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Abstract: Given the enhanced discriminatory power of the mitochondrial DNA (mtDNA) genome
(mitogenome) over the commonly sequenced control region (CR) portion, the scientific merit of
mitogenome sequencing is generally accepted. However, many laboratories remain beholden to CR
sequencing due to privacy policies and legal requirements restricting the use of disease information
or coding region (codR) information. In this report, we present an approach to obviate the reporting
of sensitive codR data in forensic haplotypes. We consulted the MitoMap database to identify
92 mtDNA codR variants with confirmed pathogenicity. We determined the frequencies of these
pathogenic variants in literature-quality and forensic-quality databases to be very low, at 1.2% and
0.36%, respectively. The observed effect of pathogenic variant filtering on random match statistics
in 2488 forensic-quality mitogenome haplotypes from four populations was nil. We propose that
pathogenic variant filtering should be incorporated into variant calling algorithms for mitogenome
haplotype reporting to maximize the discriminatory power of the locus while minimizing the reveal
of sensitive genetic information.

Keywords: mitochondrial genome; mitochondrial DNA; coding region; variant filtering; pathogenic
variants; haplotype; haplogroup; population statistics; random match probability; EMPOP

1. Introduction

The field of forensic genetics is poised to adopt complete mitochondrial genome (mitogenome)
sequencing for use in routine casework. Given the enhanced discriminatory power of the mitogenome
over the commonly sequenced mitochondrial DNA (mtDNA) control region (CR) portion, (e.g., [1–3]),
combined with the technological capability for massively parallel sequencing (MPS) of highly degraded
samples [4–7], the scientific merit of mitogenome sequencing is generally accepted. However, many
laboratories remain beholden to CR sequencing until the use of the entire mitogenome can be accepted in
court, as the affiliated legal system(s) in some jurisdictions prohibit coding region (codR) DNA evidence,
as it may reveal sensitive genetic information about the DNA donor. As the multicopy organellar
genome housed in each cell’s mitochondria, mtDNA codes for genes and RNA molecules that enable
mitochondrial function to provide cellular energy in a process called respiration. Pathogenic variants
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in the mtDNA codR are known, for example, to impair metabolism, cause vision loss and deafness,
and result in systemic dysfunction of the brain and nervous system [8]. There are several diseases
associated with these pathogenic variants, including LHON (Leber hereditary optic neuropathy),
MELAS (mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes), and Leigh
disease [8]. Even more diseases, such as endometriosis, cyclic vomiting syndrome, and many others,
have been shown to be potentially correlated with mtDNA sequence variants, but the causative links
are lacking. Since mitogenome sequencing and the forensic reporting of mtDNA haplotypes may
reveal disease-related information contained within the codR that may encroach upon privacy rights
and is generally not needed for forensic identification, pathogenic alleles can be filtered in order to
obviate the reporting of sensitive codR information.

2. Materials and Methods

MitoMap is a human mtDNA database that continuously compiles the published literature
pertaining to mtDNA variation [8]. We utilized the June 2020 version of MitoMap: Mitochondrial
DNA Base Substitution Diseases [9,10] to identify confirmed pathogenic variants in the mtDNA codR.
The pathogenicity status of each variant is classified in MitoMap as one of the following: confirmed,
reported, conflicting reports, or point mutation (non-pathogenic polymorphism). Variants are only
confirmed to be pathogenic “if two or more independent laboratories have published reports on the
pathogenicity of a mutation. These mutations [with confirmed status] are generally accepted by the
mitochondrial research community as being pathogenic” [8]. Those codR variants that are confirmed
to be pathogenic are listed in Table 1 and shown graphically in Figure 1 (and further details are
provided in Table S1). Many of the pathogenic codR variants are observed in heteroplasmic states,
in which individuals have both “normal” (non-pathogenic, e.g., the revised Cambridge Reference
Sequence, or rCRS, nucleotide [11]), and deleterious (pathogenic) alleles in their many copies of mtDNA.
The pathogenicity of such heteroplasmic variants may be dependent on the quantitative contribution of
the pathogenic variant. This manifests as a mixture at the affected position provided that the analytical
thresholds defined by the individual laboratory allow for the detection of the minor contributor.

Table 1. List of the 92 confirmed pathogenic variants described in MitoMap [8], separated by
homoplasmic state (n = 37) or heteroplasmic state (n = 83). Note that there are two multi-nucleotide
variants affecting multiple nucleotide positions: the dinucleotide deletion at T9205-A9206 and the
sequence inversion causing A3902G C3904A T3905A T3906G C3908T. Conversely, there are five
nucleotide positions with two different pathogenic variants each (e.g., T9176C and T9176G). Thus, the 92
confirmed pathogenic variants affected 92 unique coding region (codR) positions. Variants that are
confirmed to be pathogenic in both homoplasmic and heteroplasmic states are underlined.

Homoplasmic Variants with Confirmed
Pathogenicity

Heteroplasmic Variants with Confirmed
Pathogenicity

T616C, C1494T, A1555G, C3303T, G3376A, G3460A,
G3635A, G3697A, G3700A, G3733A, C4171A,
A4300G, A7445G, C7471CC, G7497A, T7511C,

T8528C, T8851C, T8993G, T9035C, T9176C, T9176G,
T9185C, T9205del A9206del, T10158C, G10197A,

T10663C, G11778A, G13051A, T13094C, G14459A,
C14482A, C14482G, T14484C, C14568T, T14674C,

T14709C

G583A, T616C, G1606A, A1630G, G1644A, A3243G,
A3243T, C3256T, T3258C, A3260G, T3271del, T3271C,
A3280G, T3291C, A3302G, C3303T, G3376A, G3460A,
G3697A, G3733A, G3890A, A3902G C3904A T3905A
T3906G C3908T, C4171A, G4298A, A4300G, G4308A,

G4332A, G4450A, G5521A, A5537AT, G5650A,
A5690G, G5703A, T5728C, A7445G, C7471CC,

G7497A, T7510C, T7511C, T8306C, G8313A, G8340A,
A8344G, T8356C, G8363A, T8528C, T8851C, G8969A,
T8993C, T8993G, T9035C, A9155G, T9176C, T9176G,

T9185C, T10010C, T10158C, T10191C, G10197A,
C11777A, G11778A, G12147A, C12258A, G12276A,
G12294A, G12315A, G12316A, T12706C, G13042A,
T13094C, G13513A, A13514G, G14459A, C14482A,
C14482G, T14484C, T14487C, A14495G, T14709C,

G14710A, T14849C, T14864C, A15579G
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Figure 1. Circular depiction of the 92 confirmed pathogenic variants affecting 92 coding region (codR) 
positions across the mitochondrial genome as described in MitoMap [8]. Homoplasmic state (n = 37) 
pathogenic variants are visible in the inner circle in red, and heteroplasmic state (n = 83) pathogenic 
variants are presented in the outer circle in blue. Pathogenic variants are represented by a line at the 
corresponding nucleotide position. The height of the line corresponds to the number of pathogenic 
variants observed at each nucleotide position, up to a maximum of two for both homoplasmic and 
heteroplasmic states. The control region is shown in purple, transfer RNA (tRNA) regions are orange, 
and codR genes are green and labeled accordingly with the corresponding gene. RNR1 = 12S RNA; 
RNR2 = 16S RNA; ND1 = NADH dehydrogenase 1; ND2 = NADH dehydrogenase 2; COX1 = 
cytochrome c oxidase I; COX2 = cytochrome c oxidase 2; ATP8 = ATP synthase 8; ATP6 = ATP synthase 
6; COX3= cytochrome c oxidase 3; ND3 = NADH dehydrogenase 3; ND4L = NADH 4L 
dehydrogenase; NADH4 = NADH dehydrogenase 4; ND5 = NADH dehydrogenase 5; NADH6 = 
NADH dehydrogenase 6; CYTB = cytochrome b. This figure was generated using the circlize package 
v0.4.10 in R [12]. 

A query of each confirmed pathogenic base and corresponding International Union of Pure and 
Applied Chemistry (IUPAC) codes to denote heteroplasmic states was performed in EMPOP 
(EDNAP mtDNA Population Database, https://empop.online) in order to assess the frequency in 
global populations [13]. EMPOP hosts a dataset of 26,013 full mitogenome sequences downloaded 
from GenBank and vetted according to criteria specified for EMPOP quality control [13]. This dataset 
may still contain some errors, as the sequences were not produced following forensic standards (e.g., 

Figure 1. Circular depiction of the 92 confirmed pathogenic variants affecting 92 coding region
(codR) positions across the mitochondrial genome as described in MitoMap [8]. Homoplasmic state
(n = 37) pathogenic variants are visible in the inner circle in red, and heteroplasmic state (n = 83)
pathogenic variants are presented in the outer circle in blue. Pathogenic variants are represented by
a line at the corresponding nucleotide position. The height of the line corresponds to the number
of pathogenic variants observed at each nucleotide position, up to a maximum of two for both
homoplasmic and heteroplasmic states. The control region is shown in purple, transfer RNA (tRNA)
regions are orange, and codR genes are green and labeled accordingly with the corresponding
gene. RNR1 = 12S RNA; RNR2 = 16S RNA; ND1 = NADH dehydrogenase 1; ND2 = NADH
dehydrogenase 2; COX1 = cytochrome c oxidase I; COX2 = cytochrome c oxidase 2; ATP8 = ATP
synthase 8; ATP6 = ATP synthase 6; COX3= cytochrome c oxidase 3; ND3 = NADH dehydrogenase 3;
ND4L = NADH 4L dehydrogenase; NADH4 = NADH dehydrogenase 4; ND5 = NADH dehydrogenase
5; NADH6 = NADH dehydrogenase 6; CYTB = cytochrome b. This figure was generated using the
circlize package v0.4.10 in R [12].

A query of each confirmed pathogenic base and corresponding International Union of Pure
and Applied Chemistry (IUPAC) codes to denote heteroplasmic states was performed in EMPOP
(EDNAP mtDNA Population Database, https://empop.online) in order to assess the frequency in global
populations [13]. EMPOP hosts a dataset of 26,013 full mitogenome sequences downloaded from
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GenBank and vetted according to criteria specified for EMPOP quality control [13]. This dataset may
still contain some errors, as the sequences were not produced following forensic standards (e.g., [14,15]);
however, all eye-catching and redundantly-appearing data idiosyncrasies were removed or corrected.
This dataset can be utilized to predict and search haplogroup affiliations based on individual variants
(see https://empop.online/hg_tree_browser [16]). However, it is not useable to estimate haplotype
frequencies for forensic purposes, as most of the haplotypes lack metadata that would be necessary to
describe the statistical results.

The effect of pathogenic variant filtering on haplotype frequency estimations was evaluated using
forensic-quality mitogenome datasets (Table S2). The datasets are described in [1–3,17–24] with the
exception of two datasets that were recently submitted to and quality-controlled by EMPOP but are
not published yet [25]. The datasets included 2488 haplotypes representing four global populations
(West Eurasian n = 623, African n = 613, East Asian n = 630, and Hispanic/Native American n = 622).
The datasets were imported into the laboratory information systems application (LISA; FTI, Reston,
VA) and stored by population for analysis. Each population dataset was then duplicated and any
pathogenic variants (homoplasmic or heteroplasmic) were filtered from the haplotypes. Additionally,
the deletion at np 3107 was added to the variant filter list in order to remove this artefactual variant
from the reported haplotypes [11]. The CRS contained two C nucleotides at nps 3106 and 3107 [26],
which was corrected to a single cytosine residue in the rCRS [11]. The 3107N placeholder was kept in
the rCRS to maintain the numbering system for all positions downstream of that particular region.
Pairwise comparisons were performed in LISA for each population with and without pathogenic
variant filtering to obtain the haplotype frequencies, calculate the observed random match probability
(RMP) using the sum of squares, and estimate haplotype diversity. The pairwise comparisons excluded
indels at common mtDNA regions of length heteroplasmy (i.e., nps 16193, 309, 455, 463, 473, 960, 5899,
8276, and 8285). Analyses were conducted both using discrepant point heteroplasmies as differences
between otherwise identical sequences (i.e., literal match mode in EMPOP) and in an inclusive way,
i.e., heteroplasmies are disregarded as differences between otherwise identical sequences (pattern
match mode in EMPOP; see EMPOP documentation at https://empop.online/use for more details).

3. Results

Twenty-nine of the 92 (31.5%) possible confirmed pathogenic variants were found in the EMPOP
database out of 26,013 literature-quality haplotypes (Table 2). The relative proportion of haplotypes
with a confirmed pathogenic variant was 1.2% (309 out of 26,013) (Table S3). The most frequently
observed pathogenic variant was G11778A, which was found in 133 haplotypes (131 as homoplasmic
and two as heteroplasmic) for an observed frequency of 0.51%. The G11778A variant is known to
be highly recurrent [27] and was associated with 115 different haplogroups in our dataset (Table
S3; 110 haplogroups with G11778A and three haplogroups (G2b1a, M5, and U2e1b) with single
observations of a combination of G11778A and A1555G and two haplogroups with heteroplasmic
G11778A(R)). The second most commonly observed confirmed pathogenic variant was T14484C at
0.22% (55 homoplasmic and one heteroplasmic), followed by A1555G at 0.14%, G3460A at 0.10% (25
homoplasmic and two heteroplasmic), and C14568T at 0.023%. As with G11778A, all four variants
were observed in diverse haplogroups. Of note, three of the 309 haplotypes contained two pathogenic
variants, and the remaining 306 haplotypes contained only a single pathogenic variant. All three of the
haplotypes with two confirmed pathogenic variants exhibited G11778A and A1555G; however, each of
these haplotypes was unique and belonged to a different haplogroup. Twenty-four of the 29 observed
pathogenic variants were found fewer than five times each in our dataset of 26,013 haplotypes. In fact,
approximately half (14) of the observed pathogenic variants were found below 0.01% frequency, i.e.,
with only one or two observations each. The majority (68.5%) of the 92 confirmed pathogenic variants
(n = 63) were not observed among the dataset.

https://empop.online/hg_tree_browser
https://empop.online/use
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Table 2. The 29 confirmed pathogenic variants found in literature-quality mitogenomes (n = 26,013)
in the EDNAP mtDNA Population Database (EMPOP) [13]. Heteroplasmic states are indicated in
parentheses with the corresponding IUPAC code. Pathogenic variants that were observed in both
homoplasmic and heteroplasmic states are underlined.

Count of Observations Observed Frequency
(n = 26,013) Confirmed Pathogenic Variants Observed

1 0.004%
T616C, C4171A, A4300G, G5703A(R), A7445G,

T9176G, T9185C(Y), T10663C, G12276A(R), G13051A,
G13513A(R), G14459A(R), T14484C(Y), T14709C(Y)

2 0.008%
G3460A(R), G3700A, G3733A, C4171A(M), T8851C,

G11778A(R), C14482A

3 0.012% C1494T, T8993G, T9176C, T9185C, G10197A,
G14459A

4 0.015% G3635A, C7471CC, T14674C
6 0.023% C14568T

25 0.096% G3460A
37 0.142% A1555G
55 0.211% T14484C

131 0.504% G11778A

As the literature-quality dataset of 26,013 haplotypes may include haplotypes with errors, despite
rigorous quality control [13], a separate, forensic-quality EMPOP dataset was used to examine the effect
of pathogenic variant filtering on haplotype frequency estimations and RMP. This smaller dataset of
2488 haplotypes represents the highest quality mitogenome sequences from previously (or soon-to-be)
published population samples. Four global populations were included: West Eurasian, African, East
Asian, and Hispanic/Native American. A total of nine haplotypes were identified with confirmed
pathogenic variants in this smaller dataset (Table S4), decreasing the proportion of mitogenomes
with a confirmed pathogenic variant to 0.36% when compared to the literature-quality data (1.2%).
This discrepancy may be related to the fact that forensic studies typically involve samples from healthy
donors, while the data from the literature included diseased individuals. The specific pathogenic
variants found in the forensic-quality dataset were A1555G (n = 5), G11778A(R) (n = 2), G3733A(R)
(n = 1), and T14484C (n = 1). However, three of the five haplotypes with pathogenic variant A1555G
were identical and sampled from a population isolate in Tibet [20]. Therefore, these identical haplotypes
may represent maternal relatives, thereby inflating the true frequency of the haplotype in the broader
East Asian population. Even when considering the identical haplotypes in the 2488-sample dataset,
the frequency of confirmed pathogenic variants in random population data is low, at less than one
half of one percent. It is also of note that the most common literature-quality pathogenic variant,
G11778A, was observed in the forensic-quality dataset, but as a heteroplasmic variant (G11778R)
rather than homoplasmic. Furthermore, the next two most common pathogenic variants based on
the literature-quality dataset of 26,013 samples were also observed in the forensic-quality population
samples (A1555G and T14484C). When the nine observed pathogenic variants were filtered from
the four population datasets, there was no change in the number of unique haplotypes, observed
RMP, and haplotype diversity (Table 3), regardless of the handling of point heteroplasmies (Table S5).
In other words, the effect of removing the pathogenic variants on haplotype match statistics was nil for
all four populations.
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Table 3. The change in the number of unique haplotypes, observed random match probability (RMP), and haplotype diversity estimates when considering point
heteroplasmies (i.e., literal search mode) for forensic-quality mitochondrial genome datasets after filtering confirmed pathogenic variants.

Original Dataset Filtered Dataset

Population Samples Unique
Haplotypes RMP Haplotype

Diversity
Pathogenic

Variants Filtered
Change in Unique

Haplotypes
Change in

RMP
Change in

Haplotype Diversity

West Eurasian 623 575 (30 shared) 0.21% 0.9995 1 0 0% 0
African 613 597 (15 shared) 0.17% 0.9999 3 0 0% 0

East Asian 630 557 (45 shared) 0.22% 0.9994 4 0 0% 0
Hispanic/Native American 622 568 (43 shared) 0.20% 0.9996 1 0 0% 0
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4. Discussion

We propose that commercial suppliers of mtDNA analysis software take advantage of the
pathogenic variant filter list provided in this study that will also be made available in the future
as a curated version via the EMPOP webpage (https://empop.online). Laboratories using general
bioinformatics software, such as CLC Genomics Workbench or GATK, could implement variant filtering
within their analytical pipelines to remove these pathogenic variants prior to data analysis. This would
allow forensic users to take advantage of automatically filtered mitogenome variant data; so pathogenic
variants (and the 3107 deletion) would not make it into reports that are used to produce and document
case-specific data. We provide an example analytical workflow that incorporates pathogenic variant
filtering in Figure 2.
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Figure 2. Example bioinformatics workflow showing the addition of pathogenic variant filtering to the
analytical process for forensic mitochondrial genome (mitogenome) haplotype reporting. Sequence
data are produced, processed, and aligned to the revised Cambridge Reference Sequence (rCRS) [11]
for variant detection. Then, pathogenic variant filtering will be automatically performed before the
mitochondrial DNA (mtDNA) profile is reported. Here, the pathogenic variants are depicted in red
(homoplasmic) and blue (heteroplasmic), and both are filtered. Our results indicate that less than 1%
of mtDNA haplotypes will require pathogenic variant filtering and the remaining 99% of mtDNA
haplotypes will remain unchanged because they lack pathogenic variants.
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Full mitogenome data are considered to be sensitive genetic data due to the potential for revealing
phenotypic or disease-related information in the mtDNA codR. At the time of writing, 92 mitochondrial
DNA codR variants have been confirmed as pathogenic variants by two or more independent
laboratories, as described in the mitochondrial variant database MitoMap. This report demonstrates
that the 92 confirmed pathogenic variants affecting 92 unique positions in the mtDNA codR are
found at very low frequencies in both literature-quality (n = 26,013) and forensic-quality (n = 2488)
mitogenome datasets, at 1.2% and 0.36%, respectively. Correspondingly, these pathogenic variants
can be filtered from forensic mitogenome haplotypes with no observed effect on population statistics
including the number of unique haplotypes, observed RMP, and haplotype diversity. Variant filters are
frequently utilized in bioinformatics toolkits in other disciplines and these can be implemented in the
commonly used forensic mtDNA analysis software programs such as AQME [28], GeneMarker HTS [29],
or Converge [6]. By reporting mitogenome haplotypes after filtering confirmed pathogenic variants,
forensic laboratories will be able to take advantage of the enhanced discriminatory power of the
complete mtDNA locus including the codR variation while minimizing the risk of revealing sensitive
genetic information, as previously suggested [30].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/10/1140/s1,
Table S1. Confirmed pathogenic variants in the mitochondrial genome, as defined by MitoMap r187; Table S2.
EMPOP forensic-quality population datasets for the statistical evaluation of the forensic mitogenome pathogenic
variant filter; Table S3. Pathogenic variants identified in the literature-quality EMPOP database of 26,013 samples;
Table S4. Pathogenic variants observed in high-quality population datasets submitted to EMPOP, representing 2488
samples; Table S5. The change in the number of unique haplotypes, observed random match probability (RMP),
and haplotype diversity estimates ignoring point heteroplasmies (i.e., pattern search mode) for forensic-quality
mitochondrial genome datasets after filtering.
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