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A B S T R A C T   

Mitochondrial DNA (mtDNA) is a 16,569 base pairs, double-stranded, circular molecule that contains 37 genes 
coding for 13 subunits of the respiratory chain plus 2 rRNAs and 22 tRNAs. Mutations in these genes have been 
identified in patients with a variety of disorders affecting every system in the body. The advent of next generation 
sequencing technologies has provided the possibility to perform the whole mitochondrial DNA sequencing, 
allowing the identification of disease-causing pathogenic variants in a single platform. In this study, the whole 
mtDNA of 100 patients from South Italy affected by mitochondrial diseases was analyzed by using an amplicon- 
based approach and then the enriched libraries were deeply sequenced on the ION Torrent platform (Thermo
fisher Scientific Waltham, MA, USA). After bioinformatics analysis and filtering, we were able to find 26 non
synonymous variants with a MAF <1% that were associated with different pathological phenotypes, expanding 
the mutational spectrum of these diseases. Moreover, among the new mutations found, we have also analyzed the 
3D structure of the MT-ATP6 A200T gene variation in order to confirm suspected functional alterations. This 
work brings light on new variants possibly associated with several mitochondriopathies in patients from South 
Italy and confirms that deep sequencing approach, compared to the standard methods, is a reliable and time-cost 
reducing strategy to detect all the variants present in the mitogenome, making the possibility to create a ge
nomics landscape of mitochondrial DNA variations in human diseases.   

1. Introduction 

Mitochondrial diseases, also known as Mitochondriopathies (MCPs), 
are a group of rare hereditary and sporadic disorders characterized by a 
broad spectrum of phenotypic differences. MCPs are caused by defects 
affecting the mitochondria, the cellular organelles responsible to pro
duce energy in the cells of different tissues as well they are involved in 
various cellular processes such as oxidative phosphorylation (OXPHOS), 
oxidation of fatty acids, Krebs cycle, gluconeogenesis and ketogenesis 
[1]. Mitochondria are very complex organelles, and they contain their 
own genome called mitochondrial DNA (mtDNA) that is placed in the 
mitochondrial matrix. Several identical copies of mtDNA are contained 
in mammalian cells [2–4]. The mtDNA found in human cells is a double- 
stranded and circular molecule of nucleic acid composed by 16569 base 
pairs (bps) and contains 37 genes coding for 2 ribosomal RNAs (rRNAs), 
22 transfer RNAs (tRNAs) and 13 polypeptides. The mtDNA-encoded 
polypeptides are all subunits of enzyme complexes of the OXPHOS 

system. Mitochondria are not self-supporting entities but rely heavily for 
their functions on imported nuclear gene products [5]. Unlike the nu
clear DNA (nDNA), mtDNA has a circular structure and does not possess 
the intron-exon organization as present in the nDNA and the replication, 
transcription and translation functions are all controlled by a particular 
non-coding region that is called the Displacement Loop (D-Loop) [6,7]. 
Each human cell contains multiple copies of mtDNA, which are mater
nally inherited, and the patients with a mitochondrial disease have a mix 
of mutated and wild type mtDNA and this phenomenon is called het
eroplasmy. The level of mutated versus wild type mtDNA molecules is 
the discriminant between the pathological and normal phenotype in the 
mitochondrial diseases [8]. No >15–30% of pediatric diseases diag
nosed as mitochondrial disorders show mtDNA abnormalities [2,3,9]. In 
most cases, these alterations have been found in genes that encode for 
proteins necessary for the maintenance of mitochondrial integrity and 
dynamics of these organelles inside the cells [10]. The mitochondrial 
diseases are a very heterogeneous genetic and hereditable disorders 
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characterized by mitochondrial OXPHOS defects [11]. Most of the 
known diseases associated with mtDNA point mutations are located 
among the tRNA, rRNA and subunits of respiratory chain complexes 
genes. These genes include MT-TL1, MT-TK, MT-TA, MT-TC, MT-TD, MT- 
TE, MT-TM, MT-TN, MT- TS1, MT-TS2, MT-RNR1 MT-ND4, MT-ND1, 
MT-ND3, MT-ND2, MT-ND6, MT-ATP6 [12]. In the past, classical 
sequencing techniques such as Sanger allowed studying only and 
exclusively a small fraction of the possible mutations present on mtDNA 
associated with mitochondrial diseases [13,14]. From a clinical point of 
view, mitochondrial diseases can affect tissues and organs that need 
large energy quantity such as the brain and skeletal muscle resulting in 
mitochondria-associated encephalomyopathies [15]. At least 250 
mtDNA mutations have been identified with an incidence of pathogenic 
variants in as high as 1 in 200 live births. Novel studies suggest that at 
least one individual among 5000 is estimated to have clinical manifes
tations of these mutations [16,17]. The primary mitochondrial disease 
(PMD) occurs when a deleterious variation can be found in either nDNA 
or mtDNA [18]. The variations in mtDNA can involve large-scale de
letions or insertions and homo- or heteroplasmic point mutations. Het
eroplasmic point mutations have been associated with clinically defined 
syndromes, including myoclonic epilepsy with ragged red fibers 
(MERRF); mitochondrial encephalomyopathy, lactic acidosis, and 
stroke-like episodes (MELAS); Leigh syndrome (LS); neurogenic weak
ness, ataxia, and retinitis pigmentosa (NARP) [19,20]. The most com
mon condition associated with homoplasmic mutations in mtDNA is 
known as Leber’s hereditary optic neuropathy (LHON) [21]. The formal 
differences between the PMDs and secondary mitochondrial dysfunc
tions (SMDs) is that PMD is revealed when a pathogenic mutation is 
found in mtDNA or nDNA encoding the OXPHOS proteins, while a SMD 
is detected when there is pathogenic mutation encoding a non-PMD 
disorder and/or scarce activity regarding an enzyme involved in a 
non-PMD disorder [22]. The first draft of the full mtDNA was released in 
the 1981 and >300 pathogenic mtDNA related mitochondrial dysfunc
tion such as point mutations and rearrangements have been associated 
with multisystemic primary mitochondrial, cancer, and neuro
degeneration diseases [6,23]. The Sanger sequencing-based approach 
has been applied to study the genetic defect of individual genes; how
ever, this approach has yielded results in only 11% of clinically priori
tized patients with the mitochondrial disorder [24,25]. The advent of 
new technologies of massive and parallel DNA sequencing, such as Next 
Generation Sequencing (NGS), has led a great increase in the knowledge 
of the variations that contribute to human pathologies [26] allowing the 
possibility of studying the entire mtDNA sequence in an inexpensive 
way. In this study, we applied a whole mtDNA deep sequencing semi
conductor approach as reliable NGS strategy for the high-quality 
sequencing of mtDNA in a series of patients clinically affected by 
MPCs, allowing the possibility of identifying mitochondrial disorder- 
associated variants. In recent years, researchers have turned their 
attention to understanding the prevalence and specific manifestations of 
mitochondrial diseases in the Italian population. Italy, with its diverse 
genetic makeup and geographical variations, provides a fascinating 
context to study mitochondrial disorders, as it could potentially exhibit 
distinct patterns of mutations and challenges specific to this region. One 
compelling reason to focus on the Italian population is the observed 
clustering of specific mutations in groups of patients. Genetic studies 
have suggested that certain mtDNA mutations might be more prevalent 
in the Italian population compared to other regions. Investigating these 
specific mutations and their relationship to disease expression in Italian 
patients could lead to a better understanding of disease mechanisms and 
aid in personalized treatment approaches. Furthermore, the Italian 
population’s unique genetic diversity may also contribute to distinct 
clinical presentations of mitochondrial diseases. Different regions of 
Italy have historically experienced varied gene flow and genetic drift, 
potentially leading to specific mitochondrial haplogroups associated 
with certain disease manifestations. South Italy’s genetic diversity and 
historical isolation have led to the formation of distinct mitochondrial 

haplogroups within the population. These haplogroups may be associ
ated with specific clinical phenotypes and could potentially serve as 
genetic markers for disease diagnosis and prognosis. 

To this purpose, with a NGS approach, we sequenced the mito
chondrial genome of 100 patients from Southern Italy (Calabria), a re
gion characterized by a high level of inbreeding and with a peculiar 
genetic background [27]. These patients were previously diagnosed 
with specific clinical phenotypes but negative for mutations within the 
canonical genes involved in such diseases. 

By analyzing the relationship between mitochondrial haplogroups 
and disease expression, this study aims to uncover any genotype- 
phenotype correlations that may be unique to the South Italian popu
lation. Understanding the landscape of mitochondrial diseases in South 
Italy is not only important for the affected individuals and their families 
but also holds broader implications for mitochondrial disease research 
worldwide. By focusing on this specific population, the study aims to 
enhance the accuracy of diagnosis, improve treatment options, and 
contribute to the advancement of personalized medicine approaches for 
patients with mitochondrial diseases, not only in South Italy but also in 
other populations with similar genetic backgrounds. 

2. Materials and methods 

2.1. Samples selection 

100 DNA samples from patients, previously molecularly analyzed 
and wild type for canonical diagnostic mtDNA mutations (Sanger 
sequencing negative) were selected to be analyzed by a deep sequencing 
semiconductor approach in order to identify the possible mtDNA genetic 
determinants associated to the pathological phenotype. The study has 
been approved by the Local Regional Ethical Committee “Magna Grae
cia” University – Catanzaro – Italy (document prot. Num. 07/2020, date 
25 June 2020) and the informed consent was obtained from all subjects 
involved in the study before proceeding with the collection of venous 
blood in vacutainer tubes with EDTA as anticoagulant for the subsequent 
extraction of DNA from nucleated cells. 

2.2. DNA purification and deep sequencing 

The total DNA was purified using the EZ1 Advanced XL system from 
Qiagen following the manufacturer’s instructions. The concentration of 
DNA was estimated by using highly selective detection of dsDNA over 
RNA with the Invitrogen™ Qubit™ dsDNA HS and BR Assay Kits using 
the Qubit Fluorometer. The quality of the DNA in terms of fragmentation 
was estimated by electrophoretic run on a 0.8% agarose gel. For the 
libraries preparation, we used the Precision ID mtDNA Whole Genome 
Panel that amplifies the entire mtDNA genome using two primer pools 
with 81 primer pairs each. Briefly, the PCR amplification was performed 
in two different reactions per sample using 5 μL of each primers pool 1 
and primers pool 2 with a final volume of 10 μL containing 0.5 ng of 
template DNA. The PCR cycles was performed in a Veriti 96-well 
Thermal cycler (Thermofisher Scientific) following the conditions: 2 
min at 99 ◦C, 22 cycles of 15 s at 99 ◦C, 4 min at 60 ◦C and then holding 
the reactions to 10 ◦C. The samples were barcoded using the Ion Express 
Barcode adaptors and then manually purified with the Agencourt 
AMPure XP reagent (Beckman Coulter Inc.) with a DynaMag for 16 vials. 
The libraries were quantified using the qPCR Ion Library TaqMan™ 
Quantitation Kit (Thermofisher Scientific). Samples were then pooled to 
a final concentration of 28 pM. Emulsion PCR was made by using the Ion 
Torrent™ Ion OneTouch™ 2 System that performs template amplifica
tion and enrichment. The emulsion PCR was purified by using the Ion 
One Touch Enrichment System (Thermofisher Scientific) following the 
manufacturer’s protocol. The final reaction was loaded with a final 
volume of 30 μL in four Ion 318 Chip Kit v2 (Thermofisher Scientific) 
and the run was performed with the ION Torrent Personal Genome 
Machine (PGM) sequencing using a semiconductor - post light 
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sequencing by synthesis approach. 

2.3. Bioinformatics and data analysis 

The raw data were analyzed using Ion Torrent Suite v5.12. A version 
of the Revised Cambridge Reference Sequence (rCRS, Genbank 
NC_012920.1) was used as a reference for the alignment of the generated 
genome data. The quality metrics of mapped reads was calculated by 
using the plugins from the Torrent Coverage analysis and the differences 
between the reference sequences and the individual sequences were 
called by Ion Torrent Variant Caller v5.12.2 as plugin from the Ion 
Torrent server suite and the minimum reads number was settled for 5 
reads per base position. BAM files were visualized with Integrative Ge
nomics Viewer (IGV) software v2.1.13. The performance of the Precision 
ID mtDNA Whole Genome Panel sequencing was evaluated by using four 
different statistical parameters: the Read Depth (RD), which is equiva
lent to the obtained number of reads per amplicon; the Amplicon Bal
ance (AB), which assesses the individual amplification efficiency and is 
the number of reads for each amplicon, divided by the mean RD of all 
amplicons per sample; the Strand Balance (SB) that is a measure of the 
balance between forward and reverse reads and is calculated as follows: 
most of the prevalent strand read number (forward or reverse) is divided 
by the total read number for allele reads only. Expected values indi
cating no strand bias were equal to 0.5. Finally, the Noise Level (NL) 
represents the amount of unspecific base calls, calculated as the ratio of 
non-allele calls at a nucleotide position divided by the total number of 
reads at that same nucleotide position. After alignment and base calling, 
the detected variants were annotated and filtered considering the type of 
pathogenic variants, the population frequencies in databases (Mitomap, 
MitImpact2) and an heteroplasmy >5%. The threshold of 5% for het
eroplasmy is commonly used in the context of mtDNA analysis. 

2.4. In silico MT-ATP6 3D protein structure 

To analyze the MT-ATP6 protein structure, we used the 3D model 
data from the Artificial Intelligence (AI) system Alpha Fold (https://alph 
afold.com), developed by DeepMind that is capable to accurately predict 
a protein’s 3D structure starting from its amino acid sequence [28,29]. 
We used the Swiss-PDB-Viewer version 4.1 software to view, introduce 
mutations and analyze the 3D structure codified into the file AF- 
O75923-F1-model_v1.PDB for both wild type and mutated MT-ATP6 
protein. The Protein Data Bank (PDB) files are textual file format 
describing the three-dimensional structures of molecules. These files can 
be created experimentally by cryo-electron microscopy or x-ray 
diffraction approaches and held in the PDB or may be created by AI 
modeling as that developed and deposited in the AlphaFold Protein Data 
Base (AlphaFold DB). The 3D protein structures obtained achieve ac
curacy competitive with experiment. In particular the confidence of the 
model is evaluated by a per-residue model confidence score (pLDDT) 
ranging from 0 to 100. If the pLDDT is >90 the confidence is very high. 

3. Results 

3.1. Genomics analysis 

The Precision ID mtDNA whole genome panel was used with success 
to scan the entire mtDNA genome, searching possible pathological 
mutations in 100 patients clinically affected by MPCs, such as MELAS, 
NARP, LHON, and McLeod. A description of the 100 patients whose DNA 
has been analyzed by NGS are reported in Table 1. 

The subjects were sequenced with an average of 899,334 reads per 
sample, with a mean reads length of 182 bps. After the alignment, the 
percentage of on target reads was 100% in all samples with a uniformity 
of the 99.9% and a mean coverage of 5740×. After variant calling 
filtering, we were able to find 26 non-synonymous variants with a MAF 
<1%. Fig. 1 shows the representation of the found variations spanning 

the entire mitochondrial DNA associated with the clinical phenotype 
reported by clinicians. Table 2 reports a complete list of the detected 
variants and their respective prediction of possible functional impact 
evaluated by different web tools. 

3.2. MT- ATP6 3D protein structure analysis 

The protein 3D structure obtained by Alpha Fold, resulted with very 
high confidence score (pLDDT>90), principally in the region containing 
the mutation, thus confirming the usefulness of using this model. In 
particular the residue T200, belonging to the H6 alpha-helical motif, 
forms an intra-motif hydrogen bond with L196. The T→ A mutation that 
we found in this position determines the loss of the mentioned hydrogen 
bond (Fig. 2A). A similar change is known for the already described 
mutation A- → T at 177 position belonging to the alpha-helical H5 motif. 
In this known case, a new intra-motif H-bond instead is created (Fig. 2B). 
Both these mutations determine changes in hydrophobicity and intra
chain hydrogen bonds along the H6 and H5 alpha-helical portions 
respectively to which the two amino acids belong and which overlook 
the same molecular space (Fig. 2). Since the two types of mutation insist 
on the same area of the protein and are both of similar sign, i.e., they 
determine a variation of intrachain H–H bonds, we can speculate that 
both mutations, under a functional point of view, may have a similar 
effect on the alpha helical of appartenance inducing, for example, any 
chain distortion. 

4. Discussion 

Hereditary mitochondrial diseases are clinical, biochemical and ge
netic complex pathologies. Some patients have a classic clinical pre
sentation, while many patients have multisystem involvement. 
Furthermore, great inter/intra familial phenotypic variability has been 
described. Identifying the genetic cause, often difficult due to the double 
nuclear and mitochondrial genetic control of the mitochondria, is 
fundamental for the prognosis of the disease, to carry out genetic 
counseling and to enroll the patients into appropriate clinical trials. In 
recent years, enormous progress has been made thanks to the advent of 
new high-throughput technologies such as NGS that help to identify 
variants in >400 genes responsible for mitochondrial diseases. The ge
netic study of an increasing number from patients affected by mito
chondrial diseases and their clinical characterization has allowed 
outlining potential new treatments using new molecules or gene ther
apy. For example, in this study, the molecular analysis of the complete 
mitochondrial genome conducted by NGS allowed us to identify 26 
variations that can be associated with hereditary optic neuropathies in 
many patients where no alterations in the common genes associated 
with their clinical phenotype have been found (Table 2). The variations 
identified were absent in the general population and, in particular, 5 of 
them were reported as pathogenic in the tools that have been evaluated, 
such as HmtVar, MutPred, Polyphen2, and Panther. In addition, we were 
able to identify the m.11253 T > C mutation (p.I165T) in a patient with 
Autosomal Dominant Optic Atrophy (ADOA) phenotype, already re
ported by Leo-Kottler [40] as a non-canonical mutation responsible for 

Table 1 
Clinical phenotype of patients screened for the whole mtDNA by NGS.  

Disease Number of 
patients 

Age 
range 

Sex (M/ 
F) 

Screened genes by Sanger 
sequencing 

MELAS 43 19–74 32/11 MT-TL1; MT-TH 
LHON 37 37–72 23/14 MT-ND1; MT-ND4; MT-ND6; 

MT-CYB 
NARP 15 5–21 9/6 XK 

McLeod 5 2–34 5/0 MT-ATP6A 

Abb.: MELAS: Mitochondrial myopathy, Encephalopathy, LacticAcidosis and 
Stroke-like episodes; LHON: Leber hereditary optic neurophaty; NARP: Neu
ropathy, ataxia, and retinitis pigmentosa. 
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LHON. It is known that these hereditary optic neuropathies are the two 
of the most common classic forms sharing pathological similarities as 
the selective loss of retinal ganglion cells. About 90% of LHON’s cases 
are due to the presence of three primary mitochondrial DNA mutations: 
m.3460 G > A in the ND1 gene, m.11778 G > A in the ND4 gene and 
m.14484 T > C in the ND6 gene. Many patients with ADOA instead have 
mutations in the OPA1 gene, which encodes a protein of the mito
chondrial inner membrane. The new m.11253 T > C mutation (p.I165T) 
in the ND4 gene reported in the present study leads to a replacement of 
an evolutionary highly conserved isoleucine by a threonine residue 
introducing a polar group into a hydrophobic domain of the protein with 
a significant change in hydrophobicity of the peptide sequence. Inter
estingly, this mutation has been previously reported in a patient with 
LHON and in an unrelated Parkinson’s disease (PD) patient [36]. 
Moreover, biochemical defects of complex I of the mitochondrial res
piratory chain have been described in a group of confirmed PD cases and 
in LHON [37], suggesting common genetic risk factors between PD and 
LHON. Moreover, LHON and ADOA can manifest a much broader 
phenotypic spectrum than pure optic nerve involvement, sometimes 
indistinguishable from other neurodegenerative disorders such as he
reditary spastic paraplegia, Charcot Marie Tooth disease, and Multiple 
Sclerosis. In Table 2, we report many variants, some polymorphic, others 
already reported as pathogenic, others still awaiting full confirmation 
for pathogenicity increasing the number of cases. Finally, we must 
consider that a variation could be a rare disease-causing mutation 
especially if several rare variants with low penetrance act in synergy to 
determine a clinical phenotype. For example, the m.8836 A > G in the 
MT-ATP6 gene was reported by Abu-Amero et al. in 2006 [31] and not 
previously discovered by using Sanger sequencing. Sanger sequencing, 
being the pioneering method for DNA sequencing, is laborious, time- 
consuming, and expensive. It involves sequencing individual DNA 
fragments one at a time and relies on gel or capillary-based visualization 
methods, making it relatively costly when dealing with large quantities 
of DNA, such as the mitochondrial genome. On the other hand, NGS is a 
high-throughput method that enables the parallel sequencing of millions 
of DNA fragments at once. This significantly reduces costs as a single 
NGS run can yield much more information compared to Sanger 
sequencing. Moreover, the costs of NGS technologies have drastically 
decreased over the years, making the approach more accessible even for 
research studies and diagnostic applications. In terms of efficiency and 
speed, Sanger sequencing requires several laborious steps and longer 

turnaround times, limiting the amount of data that can be generated 
within a given timeframe. In contrast, NGS can rapidly produce DNA 
sequences at much higher speeds and with greater efficiency, allowing 
scientists to quickly achieve high coverage of mitochondrial DNA and 
obtain more data resolution. Additionally, NGS offers superior genome 
coverage and accuracy. Sanger sequencing’s limitation in the length of 
sequences it can generate necessitates the assembly of many overlapping 
sequences to obtain the complete mitochondrial DNA sequence. This can 
lead to gaps in regions with lower coverage and potentially introduce 
sequencing errors. NGS, however, can sequence the entire mitochon
drial genome in a single operation, providing much more even coverage. 
This approach enables researchers to obtain more comprehensive and 
accurate data, particularly in genetically important or variable regions 
[41,42]. The 18 new variants identified as pathogenic or possibly 
pathogenic in prediction tools will require future studies both in vitro 
and “in silico” to determine the pathogenicity of variations. In fact, the 
possibility to utilize today tools for the 3D structural analysis of proteins 
based on artificial intelligence such as AlphaFold allows us to obtain 
very useful functional indications related to the modifications caused by 
gene mutations. Thanks to these tools, highly accurate and reliable 3D 
protein structure models are now available, comparable to those that 
can be obtained experimentally such as the analysis with X-ray crys
tallography or electronic cryo-microscopy. For example, in the Fig. 2A 
we show the results we obtained from the 3D analysis of two of the 
different mitochondrial gene variants identified and, in particular, the 
relationship to the MT-ATP6 protein with p.T200A mutation as a new 
variation found in this work (Fig. 2A) and p.A177T already described 
(Fig. 2B). This protein belongs to the intramembrane unit F0 of the 
mitochondrial ATPase protein complex responsible for the formation of 
the channel through which the protons, coupled to the phosphorylation 
of ADP flow. The results we obtained by this in silico analysis, show that 
the new mutation could induce a chain distortion in the alpha-helical H6 
motif with respect to the wild type and consequently a relative func
tional alteration. Of interest is the observation that both mutations, the 
new and the already known, are associated with the same clinical con
dition, the MELAS disease. It is therefore evident how the genetic 
analysis we conducted using NGS can significantly accelerate the mo
lecular knowledge underlying many mitochondrial diseases although 
further experimental investigations are necessary to confirm the sug
gested functional predictions. There might be some limitations that 
warrant consideration. One of the potential limitations could be related 

Fig. 1. Different variants discovered across the whole mtDNA. The various colors indicate the different phenotypes.  
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to the sample size: therefore, it could be beneficial for future studies to 
include a larger and more diverse cohort to increase the statistical power 
and generalizability of the results. Furthermore, relying solely on 
computational predictions to assess the pathogenicity of mitochondrial 
DNA variants might not provide conclusive evidence. Functional ex
periments, such as in vitro assays, would be crucial for confirming the 
predicted pathogenicity of the identified variants. 

5. Conclusions 

The analysis of the whole mtDNA is a useful strategy for researchers 
studying human diseases linked to variations present in this type of 
genome. The NGS approach, compared to the standard methods, is a 
more reliable and time-cost reducing strategy to detect all the variants 
present in the mitogenome that are possibly associated with 

mitochondrial diseases. This study can shed light on how new specific 
variants can affect mitochondrial function and cell physiology. In terms 
of future research directions, validation studies with larger and more 
diverse cohorts of patients could strengthen the study’s findings 
providing more and robust insights into the genetic landscape of MPCs. 
Additionally, further investigations of genotype-phenotype correlations 
could help establish links between specific mitochondrial DNA variants 
and the clinical manifestations of the disease and can contribute to 
create and expand a comprehensive genomics landscape of mtDNA 
variations in human diseases, helping the scientific community to better 
understand the different clinical phenotypes. 

Table 2 
non-synonymous variants discovered in this study.  

mtDNA 
position 

Heteroplasmy 
Variant levels 
(%) 

protein 
change 

gene clinical 
phenotype 

Mitomap HmtVar MutPred Polyphen2 
HumVar 

Panther 

m.3669 A > C 90 p.A121T MT- 
ND1 

MELAS new P P LP P 

m.3992C > T 92 p.T229I MT- 
ND1 

MELAS new LB P B VUS 

m.4024 A > C 85 p.T240A MT- 
ND1 

MELAS/NARPS new P LP LP VUS 

m.4093 A > G 95 p.T263A MT- 
ND1 

MELAS new P P LP P 

m.4596 A > G 91 p.V121I MT- 
ND2 

McLeod new LB LP B VUS 

m.6480 G > A 82 p.V193I MT- 
CO1 

MELAS new B LP B VUS 

m.6546C > T 95 p.L215F MT- 
CO1 

MELAS new LB LP B VUS 

m.7158 A > G 76 p.I419V MT- 
CO1 

MELAS/LHON reported prostate cancer [30] LB LP B VUS 

m.8472C > T 94 p.36 L MT- 
ATP8 

McLeod new LB LP B VUS 

m.8697 G > A 80 p.M57I MT- 
ATP6 

MELAS new LB LP B VUS 

m.8836 A > G 92 p.M104V MT- 
ATP6 

McLeod reported LHON [31,32] P P LP P 

m.8951 T > C 95 p.V142A MT- 
ATP6 

NARP reported patient with ataxia [33] P LP B P 

m.9055 G > A 89 p.A177T MT- 
ATP6 

MELAS reported PD protector factor [34] LP LP B P 

m.9124 A > G 98 p.T200A MT- 
ATP6 

MELAS new P P LP P 

m.9591 G > A 91 p.V129I MT- 
CO3 

MELAS/LHON/ 
McLeod 

new P LP LP VUS 

m.9685 T > C 91 p.I160T MT- 
CO3 

LHON new LB LP B VUS 

m.9921 G > A 95 p.A239T MT- 
CO3 

NARP reported possible LHON helper 
mutation [35] 

LB LP B VUS 

m.10143 G >
A 

95 p.G29A MT- 
ND3 

LHON new LB LP B VUS 

m.10775 G >
A 

82 p.V6I MT- 
ND4 

LHON new LB LP B VUS 

m.11253 T >
C 

93 p.I165T MT- 
ND4 

LHON reported LHON/PD [36,37] P LP LP VUS 

m.13879 T >
C 

95 p.S515P MT- 
ND5 

MELAS new LB LP B VUS 

m.15110 G >
A 

90 p.A122T MT- 
CYB 

MELAS new VUS VUS VUS VUS 

m.15122 A >
G 

94 p.T126A MT- 
CYB 

LHON new P P LP P 

m.15674 T >
C 

82 p.S310P MT- 
CYB 

LHON reported LHON [31,38] LB LP B VUS 

m.15747 T >
C 

95 p.S334T MT- 
CYB 

MELAS new P LP LP VUS 

m.15812 G >
A 

91 p.V356I MT- 
CYB 

MELAS reported [39] P LP B VUS 

Abb.: P: Pathogenic; LP: Likely Pathogenic; B: Benign; LB: Likely benign; VUS: Variant of Uncertain Significance. 
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Abbreviation  

AB Amplicon Balance 
ADOA Autosomal Dominant Optic Atrophy 
AI Artificial Intelligence 
bps Base pairs 
IGV Integrative Genome Viewer 
LHON Leber’s hereditary optic neuropathy 
LS Leigh syndrome 
mtDNA Mitochondrial DNA 
MELAS Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like 

episodes 
MCPs Mitochondriopathies 
MERRF Myoclonic epilepsy with ragged red fibers 
NARP Neurogenic weakness, ataxia, and retinitis pigmentosa 
NGS Next Generation Sequencing 
NL Noise Level 
nDNA Nuclear DNA 
PD Parkinson’s disease 
PDB Protein Data Bank 
PMD primary mitochondrial disease 
RD Read Depth 
rRNAs Ribosomal RNAs 
SMDs Secondary mitochondrial dysfunctions 
SB Strand Balance 
tRNAs Transfer RNAs  
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