect2
mode)
Mity Ultrasensitive heteroplasmic SNV and INDEL caller for WGS data, validated in clinical studies. https://github.com/KCCG/mity
Input is aligned data (BAM) file.
Filters out homopolymeric regions (m.302-319, and m.3105-3109).
Performs an extensive annotation of variants.
MToolbox Heteroplasmic SNV/INDEL caller suitable for use on WGS and WES data including off-target reads  https://github.com/mitoNGS/

from WES.
(Input can be aligned or unaligned data).
Includes annotation of variants.
Available as a GUI for small datasets.
Mt-DNA Server
(Mitoverse)

A user-friendly cloud-based application for heteroplasmic SNV and INDEL calling.Tags low complexity
regions and known NUMTs.Input can be WES, WGS or targeted mtDNA data. (Input can be aligned

MToolBox

https://mitoverse.i-med.ac.at/index.
html#!

or unaligned data. Mt-DNA Server is part of the Mitoverse suite).

MitoScape A pipeline to call heteroplasmic SNVs and INDELs in WGS primarily designed for complex disease.  https://github.com/larryns/MitoScape
Uses a novel machine learning approach for extremely accurate calling and removal of NUMTs.
Performed well when compared to MToolbox and Mt-DNA Server.
Can be used to estimate mtDNA copy number.

MitoHPC A pipeline to measure mtDNA copy number (as a ratio of mtDNA:nDNA coverage) in WGS data. https://github.com/dpuiu/MitoHPC
Also calls and annotates heteroplasmic SNVs and INDELs.
Performs an additional circularized alignment and generates an individual-specific mtDNA
‘reference’ sequence which reduces false positive variant calls.
Flags homopolymeric, hypervariable and NUMT regions.

MitoDel A multiple deletion caller. http://mendel.gene.cwru.edu/
Extracts unaligned reads and reads with CIGAR strings suggesting the presence of a deletion. laframboiselab/
Performs a second alignment to call multiple deletions based on split reads.

eKLIPse Tool designed to identify multiple deletions breakpoints (in soft clipped reads) and generate Circos https://github.com/dooguypapua/
plots. eKLIPse

MitoSAlt Allows for quantification of deletions and duplications based on split reads. https://sourceforge.net/projects/
Includes a second alignment step to identify split reads in mapped and unmapped data. mitosalt/

Suitable use for on WGS data.

4.2. Copy number measurement

Several recessive MDMDs are associated with mtDNA depletion,
causing severe disease in childhood. However, measuring and
interpreting the depletion of mtDNA copy number is a complex
process [47]. In most clinical laboratories, this is undertaken via
a quantitative PCR method (either gPCR, RT qPCR, or ddPCR) on
liver or muscle tissue [47]. While a very low copy number is
a relatively reliable indication of a maintenance defect, inter-
mediate levels are a challenge, and defining age and tissue-
specific normal parameters is difficult. Furthermore, the quality
of source tissue is important as abnormal tissue (e.g. muscle
tissue with fatty infiltration) may harbor low mtDNA populations
unrelated to any defect in mtDNA maintenance. A further chal-
lenge is the placement of primers; simplex experiments may
include primers in a locus that has been deleted due to an
mtDNA maintenance disorder, altering the number of copies
detected. Several new bioinformatic methods now include copy
number variant estimation via NGS data. For example, the afore-
mentioned MitoHPC and MitoScape tools can estimate copy
number as a ratio of mtDNA coverage to whole genome cover-
age [69,76]. While these methods are rudimentary and have not
been robustly assessed head-to-head against current diagnostic
tests, one can envisage that when applied to large comparative/
control datasets they may become more accurate. As mtDNA
copy number in muscle is also an important prognostic marker
for disease trajectory, this technology may also be of use in
individualized counseling [50]. Recent evidence suggests that
certain nuclear haplotypes may alter the copy number/hetero-

plasmy level by imparting a replicative advantage to certain
mtDNA molecules. Going forward, our understanding of the
role of mtDNA copy number in PMD manifestation is likely to
improve. Delineating the nuclear background which influences
it may assist personalized disease prognostication.

4.3. Large-scale rearrangements in next-generation
sequencing data

In previous years, the standard method for identification of
large-scale rearrangements, including multiple deletions,
involved Southern blotting of muscle-extracted DNA. While
this process was highly manual and required relatively large
DNA inputs, the results were reliable. Traditional Southern
blotting did not require a PCR step; therefore, results did not
include very low-level heteroplasmic deletions that could have
a spurious relationship to the presenting symptoms. In com-
parison, LR PCR can potentially introduce a bias toward short
amplicons, exaggerating low-level deletant molecules that
may be part of normal aging or a non-PMD myopathic process
[77]. While other methods, such as multiplexed ddPCR, are
highly sensitive, primer placement may introduce an addi-
tional bias, and ddPCR cannot resolve breakpoints. Currently,
clinical labs may use NGS to identify multiple mtDNA dele-
tions. By visualizing alignments, one can utilize coverage drop-
offs as a proxy for deletions (Figures 2B, 3B). This process is
relatively straightforward for a single mtDNA deletion, and
regular copy number variant callers can be employed.


https://gatk.broadinstitute.org/hc/en-us/articles/360042477952-Mutect2
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804 W. L. MACKEN ET AL.

However, confidently calling and interpreting multiple dele-
tions in NGS data can be difficult for several reasons: 1) dele-
tions are often flanked by repetitive sequences, meaning
breakpoints can be difficult to resolve; 2) NGS data retains
the short amplicon bias of prior PCR enrichment; 3) coverage
depth drop-offs are nonspecific (e.g. they may relate to poly-
merase slippage in a polycytosine tract) and could be mista-
ken for a deletion; 4) the circular nature of mtDNA complicates
the alignment of structural variants as alignment tools are
built to align linear genomes.

Thankfully, progress in bioinformatic strategies has made
the calling and identification of multiple mtDNA deletions
more reliable, including facilitating visualization, resolving
their breakpoints, and quantifying heteroplasmy levels
[46,78-81,]. EKLIPse, a bioinformatic tool published in 2019,
uses retrieved soft-clipped reads [G] (reads that contain 5’ or 3’
sequence that does not align with the reference because, for
example, they include a deletion breakpoint) and BLAST (a
tool that searches alignment sequences) to locate breakpoints
that exist in both forward and reverse reads [80]. EKLIPse can
quantify deletions as low as 0.5% heteroplasmy (Figure 3A).
The computational method MitoSAlt, published in 2020,
allows for an accurate quantification of both deletions and
duplications [81]. Duplications are likely to co-exist with multi-
ple mtDNA deletions but are hard to identify and are under-
studied. Moreover, some families harbor a pathogenic single
large-scale duplication in the absence of other LSRs. These are
important to delineate as they are highly heritable and under-
standing whether their breakpoints disrupt a gene is impor-
tant for their interpretation. MitoSAlt removes nDNA reads
from the WGS identified during preliminary alignment and
performs a second alignment to map mtDNA reads, including
those that failed to map during the preliminary step, to iden-
tify split mtDNA reads [G]. Since each split can represent
a deletion or duplication, the method assumes that the split
is due to a deletion in the first instance, but then assesses
whether such a deletion would be possible. Putative deletions
which would remove the origins of replication (Oy/O.) would
not be maintained during mtDNA replication, therefore these
species are assumed to be caused by duplication. An addi-
tional bioinformatic tool published in 2020, ROTLA, also uses
split reads and a circular alignment and is extremely sensitive
to heteroplasmic deletions [46].

4.4. Insights from multiple mitochondrial DNA deletions
in next-generation sequencing data

A 2021 study using eKLIPse trained a neural network to iden-
tify significant differences in deletion patterns, or ‘deletion
signatures’ in patients with MDMDs versus age-matched con-
trols, with a view to supporting variant interpretation [82]. In
particular, they determined there was as follows: 1) a higher
variability of deletion locations in MDMDs than in control
DNA; 2) a greater number of deletions in MDMDs than in
controls; 3) a tendency for deletion breakpoints to be close
to perfect (uninterrupted) repeat sequences in patients with
MDMDs; and 4) MDMD deletions were less likely to remove
the D-loop (non-coding area which is highly conserved). Lujan
et al. used an unsupervised machine learning tool to study the

outputs from their ROTLA caller [46]. They compared deletion
signatures in patients with POLG-related MDMD to controls
and demonstrated, among other findings, that 1) a greater
number of deletions were seen in patients than controls; 2)
repeat sequences were more characteristic of LSR breakpoints
in controls than patients. Moving forwards, improved calling
of both complex/multiple LSRs and machine learning inter-
pretation may help with understanding their consequences
and origins (e.g. whether they relate to an underlying MDMD
variant). An additional insight by Lujan and colleagues was the
importance of mtDNA ‘ablation’ level, a measure of total
mtDNA lost due to deletion, as opposed to full copy number
depletion. While copy number was relatively stable, ablation
increased with age and was more characteristic of POLG-
related MDMDs than age-related controls. An early study of
multiple deletions in aging using long-read sequencing has
also delivered interesting insights (see 5.3.1 Targeted Long-
read sequencing of mitochondrial DNA).

4.5. Bioinformatic developments aiding mitochondrial
DNA interpretation

nDNA variant interpretation has benefitted from consistent
improvements in pathogenicity prediction scores, which
increasingly incorporate unsupervised machine learning,
rich conservation data, physicochemical considerations,
and transcriptomic datasets [83-85]. Comparatively,
mtDNA lacks strength in silico pathogenicity prediction
methods. Protein-coding mtDNA genes can be interpreted
in a similar fashion to nDNA, and some useful mtDNA-
specific prediction models have been developed; for exam-
ple, APOGEE, a 2017 machine learning tool trained on other
pathogenicity prediction tools and known classified variants
which has recently been optimized further (APOGEE2), and
Mitoclass1, another machine learning tool trained with
a curated list of missense variants from MitoMap [86-88].
However, variants in RNA genes, which dominate mtDNA-
related diseases, remain challenging to interpret and are
underserved by bioinformatic innovations. PON-mt-tRNA is
an early machine learning tool trained on conservation,
structural implications, and sequence context data [89]. It
delivers more accurate pathogenicity predictions if paired
with clinical data (segregation, biochemical, and histochem-
ical). MitoTIP predicts the pathogenicity of tRNA point sub-
stitutions or one base deletions, considering their position
within a tRNA molecule. Briefly, the MitoTIP model amalga-
mates the position of known benign and pathogenic var-
iants in a generic tRNA molecule and takes into account the
steric effect of the variants, to deliver a pathogenicity score
[90]. While useful, these tools have shortcomings. To max-
imize accuracy, PON-mt-tRNA requires being informed of
clinical data that is difficult to obtain (e.g. muscle biopsy),
making it less useful for fast screening of variants. MitoTIP
uses existing classification data, which can contain signifi-
cant errors or oversights. In 2022, the informatic tool
MitoVisualize was published. This software facilitates the
visualization of mtDNA variants within the secondary struc-
ture of the relevant tRNA or rRNA, crucial for variant



EXPERT REVIEW OF MOLECULAR DIAGNOSTICS

805

Figure 3. Multiple deletions in NGS | 3A is a Circos plot generated with eKlipse with deletion arcs illustrating the position of deletion breakpoints.| Panel B shows
a coverage panel from IGV for the same patient. Black arrows delineate sharp drop-offs in coverage that are assumed to be due to deletions, however, manual

inspection is neither fully sensitive nor specific.

interpretation. MitoVisualize also comprehensively anno-
tates mtDNA variants with 1) variant frequency data and
maximum heteroplasmy observed from multiple high-
quality sources; 2) in silico predictors MitoTIP PON-mtRNA
and HmtVar3 disease associations; and 3) haplogroup and
conservation data.

Detailed discussions concerning the development of patho-
genicity prediction tools and databases are beyond the scope
of this article and are reviewed elsewhere [91].

4.6. Improvements in mitochondrial DNA control data

Specific guidance for mtDNA variant interpretation using the
American College of Medical Genetics and Genomics (ACMG)
criteria was published in 2020, including detailed descriptions
of the nuances of mtDNA interpretation and discussion of
mtDNA online databases [92]. Interpretation of mtDNA var-
iants has been greatly assisted by improved control datasets
and understanding of haplogroups. For example, the widely
utilized web interface MitoMap incorporates several control
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data sets, including GenBank sequences, Helix (which includes
almost 200,000 sequences) and, more recently, GhomAD data
[93]. In 2022, the Broad Institute published a pipeline that was
utilized to call mtDNA variants over 10% heteroplasmy in the
WGS arm of the GnomAD database [94]. GnhomAD is undoubt-
edly the preeminent control dataset for modern variant inter-
pretation. Importantly, it continues to grow and diversify the
population datasets included. Consequently, the inclusion of
mtDNA frequency data represents a significant practical
advance for the mitochondrial medical community. A major
benefit of large genomic databases is their utility in informing
constraint [G] models [95-99]. However, until recently such an
approach has not been possible for mtDNA. By leveraging
GnomAD mtDNA sequences, researchers have created con-
straint metrics for mtDNA protein-coding genes, RNA genes,
and the control region. Furthermore, they delivered high-
resolution constraint metrics including base substitutions at
every position mitochondrial local constraint (MLC) score. The
MLC score generally tallied well with known pathogenic var-
iants, however it is not completely sensitive to pathogenicity,
as the score is influenced by the constraint of surrounding
regions not only the locus under scrutiny.

5. Long-read sequencing of mtDNA

5.1. Long-read sequencing in mitochondrial DNA
diagnostics

Long-read technologies can deliver sequences of several thou-
sand base pairs in length, compared with 100-200bp seen in
NGS. Consequently, the entire mitochondrial genome of
~16.6kb can be sequenced within a single read. Increased
read lengths offer several advantages over NGS. In the context
of PMDs, long-read sequencing may allow 1) improved analy-
sis of heteroplasmic deletions contained in a single read; 2)
identification of complex, very large rearrangements that are
difficult to identify with short reads (e.g. duplications); 3)
superior localization of NUMTs to the nuclear genome is facili-
tated by the ability of long-reads to include both the NUMT
and the adjoining nuclear sequence; 4) phasing of variants to
specific mtDNA molecules. The phasing of mtDNA variants
confers several advantages. In the rare occurrence of two
pathogenic mtDNA variants being identified in a single indivi-
dual, understanding whether both are ‘in cis’ influences coun-
seling regarding the heritability of one or two conditions in
a family. Furthermore, long-reads of the entire mtDNA which
fully phase variants could facilitate de novo assembly (i.e. long-
reads would allow sequencing of an individual’s mtDNA with-
out the need to map it to a reference for assembly and, hence,
avoid errors that can occur during the mapping process).
Phasing of variants to long-reads may mean that heteroplas-
mic variants are called more reliably and identified at lower
coverage than the >500x required for NGS.

However, traditionally long-read sequencing technologies
have not been without shortcomings; most notably, identifica-
tion of SNVs and small INDEL is less accurate than, especially in
repetitive and homopolymeric regions of NGS (even for homo-
plasmic variants). While improvements in small sequence variant

accuracy have been achieved and are discussed below, transla-
tional PMD research supporting widespread diagnostic imple-
mentation of long-read sequencing is limited at the present time.

5.2. Improvements in Oxford Nanopore Technologies
and Pacific Biosciences sequencing

The main platforms currently in use for long-read sequencing
are Oxford Nanopore Technologies (ONT) sequencing and
Pacific Biosciences (PacBio) [60,100,101]. A detailed description
of these methods is beyond the scope of this review. In brief,
ONT sequencing involves long strands of DNA driven through
a membrane pore, thereby perturbing a current. The current
perturbation is specific to the nucleotide passing through the
pore, enabling sequence detection. PacBio uses a single mole-
cule real-time (SMRT) approach; a long, double-stranded DNA
fragment is circularized using a special adaptor, and
a complementary strand is synthesized using fluorescently
labeled nucleotides. The addition of each complementary
nucleotide is recorded in real-time by a specialized camera
and individual fluorescence signatures for each nucleotide
allow the sequence to be registered.

The greatest shortcoming of long-read technologies is their
relatively high level of inaccuracy, including INDELs and sub-
stitutions [102]. ONT and, to a lesser extent, PacBio reads can
struggle with homopolymeric sequences. However, both tech-
nologies consistently release new chemistry, sequencers, and
informatics approaches, and both companies now claim read
accuracy in excess of 99% [103,104].

PacBio accuracy has traditionally been the most accurate long-
read technique and has improved significantly with the introduc-
tion of circular consensus sequencing [G], where multiple rounds
of sequencing of the same sample DNA molecule generate a high
fidelity or ‘HiFi’ read [105,106]. Each pass of the polymerase creates
a ‘subread’ which may contain random errors; however, as sub-
reads with differing errors are then combined into a consensus
read, the number of random errors is reduced. The latest PacBio
hardware, the so-called ‘Revio’ system, combines HiFi reads with
DeepConsensus from Google Health, a machine learning tool
which uses an encoder to further improve accuracy [107].
Separately, significant improvements in informatics, hardware,
and chemistry for ONT deliver more accurate sequencing. For
example, PEPPER-Margin-DeepVariant is a variant calling pipeline
developed with ONT data, which is ‘haplotype aware’, i.e. it labels
aligned reads with their haplotype and phase and uses this infor-
mation to boost accuracy when calling potential variants [108].
This technology can also be applied to PacBio. ONT has seen
consistent improvements in chemical technology. For example,
its ‘Q20+" chemistry improves accuracy by consecutively sequen-
cing both strands of double-stranded DNA molecule, effectively
sequencing each oligonucleotide twice [104]. Furthermore, a 2020
study demonstrated that modified nanopores (combined with
a second protein to produce two constrictions in the pore) can
alter electrical signal modulation during DNA transit, resulting in
improved accuracy in homopolymeric sections. Such ‘double con-
strictions’ are now utilized in ONT’s R10 nanopores [109].



5.3. Mitochondrial DNA sequencing using long-read
technologies

As with conventional NGS, mtDNA can be sequenced as part
of a whole genome approach or a targeted approach, with
mtDNA enrichment prior to sequencing.

5.3.1. Targeted long-read sequencing of mitochondrial
DNA

To date, a wide range of enrichment techniques have been
employed for targeted long-read mtDNA sequencing. The first
clinical ONT study for mtDNA was released as a pre-print in
2019. It utilized LR PCR to enrich mtDNA prior to ONT sequen-
cing [22]. This technique allowed for a reasonable input size (1
pg of LR PCR-enriched mtDNA); however, the PCR resulted in
bias amplification of deletant molecules [G] over longer wild-
type mtDNA [22]. In another study, Luth et al. undertook
targeted ONT on LR PCR-enriched mtDNA. Researchers
assessed the performance of various aligners and variant call-
ers by creating samples with different proportions of hap-
logroups as a proxy for heteroplasmic variants. The mean
read length achieved was 11kb. Data showed relatively high
levels of false-positive calls in low complexity/homopolymeric
regions [110]. These false-positive rates were affected by the
aligner used, with Minimap2 performing best. In particular, the
authors found that the identification of low-level variants is
very dependent on the variant caller utilized, with Mutserve2
being the most sensitive [75]. Notably, these studies were
undertaken prior to the release of Q20+ chemistry and R10
flow cells, which may have influenced their capacity to call
break points in repetitive regions, and false-positive calls in
homopolymeric stretches. Unpublished work from PacBio
available online used mitochondrial isolation before DNA
extraction and SMRT sequencing [111]. However, coverage
depth was a significant issue with this early method, and it
did not include circular consensus sequencing.

RNA-guided Cas9 is increasingly employed to enrich DNA
for targeted long-read sequencing [112-114]. Two studies
from 2022 built on previous work using specific Cas9 cleavage
sites as a target for adaptor ligation on target DNA sequencing
by ONT, removing the need to amplify mtDNA [115,116].

First, Vandiver et al. developed Nanopore Cas9-Targeted
Sequencing (nCATS) which used a single Cas9 guide RNA to
linearize mtDNA in a large sample of genomic DNA. Genomic
DNA was dephosphorylated in advance so free ends of nDNA
could not serve as adaptor targets. ONT adaptors were subse-
quently ligated to the mtDNA cut sites [116]. While the cover-
age depth varied widely, several thousand reads were
successfully sequenced for all samples, suggesting depth
would be sufficient for clinical usage. In a follow-up research
paper, the authors optimized their bioinformatic strategies to
enable more reliable calling of large deletions by improving
deletion detection at chimeric (split) reads [117]. The authors
sequenced mtDNA from control human muscle across a range
of ages, revealing a wide spectrum of deletions. Their work
suggested an increased abundance of deletions with age, with

EXPERT REVIEW OF MOLECULAR DIAGNOSTICS 807

a correlation between major arc deletions, and deletions span-
ning major and minor arcs. Second, Keraite et al. developed
a protocol with a novel four-step enrichment [115]: 1) the
sample was pre-treated with Exonuclease V to digest any
linear nDNA, to enrich circular mtDNA and decrease the risk
of NUMT contamination; 2) five prime ends of linear DNA
(nDNA) were then dephosphorylated to prevent inadvertent
ligation of ONT adaptors; 3) DNA was divided into two or more
aliquots, and each aliquot was treated with a dual-RNA guided
Cas9. A different guide RNA targeted a specific site in each
aliquot, with the cut site serving as a barcode unique to that
aliquot, allowing a multiplexed approach. Using this approach,
the number of cut sites could be increased to optimize the
capture of deletant molecules. Finally, the Cas9 was degraded
with proteinase K and ONT adaptors were ligated to the cut
sites. When the authors compared their Cas9 approach to LR
PCR enriched NGS and ONT data, the authors demonstrated
a significant short read bias from the PCR in a multiple dele-
tion sample, which overestimated the prevalence of large
deletions. Developments in ONT Cas9 sequencing kits are
likely to further improve this technology in the future.

5.3.2. Long-read whole genome sequencing with
mitochondrial DNA analysis

A 2019 study used single-pass PacBio sequencing on three
mtDNA samples and compared this with NGS approaches. The
depth of coverage was suboptimal and limited the ability of
the long-reads to decipher heteroplasmic variants, though
future work using HiFi reads is likely to improve this [21].
A recent study compared two different ONT whole genome
sequencing kits: 1) the ‘Rapid Sequencing Kit" — this method
randomly fragments DNA (using a transposase), does not
repair fragmented ends, and hence decreases adaptor ligation,
thus delivers less biased, but lower yield, sequencing; and 2)
the ‘Ligation Sequencing Kit' - this performs dA tailing [G] to
repair DNA ends, optimizing them for adaptor ligation [118].
An endonuclease digestion step was also included with the
ligation kit to linearize the mtDNA. The authors demonstrated
that the endonuclease cleavage site needed to be chosen
carefully. One cleavage site (using BAMHI) in the major arc
was often located within large deletions and resulted in cover-
age aberrations and affected heteroplasmy quantification. The
ligation sequencing method delivered longer total reads and
mtDNA reads and deeper mtDNA coverage, though the use of
an endonuclease introduced coverage biases even when fall-
ing outside of a deletion. This may limit its utility for studying
multiple deletions and complex rearrangements (e.g. duplica-
tions). A comparison of the two methods utilized on the same
samples showed that the rapid method had a 4.4kb average
length and an average depth of coverage 545x for mtDNA
(Minlon R9.4.1 Flow Cell). In comparison, the ligation method
delivered reads with 6.2kb in average length and a depth of
coverage 921x. This study also confirmed the difficulties with
accurately identifying SNVs and INDELs with ONT, though the
authors acknowledged this is likely to substantially improve
with more recently released chemistry/flow cells.
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5.4. Large-scale rearrangements and long-read
sequencing

In theory, identification, definition, and quantification of LSRs
will be superior to long-read technologies for several reasons:

(1) Coverage uniformity. Long-reads allow superior map-
ping of raw sequence reads for the circular mitochon-
drial genome without coverage drop-off at the start
and end of the genome (provided PCR primers in the
control region are not utilized and an appropriate align-
ment is performed). Long-reads cross the start point of
the mtDNA sequence (control region) with substantial
anchoring sequences on either side. A split long-read
can be easily aligned to the start and end of the refer-
ence sequence. This more uniform coverage is benefi-
cial when using depth of coverage as a proxy for
deletion/duplication identification. Indeed, several stu-
dies have shown excellent uniformity of mtDNA cover-
age [115,116,118].

(2) Breakpoint resolution. Long-reads are more likely to
encompass a deletion within a particular read and should
be more easily called than NGS data, which struggles with
SV and CNV calling. Theoretically, long-reads will deliver
better breakpoint resolution. While early studies
struggled to define breakpoints at homopolymeric
sequences [22], this technical challenge is being over-
come through improved quality of both the library pre-
paration kits and the sequencing flow cells [109].

(3) Multiple mtDNA deletion calling. |dentification of multiple
mtDNA deletions with long-read data is theoretically
straightforward. Individual deletions will be contained
within a single read, and hence easily defined. Age-related
deletion accumulation measured with ONT has successfully
identified a range of deletions across different ages, with
a pronounced accumulation after the age of 60 years [116].
However, ensuring an accurate representation of each dele-
tion subpopulation when using nonrandom fragmentation
of DNA is complex (see cut site bias discussion below)
[115,116,118]. Additionally, unlike NGS data, bioinformatics
research to develop multiple deletion callers in long-reads
is at an early stage (see bioinformatics bottleneck section).

(4) Avoiding PCR bias. As with traditional WGS, long-read
technologies are amenable to a PCR-free approach
compared with WES and targeted NGS of mtDNA.
Long-read sequencing with PCR enrichment has been
demonstrated to exhibit significant distortion in the
proportion of large deletion subpopulations in
a multiple deletion sample, which is overcome with
a PCR-free approach to long-reads [115].

(5) Identification of complex rearrangements. The identification
and delineation of rearrangements involving duplications is
a challenge with traditional diagnostic techniques, given
their large size and complicated configuration. However,
their identification is highly relevant clinically due to their
strong heritability. Long-reads have sufficient length to
incorporate large mitochondrial genomes that include
a duplicated segment, therefore resolving complex rearran-
gements potentially overlooked by other technologies.

Positional information on these duplications is highly valu-
able in their interpretation e.g. do they interrupt a coding
sequence and e.g. potentially lead to nonsense-mediated
decay?

6. Barriers to use of long-reads in clinical practice
6.1. Cut site bias

Several emerging techniques use either an RNA-guided Cas9
or other endonucleases to linearize mtDNA and maximize
adaptor ligation, read numbers, and length [115,116,118]. If
the site chosen for cleavage is co-located within a variant (e.g.
deletion, polymorphism, or SNV), the mtDNA population
including that variant will be selected against during adaptor
ligation. Consider the case of the recurrent ‘common deletion’
(m.8470-13477), frequently encountered in PMDs. A cut site
contained within this deletion might miss this diagnostic
mutation or obscure a breakpoint by affection coverage.
Keraite et al. overcame this issue by dividing the sample into
aliquots, each of which were Cas9 cleaved at different tar-
geted cut sites. Cleaving the mtDNA at a site in MT RNR2
identified up two deletant populations that were missed
with more distal cut targets. An alternative is to use a more
random fragmentation method, which can identify deletions
in a less biased manner; however, in doing so the read length
and coverage depth may be adversely affected [118].
Interestingly, as sequencing methods become more accurate,
reliability may be possible at increasingly lower depths. Future
research may help optimize cut site choice by avoiding known
deletion hot spots or the use of multiple aliquots with varying
cleavages. The issue of mtDNA subpopulation bias is not
unique to long-read sequencing; for example, primer location
in clinical digital PCR causes similar issues [119].

6.2. Bioinformatic bottlenecks

Despite its shortcomings, the performance of NGS is being
continuously optimized through bioinformatic innovations.
Specifically, mtDNA NGS analysis has benefitted from
improved alignment tools and heteroplasmy/LSR callers, as
discussed above. Unfortunately, there exists a comparative
dearth of bioinformatic tools for mtDNA assessment in long-
read data. In some cases, more generic tools and manual
interpretation can be utilized for mtDNA analysis. For example,
the minimap2 long-read aligner can be used successfully for
mtDNA, the Sniffles long-read CNV caller can help identify
single and multiple deletions, and specifically querying
CIGAR strings [Gl/alignment viewers can identify individual
mtDNA deletions in a multiple mtDNA deletion sample
[110,116,118,120].

More bespoke bioinformatic approaches are in develop-
ment for mtDNA. Keraite et al. showcased a novel sample
preparation (multiplexed sample with Cas9 cut sites), which
was coupled with a customized bioinformatic approach for
ONT reads [115]. A basic alignment was performed and reads
that were mapped to the mitochondrial genome were further
filtered to ensure accuracy. In the demultiplexing process



(identification of the cut sites), a range of strategies were
employed to select reads for inclusion in the analysis. For
example, for maximum accuracy where possible only reads
with a start and end close to the cut site (full-length reads)
were included, though this had to be loosened where cover-
age depth was too low. Following this demultiplexing step,
the selected reads were aligned to the reference, again using
a custom remapping process to overcome poor coverage over
read split points (cut sites), and bespoke alignment, and call-
ing steps were developed to account for mtDNA-specific
issues (heteroplasmic SNVs and large deletions, and molecule-
specific phasing). For PacBio, a recently developed multi-
species mtDNA alignment tool for HiFi reads, MitoHiFi, can
extract, align, and annotate high-fidelity mtDNA reads allow-
ing the identification of heteroplasmic mutation and exclusion
of NUMTs [121].

Further bioinformatic innovations will be crucial to ensure
effective translation of these technologies into the diagnostic
sphere.

6.3. Depth of coverage

Depth has been an issue in several PCR-free studies [21,111].
As discussed previously, achieving a high depth of mtDNA
coverage is crucial in distinguishing variants from sequencing
errors. Low DNA quality and quantity impact the depth of
sequencing coverage (e.g. DNA from uroepithelial cells,
which is often sequenced in mtDNA diagnostics, may not be
of high enough quality to achieve very deep coverage).
However, as long-read technology improves to lower depth
than seen in NGS, it may be sufficient for accurate variant
calling [115]. Extremely accurate long-read technologies
could mean a variant only needs to be identified in a very
low number of reads to be called accurately. Additionally,
information regarding the surrounding haplogroup will also
help inform what variants are likely to co-occur in an mtDNA
molecule, which will add to the accuracy of variant calling.
Future work will be required to validate the accuracy of lower-
depth long-read sequencing or to optimize DNA extraction
and bioinformatic processes to boost depth further.

7. Conclusion

Opportunities exist for transformative changes in mtDNA diag-
nostics in the coming years. We have seen the publication of
several pivotal studies supporting the adoption of a WGS
approach to mtDNA diagnostics, and bioinformatic innova-
tions will undoubtedly be required for this approach to evolve.
Long-read sequencing platforms have improved significantly,
and there has been a clear uplift in their application to mtDNA
sequencing studies. While short-read WGS, including the mito-
chondrial genome, is close to introduction in clinical genetic
laboratories, the outlook for long-reads, while promising, is
less certain. The diagnostic community will need to actively
engage with long-read innovations and research to ensure this
technology successfully integrates within the clinical sector
and offers tangible benefits to patients.
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8. Expert opinion

The technical developments discussed in this review are likely
to have a significant impact on PMD diagnostics. Bioinformatic
innovations for mtDNA variant calling and NUMT region
removal have established WGS as a reliable assay for investi-
gating suspected PMDs. In the short term, we anticipate that
the use of PCR-free WGS from blood DNA will increase in
diagnostic laboratories, eventually replacing multistep genetic
diagnostics (e.g. mtDNA sequencing, LR PCR, and nuclear gene
panels). As pediatric patients are less likely to harbor mtDNA
variants restricted to postmitotic tissues, they will particularly
benefit from this trend, shortening the diagnostic odyssey
associated with sequential genetic testing. The need for inva-
sive techniques (i.e. muscle biopsies) will reduce in this group.
In the adult setting, the utility of WGS from blood DNA is less
clear. While many adults may be diagnosable via blood WGS,
a significant subgroup will not. Instead, muscle WGS may
become a first-line investigation in adults with a classical
mitochondrial myopathy/CPEO presentation and in those
who have already had a muscle biopsy for histological diag-
nostics. As a second-line investigation, muscle WGS would
benefit patients with suspected PMD who have negative
blood WGS. Bioinformatic innovations for muscle mtDNA
interrogation show promise (e.g. delineating and interpreting
multiple deletion patterns and inferring copy number), thus
supporting the case for muscle WGS introduction in clinical
laboratories.

Whether blood WGS replaces relatively inexpensive techni-
ques entirely (e.g. RFLP and Sanger sequencing
for m.3243A>G and LHON variants) will likely be guided by
costs. WGS prices continue to fall, especially when undertaken
in large numbers. Health economic studies comparing inex-
pensive techniques to large-scale, centralized WGS will need
to be conducted to provide clarity in this area. It should be
noted during this analysis that the power of WGS data is not
limited to the identification of the diagnostic mtDNA variant
itself. The nuclear background data obtained from WGS are
important and may increasingly inform polygenic risk scores,
enabling tailored screening and improving genetic counseling.

The capacity for WGS tools to identify very low-level het-
eroplasmic variants raises interesting questions. What is the
significance of an ultralow-level SNV (e.g. m.3243A>G at<1%
heteroplasmy)? In patients where this is a known familial
variant, such a result can be presumed diagnostic. In contrast,
if a variant is identified in a simplex case with nonspecific
clinical features, how should it be interpreted? Data from
GnomAD suggest that 1 in 250 individuals carry
a pathogenic mtDNA variant at>10% heteroplasmy, and if
variants at <10% are included, the carrier rate is likely to be
even higher, meaning large numbers of unaffected people are
likely to harbor known pathogenic variants. The introduction
of diagnostic WGS will identify ultralow-level heteroplasmy
incidentally in more patients, but the utility of this information
is unclear, especially where blood is the only tissue available.
Will these patients ever develop symptoms from such low-
levels? How likely are these variants to expand through the
maternal bottleneck and cause disease in offspring?
Separately, how should we interpret low-level mtDNA
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deletions? These deletions can occur somatically, and there-
fore could be an incidental finding. If we identify them at
a very low level in blood, can they be considered diagnostic,
or should muscle mtDNA be analyzed? These questions are
complex; consequently, data accrual, including VAFs across
multiple tissues, and in-depth phenotyping will be required
to answer them. Technological advances have real-world
implications when applied to diagnostics and should be
employed judiciously until there is an improved understand-
ing of their clinical implications.

Long-read sequencing also offers promise for mtDNA diag-
nostics, most notably because of its capacity to define large
LSRs, which play an outsized causative role in PMDs. A major
unanswered question is whether targeted mtDNA sequencing
or full WGS is more suitable for clinical use. Enrichment with
PCR will bias results, and Cas9-based techniques are time-
consuming, manual, and could introduce bias. However, full
long-range WGS creates very large data sets which are poten-
tially difficult to store and process in diagnostic laboratories.
More studies evaluating the clinical applicability of both
approaches are needed. Another area requiring further study
is that of heteroplasmy calling. Long-reads are likely to identify
heteroplasmic variants reliably at lower coverage depths than
NGS. However, optimal depths for variant calling remain unde-
fined. Head-to-head studies comparing long-reads at varying
depths to current heteroplasmy measurement techniques are
necessary.

The medium-term outlook in this area is positive. In the
next five years, we speculate that short-read WGS will be
firmly established in diagnostic laboratories, replacing multi-
step testing for many patients. More research is required to
support the clinical adoption of long-reads; however, recent
advances in accuracy are promising, and we anticipate that
diagnostic laboratories will be piloting the use of these tech-
niques within a similar time frame.

Glossary

(1) CIGAR string: Before being aligned to a reference,
a sequence read may contain errors. A CIGAR string
displays the operations associated with the alignment
of the read to the reference, i.e. it compares the
reference and read e.g. which bases align, and which
are inserted or deleted when compared with the
reference.

(2) Circular Consensus Sequencing: A method used in
PacBio long-read sequencing whereby an individual
DNA molecule is sequenced multiple times to improve
accuracy.

(3) Constraint: A genomic region exhibits constraint when
it has less variation than would be expected for its
size/architecture i.e. it is intolerant of variation.

(4) dA tailing: dA tailing involves adding an additional
adenosine base to the three prime end of
a phosphorylated DNA fragment to facilitate adaptor
ligation.

(5) Deletant molecule: An mtDNA molecule containing
a large deletion, this is typically a shorter circular
molecule than wild-type mtDNA.

(6) G-quadruplexes: Helical secondary DNA structures that
are formed in sequences rich in the nucleotide
guanine

(7) Homopolymeric Region: A repetitive run of nucleo-
tides e.g. five C nucleotides in a row.

(8) Large-scale Rearrangement: A deletion, duplication or
complex combination of both within mtDNA. These
are typically >1kb in size and may clonally expand in
post-mitotic tissues (e.g. muscle, brain, and fat) where
the selective pressures of cell division do not exist, but
mtDNA replication continues.

(9) NUMTs: Segments of mtDNA can become incorpo-

rated into mtDNA over time [122]. These pseudogenes

may cause problems when mapping short reads in

NGS data.

Soft Clipped Reads: Reads which have part of their

sequence masked during alignment as the sequence

does not fit with the reference.

Split Reads: Reads which do not align contiguously to

a reference, e.g. because they contain the break point

of a deletion, or cross the origin of mtDNA in a linear

alignment model.

The suffix [G] indicates the term is defined in a glossary at the end of this
article.

Abbreviations

ACMG American College of Medical Genetics and Genomics
BLAST Basic Local Alignment Search Tool

CIGAR Compact Idiosyncratic Gapped Alignment Report
CNV Copy Number Variant

(€0) 4 Cytochrome ¢ Oxidase

D-Loop  Displacement Loop

ddPCR Digital Droplet PCR

H-Strand Heavy Strand

INDEL Insertion/Deletion

IVF In Vitro Fertilisation

L-Strand Light Strand

LHON Leber Hereditary Optic Neuropathy

LR PCR  Long Range Polymerase Chain Reaction

LSR Large-scale Rearrangement

MDMD  Maintenance Defect of Mitochondrial DNA

MELAS  Mitochondrial Encephalomyopathy, Lactic Acidosis and
Stroke-like episodes

MERRF  Myoclonic Epilepsy with Ragged-Red Fibres

mtDNA  Mitochondrial DNA

NGS Next-Generation Sequencing

nCATS Nanopore Cas9-Targeted Sequencing

nDNA Nuclear DNA

NUMT Nuclear mitochondrial DNA segments

Ox Origin of Heavy Strand Replication

(o Origin of Light Strand Replication

ONT Oxford Nanopore Technologies

PacBio Pacific Biosciences

PGD Preimplantation Genetic Diagnosis

PCR Polymerase chain reaction

PMDs Primary Mitochondrial Diseases

RFLP Restriction Fragment Length Polymorphism

SNV Single Nucleotide Variant

SV Structural variant
tRNA Transfer RNA



VAF Variant Allele Fraction

WES Whole Exome Sequencing
WGS Whole Genome Sequencing
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