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Purpose: The mitochondrial genome is highly polymorphic. A 
unique feature of deleterious mitochondrial DNA (mtDNA) muta-
tions is heteroplasmy. Genetic background and variable penetrance 
also play roles in the pathogenicity for a mtDNA variant. Clinicians 
are increasingly interested in requesting mtDNA testing. However, 
 interpretation of uncharacterized mtDNA variants is a great  challenge. 
We suggest a stepwise interpretation procedure for clinical service.

methods: We describe the algorithms used to interpret novel and 
rare mtDNA variants. mtDNA databases and in silico predictive 
 algorithms are used to evaluate the pathogenic potential of novel and/
or rare mtDNA variants.

Results: mtDNA variants can be classified into three categories: 
 benign variants, unclassified variants, and deleterious  mutations 

based on database search and in silico prediction. Targeted 
DNA  sequence analysis of matrilineal relatives, heteroplasmy 
 quantification, and functional studies are useful to classify  mtDNA 
 variants.

conclusion: Clinical significance of a novel or rare variant is critical 
in the diagnosis of the disease and counseling of the family. Based on 
the results from clinical, biochemical, and molecular genetic studies 
of multiple family members, proper interpretation of mtDNA vari-
ants is important for clinical laboratories and for patient care.
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intROdUctiOn
Mitochondrial diseases are a group of disorders caused by defects 
in components of the respiratory chain and are associated with 
mutations in either mitochondrial DNA (mtDNA) or nuclear 
genes. Confirming a diagnosis of a mitochondrial disease based 
on defects in mtDNA is challenging because of the clinical and 
genetic heterogeneity of the disease. Unlike the disomic nature 
of most nuclear genes, mtDNA copy number can vary from 
hundreds to several thousands in a cell. Sequence variants in 
mtDNA can be present in each mtDNA copy, a property termed 
homoplasmy, or may occur in a subpopulation of mtDNA cop-
ies, referred to as heteroplasmy. Pathogenic mtDNA mutations 
are often heteroplasmic. The percentage of mutation hetero-
plasmy can vary among different tissues, thus contributing 
to the high variability in clinical features and disease severity. 
In addition, mtDNA is highly polymorphic; mtDNA variants 
have been reported to occur in almost every nucleotide posi-
tion of the 16,569-bp mitochondrial genome.1,2 Some variants 
may contribute to mitochondrial functional defects, as well as 
underlying susceptibility to various diseases, or can act syner-
gistically with other pathologic variants, but by themselves do 
not cause disease, and thus are referred to as secondary muta-
tions. Consequently, rare and novel variants must be assessed 
for their pathogenic potential. Interpretation of these variants 
thus becomes a great challenge.

In 2008, the American College of Medicine published 
“Recommendations for standards for interpretation and 
reporting of sequence variations: Revisions 2007.”3 These rec-
ommendations have been widely accepted and used as techni-
cal  standards and practical guidelines by clinical laboratories. 
However, these guidelines are primarily developed for the inter-
pretation of nuclear gene variations and do not take into account 
the concept of heteroplasmy as a variable in the interpretation 
of pathogenicity. Sequence analysis of the whole mitochondrial 
genome is now routinely performed as part of the molecular 
diagnosis of maternally inherited mitochondrial disorders in 
an increasing number of Clinical Laboratory Improvement 
Amendment (CLIA)/College of American Pathologists (CAP)-
certified laboratories. Therefore, it is important and necessary 
to have a uniform and practical guideline for the interpreta-
tion of mitochondrial DNA (mtDNA) variants. Laboratories 
that offer mtDNA testing should strive for consensus in how to 
report mtDNA variants and recommendations for follow-up 
studies. Here we provide the current algorithms that are used 
in our laboratory to interpret rare and novel mtDNA variants 
based on our 20 years of experience sequencing thousands of 
mitochondrial genomes.

Typically, every person harbors an average of 30 mtDNA vari-
ants when compared with the Cambridge reference sequence 
(NC_012920).4 Depending on ethnic variation that was not 
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taken into account when the reference sequence was devel-
oped, some individuals may have over 100 variants. Based in 
part on their frequent occurrence in subpopulations, a major-
ity of these variants are considered benign. However, any given 
individual can harbor up to five or more rare and/or novel vari-
ants, which can be either homoplasmic or heteroplasmic and 
may or may not be associated with any disease phenotypes. A 
single such variant may be the determining factor in disease 
development.5,6 Although most reported common recurrent 
pathogenic mutations are heteroplasmic, the rare variants asso-
ciated with  common complex diseases such as Leber heredi-
tary optic neuropathy (LHON), diabetes, and hypertension are 
often homoplasmic.7 Thus, correctly interpreting the possible 
pathogenicity rare and novel mtDNA variants is essential in 
elucidating their clinical significance. An mtDNA variant can 
be classified as deleterious if the mitochondria harboring the 
variant can be demonstrated to be deficient in respiratory chain 
function compared with normal controls in vivo or in vitro. 
This is often studied through the use of transmitochondrial 
cybrids.8 However, functional studies are time-consuming, and 
it is not practical or even possible to perform in vitro or in vivo 
experiments for every rare variant. Although not always reli-
able, publically available mtDNA databases and algorithms that 
examine protein structure/function/evolution can be utilized 
to gauge the pathogenic potential of novel and/or rare mtDNA 
variants.

dAtABAses FOR mtdnA VARiAnts And  
mUtAtiOns

MITOMAP (http://www.MITOMAP.org/MITOMAP)2 com-
piles human mtDNA variations from both published and 
unpublished sources. All entries are carefully curated by 
MITOMAP. The MITOMAP server is currently maintained 
at The Children’s Hospital of Philadelphia and is updated fre-
quently. All mtDNA variants are classified into two categories 
in MITOMAP: polymorphisms and mutations. The poly-
morphism category includes benign polymorphisms, somatic 
mutations, and collections of unpublished variants. The muta-
tion category contains confirmed mtDNA mutations  and vari-
ants reported to have disease association. Relevant publications 
are listed for identified variants.

The Human Mitochondrial Genome Database (mtDB) 
(http://www.mtdb.igp.uu.se/)1 is another resource with exten-
sive documentation of human mitochondrial variants. It con-
tains mtDNA variants from over 2,700 individuals who were 
healthy at the time of ascertainment and their frequency in the 
subject cohort, which is very helpful in interpreting the nature 
of an mtDNA variant. However, it should be recognized that 
some variants may appear to be rare because of ethnic under-
representation in the database.1

The Mamit-tRNA database (http://mamit-trna.u-strasbg.
fr/human.asp)9 contains mammalian mitochondrial tRNAs 
with an emphasis on the structural characteristics. It provides 
extensive documentation of polymorphisms and mutations in 
mitochondrial tRNA genes related to human mitochondrial 

disorders and 2D cloverleaf representations of tRNAs, muta-
tions associated with disease phenotypes, and corresponding 
references.9

ALLeLe FReQUencies OF mtdnA VARiAnts
The allele frequencies are obtained from the mtDB database 
and our private database (comprising mitochondrial whole-
genome sequencing for over 3,000 individuals and 420 matri-
lineal relatives as of June 2011). We use an allele frequency of 
≤0.2% as the definition of rare mtDNA variants. The cut-off of 
0.2% is arbitrary. Given the fact that most confirmed mtDNA 
mutations are rare, they are either not being detected in the 
cohort of 2,704 individuals in mtDB or are detected at very low 
frequency (2,703:1 = 0.04%). The 0.2% cut-off will not clas-
sify many benign variants into the unclassified category and at 
the same time will reduce the number of likely pathogenic rare 
variants misclassified as benign variants.

HAPLOGROUPs
Because of their unique population history, specific mtDNA 
haplogroups are identified in different geographic regions. 
Variant frequencies are different in different haplogroups. Our 
laboratory has haplogroup data from over 2,000 individuals. 
When identifying one or more rare variants from one individ-
ual, check which haplogroup the individual belongs to. If the 
rare variants are commonly seen in the same haplogroup, then 
the low allele frequencies could be caused by ethnic underrep-
resentation in the database; therefore, these variants are likely 
benign.

Considerable caution is needed in using data derived from 
diagnostic laboratories in that almost all samples are obtained 
from unhealthy individuals. Similarly, there are errors and 
inconsistency in the medical literature concerning the clas-
sification of rare population-specific variants and pathologic 
alterations.

AdditiOnAL ResOURces
Other resources should be used to further determine whether 
an mtDNA variant has been previously reported with a disease 
association:

1. PubMed (http://www.ncbi.nlm.nih.gov/PubMed/) is an 
NCBI database for archiving MEDLINE database of ref-
erences on life sciences.

2. Online Mendelian Inheritance in Man (OMIM, http://
omim.org/ or http://www.ncbi.nlm.nih.gov/omim) is a 
comprehensive, authoritative compendium of human 
genes and clinical phenotypes that is freely available and 
updated daily. It contains all known Mendelian disorders 
and over 12,000 genes, as well as selected alleles.

3. Google is a powerful Internet search engine useful for 
a specific mtDNA variant by standard and alternate 
nomenclatures.10 Search by the key word “mtDNA” and 
all possible ways to denote a variant to retrieve published 
literature for a certain variant.
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cLAssiFicAtiOn OF mtdnA VARiAnts
We report the algorithms established and routinely used in our 
laboratory for the interpretation of mtDNA variants. In gen-
eral, mtDNA variants can be classified into three categories 
(Figure 1):

1. Benign variant: If a variant has been reported in 
MITOMAP as a polymorphism, has no report of dis-
ease association in the population or family studies, and 
has been reported in mtDB at a frequency greater than 
0.2%, then this variant is considered likely a benign 
variant

2. Unclassified variant: Any variants that meet at least one of 
the criteria below:
(a) A novel variant.
(b) A rare variant that has been reported in MITOMAP 

as a polymorphism, but not in mtDB, or reported in 
mtDB at a frequency ≤0.2%.

(c) A rare variant reported in the literature or MITOMAP 
as a “mutation” based on a single family study or a 
single report with no functional studies addressing 
pathogenicity.

Unclassified variants in this category must be further evalu-
ated by protein structure prediction software (in silico 
tools) or using other databases (Figure 2):

(i) For missense variants, evolutionary conservation 
and computer-based algorithms are used for in 
silico prediction of pathogenicity (see Section II 
below).

(ii) If the mtDNA variant occurs in one of the mito-
chondrial tRNA genes, the Mamit-tRNA data-
base should be used.

3. Mutation: mtDNA variants that have been listed in 
MITOMAP as “confirmed mutations” and have been 
reported in multiple unrelated patients/families with 
clinical correlation and/or supporting functional 
studies.

inteRPRetAtiOn OF missense VARiAnts
Utilization of computational algorhithms, databses, and online 
resources for the prediction of pathogenicity of missense 
variants:

1. Protein sequence conservation analysis at a specific 
position is the first step to infer functional importance 
of an amino acid residue. The protein sequence con-
taining the amino acid of interest should be used as a 
query for analysis using the NCBI protein blast web-
site (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Select and 
retrieve orthologous proteins from different species 
throughout evolution. The different biological species 
should be selected from phylogenetic trees that repre-
sent the similarities and differences in their physical and 
genetic characteristics. We recommend selecting data 
for the following species, if available: Homo sapiens, Bos 
tarurus, Mus musculus/Rattus norvegicus, Gallus gallus, 
Xenopus laevis, Danio rerio, Drosophila melanogaster, 
Strongylocentrotus droebachiensis, Caenorhabditis elegans, 

Figure 1 Classification of mitochondrial DNA variants. mtDNA variants can be classified into three categories, benign variant, unclassified variant, and 
mutation, based on their frequencies and whether they are reported in databases and the literature. mtDNA, mitochondrial DNA; mtDB, Human Mitochondrial 
Genome Database.
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and Saccharomyces cerevisiae. Use ClustalW2—Multiple 
Sequence Alignment tool (http://www.ebi.ac.uk/Tools/
msa/clustalw2/) for multiple sequence alignment.

2. The SIFT algorithm (sorting intolerant from tolerant) 
(http://sift.jcvi.org) is mainly based on seq uence homol-
ogy. It can be used to predict the likely effect of a non-
synonymous substitution on protein function.11

3. The PolyPhen (polymorphism phenotyping) is a struc-
ture-sequence-based amino acid substitution prediction 
method. The current version is PolyPhen-2 (http://genet-
ics.bwh.harvard.edu/pph2). It utilizes the data available in 
UniProtKB/UniRef100 and is based on conservation, pro-
tein folding, and crystal structure.12 This analysis classifies 
variants as likely benign, possibly damaging, or probably 
damaging when predicting pathogenicity.

Two caveats exist for the use of predictive software; although 
limited studies evaluating the reliability of these programs 
have been reported,13,14 no software has been clinically vali-
dated, and the application of software that is based on nuclear-
encoded proteins to those that are mtDNA-encoded has the 
potential for error in that evolutionary conservation of the 
primary protein sequence is under differing constraints. We 
evaluated the SIFT and PolyPhen algorithms for reported 

mtDNA  mutations, known benign variants, and unclassified 
variants (Table 1, Figure 3). In 21 confirmed mtDNA missense 
mutations, all 21 (100%) were predicted to be deleterious by 
SIFT, whereas only 12 (57%) were predicted to be deleterious 
by PolyPhen. Among the 62 high-frequency nonsynonymous 
variants, 59 (95%) were predicted to be benign by PolyPhen; 
however, only 37 (60%) were predicted to be benign by SIFT. 
The sensitivity and specificity for PolyPhen are 57 and 95% and 
100 and 40% for SIFT (Table 1). The concordance rate using 
PolyPhen and SIFT to predict known mtDNA mutations to be 
deleterious and known polymorphisms to be benign is ~57% 
(Table 2).

Bioinformatics prediction tools may be valuable as screen-
ing tools for identifying alleles of high pathogenic potential for 
molecular and disease association studies. However, because 
the error rates in both nuclear and mitochondrial predictions 
are still high, current algorithms do not supplant the need for 
in vitro or in vivo studies.15

RePORtinG mtdnA VARiAnts
Use of standard terminology for reporting sequence 
 variants
Reference sequence. Reports should present and describe any 
detected deleterious mutations and novel/rare variants, provide 

Likely to be
benign variant

Unclassified variants

Missense variants

• Not evolutionarily conserved • Evolutionarily conserved
• Predicted to be benign
by prediction algorithms

• Predicted to be deleterious
by prediction algorithms

Homoplasmy
not co-segregating

with symptoms

Absent or low het
in Asx relative

Co-segregating
with symptoms

Follow−up studies:
• Additional matrilineal relative

• Test other tissue types
• Functional studies

Recommend testing
matrilineal relatives

tRNA or rRNA
variants

Proven mutation

Figure 2 Schematic diagram of follow-up studies for unclassified variants. The unclassified variants should be evaluated by testing matrilineal relatives and 
additional tissue types and further functional study to access the pathogenicity. ASX, asymptomatic; het, heteroplasmy.
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published reference articles if any, database search results, and 
in silico predictions to support the variant classification. The 
clinical report may include all the detected sequence changes 
that differ from the consensus mitochondrial Cambridge refer-
ence sequence (NC_012920). Common benign variants may be 
tabulated at the end of the report; descriptions and discussions 
are not necessary.

Nomenclature of mtDNA variants. Standard nomenclature 
has been significantly revised in recent years. All mutations/
variants should be designated according to accepted con-
ventions for the description of sequence variations16 (http://
www.hgvs.org/rec.html). Clinical reports should indicate 
genes involved in each change and describe changes at the 
nucleotide and protein levels if applicable. Use “m” for mito-
chondrial DNA nucleotide position and “p” for amino acid 
position. For example, m.13513G>A (p.D393N, ND5) is a 
mutation resulting in amino acid substitution of aspartic 
acid with asparagine at position 393 of the ND5 protein. The 
m.4418T>C (tRNA Met) represents a variant located at tRNA 
methionine. Changes at positions that encode overlapping 
genes or reading frames need to be annotated appropriately.

Heteroplasmy is a unique feature of mitochondrial muta-
tions and variants. In general, the degree of heteroplasmy often 
corresponds inversely to the pathogenic nature of the vari-
ants. Therefore, it is important to indicate whether a change is 
homoplasmic or heteroplasmic.

Figure 3 Use of PolyPhen and SIFT to predict mtDNA mutations and variants. The dark shaded areas are proportions of mutations or variants predicted to 
be deleterious; the light shaded areas are variants predicted to be benign. LHON, Leber hereditary optic neuropathy; mtDNA, mitochondrial DNA; PolyPhen, 
polymorphism phenotyping; SIFT, sorting intolerant from tolerant.
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table 1 Sensitivity and specificity for PolyPhen and SIFT when used to predict mtDNA confirmed mutations and known 
benign variants

Pathogenic mutations Benign variants

PolyPhen siFt Joint PolyPhen siFt Joint

Pathogenic 12 (57%)
True positive

21(100%)
True positive

12 (57%)
True positive

3 (5%)
False positive

25 (40%)
False positive

1 (3%) 
False positive

Benign 9 (43%)
False negative

0 (0%)
False negative

9 (43%)
False negative

59 (95%)  
True negative

37 (60%) 
True negative

35 (97%)
True negative

sensitivity
true +                    
true + and False −

specificity
true −                   
true − & False +

PPV
true +                  
true + & False +

nPV
true –                  
true − & False −

PolyPhen 12/(12 + 9) = 57% 59/(59 + 3) = 95% 12/(12 + 3) = 80% 59/(59 + 9) = 87%

SIFT 21/(21 + 0) = 100% 37/(37 + 25) = 60% 21 (25 + 21) 46% 37/(37 + 0) = 100%

False-, False negative; False+, false positive NPV, negative prediction value; PolyPhen, polymorphism phenotyping; PPV, positive prediction value; SIFT, sorting intolerant 
from tolerant ; True-, true negative; True+, true positive.

table 2 Concordance rate using PolyPhen and SIFT to 
predict mtDNA known mutations and benign variants

Prediction mutations Benign variants

Deleterious 11 (57%) 1 (1.6%)

Benign 0 (0%) 35 (56.5%)

Discrepancy 9 (43%) 26 (41.9%)

Total 21 (100%) 62 (100%)

The boldface numbers represent the number of mutations/variants being 
correctly predicted by both PolyPhen and SIFT.

mtDNA, mitochondrial DNA; PolyPhen, polymorphism phenotyping; SIFT, sorting 
intolerant from tolerant.
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Follow-up studies
A suggested follow-up algorithm is presented in Figure 2.

Test matrilineal relatives. Because of the uncertain biological/
clinical significance of unclassified variants, targeted sequence 
analysis of the patient’s mother and other matrilineal relatives 
is typically recommended. When a variant is homoplasmic in 
asymptomatic matrilineal adult relatives and is not cosegre-
gating with disease phenotype, then that variant, by itself, is 
unlikely to be the primary cause of the clinical symptoms. If 
a variant is absent or at a low level of heteroplasmy in asymp-
tomatic matrilineal relatives or is cosegregating with disease 
phenotype, then this variant may be pathogenic. Additional 
studies, including mitochondrial functional studies and west-
ern blot analysis, may be needed to further try to clarify the 
clinical significance of this variant.

Heteroplasmy quantification and verification. Although the 
interpretation of a heteroplasmic change is inherently more 
problematic, if the variant is absent or at lower heteroplasmy 
in asymptomatic matrilineal relatives, then there is a higher 
index of suspicion. The degree of heteroplasmy of the variant in 
various tissues that correlates with the clinical features may also 
facilitate interpretation. Quantification of the level of hetero-
plasmy of variant/mutation in tissue samples from invasive (e.g., 
muscle and skin) or noninvasive (e.g., hair bulbs, urine sedi-
ment, and buccal mucosa cells) sources should be considered.

However, it is important to distinguish a low level of het-
eroplasmy from apparent heteroplasmy because of a technical 
artifact from poor DNA sequence quality. The same hetero-
plasmic change should be seen in both sequencing directions 
by Sanger sequencing and there should be no sequence back-
ground (“noise”) in the adjacent regions. If there are multiple 
heteroplasmic changes detected in one individual, further 
investigations are needed to verify the heteroplasmic finding: 
(i) repeat the sequencing using a second DNA extraction to 
exclude possible contamination of other source of DNA and 
(ii) contact the referring center to determine whether the 
patient had a recent blood transfusion. If multiple heteroplas-
mic changes appear in the same PCR fragment, this could be 
because of simultaneous amplification of both mtDNA and 
nuclear homologous regions. The use of alternate PCR primer 
pairs to resequence the same region is required to avoid the 
amplification of a nuclear pseudogene region or SNPs at the 
primer sites that reduce amplification efficiency.

Additional studies. Additional tools and methods can be used 
to further evaluate the pathogenic potential of mtDNA vari-
ants. Electron transport chain complex enzyme assays,17 blue 
native gel electrophoresis, or western blotting for individual 
complex protein levels on muscle, liver, or skin fibroblasts 
can be used to determine (i) whether there are any single or 
multiple respiratory complex enzyme deficiencies and (ii) 
whether detected respiratory chain deficiencies correlate with 
the mtDNA findings (i.e., is there a specific complex deficiency 

in the presence of a mtDNA-encoded subunit mutation or 
multiple deficiencies in the presence of a tRNA mutation?). 
Transmitochondrial cybrid studies and expression studies are 
also useful in addressing the potential functional impact of a 
rare or novel variant.

Limitations and notes of sequencing-based mtdnA testing
1. A large mtDNA deletion is a common molecular defect 

of mitochondrial disorders. The deletion sizes range from 
3 to 10 kb, with a more common deletion of 5 kb.2,18 Sanger 
sequencing cannot detect mtDNA large deletions; hence, 
if a mtDNA deletion is suspected, other methodologies 
such as Southern blotting, long-range PCR, oligonucle-
otide array comparative genomic hybridization, or Next-
generation sequencing should be considered.

2. Sanger sequence may not detect low-level heteroplasmic 
changes. Conversely, a high level of heteroplasmy may 
appear as homoplasmy by Sanger sequencing. To precisely 
determine the degree of heteroplasmy for targeted muta-
tions or variants, other methodologies such as ARMS 
qPCR,19 PCR-RFLP,20 or Next-generation sequencing 
should be used.

3. When applying Sanger sequencing analysis to the whole 
mitochondrial DNA, the entire16.6-kb circular mitochon-
drial genome is usually amplified using 24–30 overlap-
ping amplicons. The primers should be carefully designed 
and tested to avoid any reported SNPs at the primer sites 
that may interfere with primer binding. The use of highly 
diluted template DNA (2–5 ng per 25-µl reaction volume) 
for PCR is recommended to avoid nonspecific amplifica-
tion of nuclear homologous sequences.

Based on ACMG recommendations, sequence analysis for a 
clinical service should be provided by CLIA/CAP-certified lab-
oratories. Interpretation and reporting of sequencing results 
are limited to qualified providers. We propose a classification 
scheme (Figure 1) and interpretation guideline based upon 
variant frequency, in silico predictions, and functional effects.
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