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Abstract
Variations in mitochondrial DNA (mtDNA) have been fundamental for understanding human evolution and are causative for a 
plethora of inherited mitochondrial diseases, but the mutation signatures of germline mtDNA and their value in understanding 
mitochondrial pathogenicity remain unknown. Here, we carried out a systematic analysis of mutation patterns in germline 
mtDNA based on 97,566 mtDNA variants from 45,494 full-length sequences and revealed a highly non-stochastic and 
replication-coupled mutation signature characterized by nucleotide-specific mutation pressure (G > T>A > C) and position-
specific selection pressure, suggesting the existence of an intensive mutation–selection interplay in germline mtDNA. We 
provide evidence that this mutation–selection interplay has strongly shaped the mtDNA sequence during evolution, which 
not only manifests as an oriented alteration of amino acid compositions of mitochondrial encoded proteins, but also explains 
the long-lasting mystery of CpG depletion in mitochondrial genome. Finally, we demonstrated that these insights may be 
integrated to better understand the pathogenicity of disease-implicated mitochondrial variants.

Introduction

Mitochondria are cytoplasmic organelles central for energy 
metabolism, biosynthesis of macromolecules, production 
of reactive oxygen species (ROS), and apoptosis signal-
ing (Vyas et al. 2016). The circular mitochondrial genome 
(mtDNA) consists of only 16,569 base pairs, but is present 
in hundreds to thousands of copies in each cell and encodes 

37 genes including 2 rRNAs, 22 tRNAs, and 13 proteins 
essential for oxidative phosphorylation (Stewart and Chin-
nery 2015; Wallace and Chalkia 2013).

mtDNA genetics are characterized by maternal inherit-
ance, high mutation rate, the lack of recombination, and 
the presence of a germline bottleneck (Floros et al. 2018; 
Rebolledo-Jaramillo et al. 2014). Deleterious mtDNA muta-
tions are responsible for a plethora of inherited mitochondrial 
diseases such as Leber hereditary optic neuropathy (LHON) 
and mitochondrial encephalomyopathy, lactic acidosis and 
stroke-like episodes (MELAS), and Leigh syndrome (LS) etc. 
(Chinnery 2015; Lightowlers et al. 2015). These diseases are 
rare in separation, but are among the most common and com-
plex of all inherited diseases in combination (Lightowlers 
et al. 2015). According to MITOMAP (www.mitom​ap.org) 
(Lott et al. 2013; Sonney et al. 2017), a total of 680 mtDNA 
variants have been implicated in mitochondrial diseases, but 
only around 10% of them are recognized as being pathogenic 
by the mitochondrial research community. Thus, there exists 
a great gap in our understanding the pathogenicity of disease-
implicated mitochondrial variants.

Mutational signature is the characteristic pattern of 
mutations formed by combined mutation and repair pro-
cess, which has provided numerous insights into the patho-
genesis of cancer (Alexandrov et al. 2013; Helleday et al. 
2014). Recently, several groups have reported the mutation 
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signature of somatic mtDNA in cancer (Ju et al. 2014; Stew-
art et al. 2015; Zeng et al. 2018) and aging process (Itsara 
et al. 2014; Kennedy et al. 2013), but the mutation signature 
in germline mtDNA and its impact on evolution remain less 
known. It is also unknown whether deciphering the germline 
mtDNA signature can facilitate the understanding of patho-
genicity for disease-implicated mitochondrial variants.

Two challenges have hampered the investigation of 
mutational signature in germline mtDNA. First, mutational 
events in human mtDNA are traditionally identified relative 
to a contemporary European sequence (the rCRS sequence), 
which is often misleading in classifying ancestral and 
derived variants (Behar et al. 2012). Second, because of the 
short nature of mtDNA, enormous variants in human popu-
lation are clustered at identical positions (Kloss-Brandstatter 
et al. 2011), making it difficult to distinguish multiple de 
novo mutation events from single historical mutation event. 
To date, no systematic analysis of mutation signature in 
human germline mtDNA has been reported (Ju et al. 2014; 
Stewart et al. 2015).

Here, we performed a systematic analysis of mutation 
signature in germline human mtDNA by distinguishing 
phylogeny-based “historical” variants (Pereira et al. 2011; 
van Oven and Kayser 2009) and frequency-based “modern” 
variants. Combined analysis of historical and modern vari-
ants revealed the existence of a robust and distinct germline 
mtDNA signature, which not only lends novel insights into 
human mtDNA evolution, but also has potential clinical 
relevance in understanding the pathogenicity of disease-
implicated mtDNA variants.

Results and discussion

The catalog of germline mtDNA variants

A total of 97,566 human mtDNA variants were retrieved 
from the MITOMAP database (Lott et al. 2013). The major-
ity of them (94%, 91,718 variants) were single nucleotide 
substitutions, affecting 51% of the mitochondrial genome 
(8359 positions) with massive identical variants presented 
in multiple haplogroups (Supplementary Fig. 1). The exist-
ence of identical variants in different haplogroups may 
reflect the occurrence of multiple de novo mutation and/or 
the spreading of ancestral mutations along progeny, making 
direct analysis of mutation patterns impossible. To overcome 
this obstacle, we stratified the mtDNA variations into “his-
torical” (defining variants for individual haplogroup) and 
“modern” variants (recent de novo mutations). For “his-
torical” variants, we used a phylogeny-based approach and 
extracted 11,746 haplogroup defining variants (Supplemen-
tary Table 1) from the updated Phylotree, which is based 
on the reconstructed ancestral genome of Mitochondrial 

Eve (the RSRS sequence) (Behar et al. 2012; van Oven 
and Kayser 2009). For “modern” variants, we developed a 
frequency-based method and extracted 44,334 unique vari-
ants (Supplementary Table 2). The dichotomy of historical 
and modern variants also enabled us to compare and cross-
validate our findings.

Distinct mutation signatures in germline 
mitochondrial genome

Analysis of these germline substitutions revealed a high pre-
dominance of transition mutations in both historical (96%) 
and modern (93%) mtDNA variants (Supplementary Fig. 2), 
consistent with the reported paucity of ROS-associated 
transversion mutations in somatic mtDNA (Kauppila and 
Stewart 2015; Kennedy et al. 2013; Williams et al. 2013). 
Analysis of the coding region mutations (577-16023) by tri-
nucleotide context revealed a highly identical mutation sig-
nature in both historical and modern variants (Fig. 1a), and 
across different geographical populations (Supplementary 
Fig. 3), together with largely identical hotspot enrichments 
(Fig. 1b), demonstrating the robustness and non-stochas-
tic nature of the mutational process in germline mtDNA. 
Furthermore, our analysis revealed only a moderate heavy 
strand (H strand) bias for C > T transitions (3.4-fold for his-
torical and 3-fold for modern variants), lack of light strand 
(L strand) bias for T > C transitions, and no obvious hot-
spot enrichment for CpG sites (Fig. 1a), greatly contrasting 
with the reported extreme strand bias and CpG enrichment 
in somatic mtDNA variants (Ju et al. 2014; Stewart et al. 
2015). Thus, we conclude that the coding region mutation 
signature of germline mtDNA is highly robust, but distinct 
from somatic mtDNA.

Generation of mitochondrial signature 
via combined mutation and purifying selection

To gain insight into the difference between somatic and 
germline mtDNA variants, we further examined the D-loop 
region (16106-191), which is formed by incorporation of a 
short DNA strand known as 7S DNA (Nicholls and Minc-
zuk 2014). We found that the D-loop region in germline 
mtDNA exhibited a reversed, L strand-biased C > T transi-
tions (Supplementary Fig. 4), consistent with the observa-
tions in somatic mtDNA (Ju et al. 2014). Because mtDNA 
D-loop region is noncoding and overlaps with two of the 
most hypervariable segments (HVS1 and HVS2) (Nicholls 
and Minczuk 2014), we reasoned that the D-loop may be 
subjected to less functional constraints than the coding 
region. Thus, the shared mutation signature in the D-loop, 
but distinct mutation signature in the coding region may 
reflect the presence of a uniform mutation pressure plus a 
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Fig. 1   Robust mutation signature in germline mtDNA. a Strand-
specific transition signature in the coding region (577-16023) of 
germline mtDNA based on historical (top) and modern variants 
(bottom). Transition rates (# of observed/# of expected) are denoted 
by pyrimidine according to 64 trinucleotide contexts, with H strand 
and L strand patterns shown in parallel. CpG sites are highlighted 
by asterisk (*). C > T and T > C transitions are bordered by a dashed 

line with the respective significance calculated separately by Welch 
two-sample t test. n.s. not significant. b Recurrent targeting of hotspot 
positions in both historical and modern variants. The number of tran-
sition occurrence for the top 50 mostly targeted positions in historical 
variants are shown, along with their corresponding number of occur-
rence in modern variants
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distinct selection pressure between somatic and germline 
mtDNA.

Transmission of germline mtDNA is distinct from somatic 
mtDNA by the presence of a genetic bottleneck (Floros et al. 
2018; Rebolledo-Jaramillo et al. 2014), which facilitates 
rapid segregation and fixation of mtDNA variants via reduc-
tion of mtDNA copy number in early primordial germ cells, 
and the occurrence of strong purifying selection (Fan et al. 
2008; Stewart et al. 2008a, b), which eliminates deleterious 
mtDNA variants from the female germline. To test whether 
the mutation signature of germline mtDNA was shaped by 
these processes, we divided the mtDNA coding region into 
six functional units (12s rRNA, 16s rRNA, tRNA, and 1st, 
2nd, 3rd position of the codon triplet) and characterized 
their signature, respectively. As shown in Fig. 2, the third 
codon mutation signature of germline mtDNA exhibited an 
extreme strand asymmetry, with H strand-biased C > T (8.2-
fold enrichment) and L strand-biased T > C transition (2.4-
fold enrichment), and an absence of CpG enrichment (Fig. 2, 
bottom). This strength of strand asymmetry is comparable 
to the reported somatic mtDNA signature (Ju et al. 2014; 
Stewart et al. 2015). However, in all other function units, the 
signature of strand asymmetry in C > T was barely detect-
able and the signature of strand-biased T > C transitions was 
completely absent, accompanied by a significant reduction in 
the transition rate (Fig. 2). Because the transition dominated 
nature of mtDNA variants makes the third codon positions 
essentially neutral and can serve as a footprint for selection-
free mutation process in germline mtDNA, the reduction of 
transition rate and alteration of mutation signature in pro-
tein synthesizing (rRNA and tRNA) and amino acid altering 
(1st and 2nd positions of codon triplet) units were hallmarks 
of strong purifying selection, suggesting that mutation sig-
nature in germline mtDNA is generated by the combined 
action of mitochondrial distinct mutation process and ger-
mline-specific purifying selection.

Replication‑coupled mutation signature in germline 
mtDNA

Accumulated evidence suggests that the extreme mutational 
strand asymmetry in human mtDNA is related to the distinct 
mode of mtDNA replication, where the nascent H strand is 
synthesized first while the parental H strand is displaced 
and is single stranded (Ju et al. 2014; Stewart et al. 2015; 
Wanrooij and Falkenberg 2010). To gain further insight, we 
analyzed the correlation between the mutation rate and the 
duration of parental H strand being single stranded during 
replication (DssH) using neutral third codon variants in 
germline mtDNA. Both the rates of G > A (H strand C > T, 
p = 0.003) and T > C (H strand A > G, p = 0.05) transitions 
were significantly elevated and positively proportional to 
DssH (Fig. 3). This presence of H strand-specific mutation 

gradient relative to DssH supports that hydrolytic deamina-
tion of cytosine and adenine on the parental H strand may 
play an important role in mtDNA mutagenesis. In addi-
tion, the H strand-biased mutation is highly evident even 
at regions with the lowest DssH value (Cox1 gene, Fig. 3), 
suggesting that the rate and processivity of nascent H strand 
replication may be different from the nascent L strand syn-
thesis, which in turn can causes lower fidelity and higher 
error rate during nascent H strand replication. Thus, the 
distinct mode of mtDNA replication may render both the 
parental H strand (via spontaneous deamination of cytosine 
and adenine) and nascent H strand (via decreased replication 
fidelity) vulnerable to mutagenesis, explaining the extremely 
H strand-biased mutation signature of mtDNA.

Further dissection of mutation and purifying 
selection in germline mtDNA

To better understand the relative strength of mutation and 
purifying selection, we stratified the mutations of 12 L 
strand encoded proteins into amino acid specifying codon 
groups and measured their respective mutation and selection 
pressure, with the latter inferred as the distance between the 
observed mutation rate and predicted selection-free mutation 
rate (mutation pressure). As shown in Fig. 4a, the leucine- 
specifying TTR codon group (1st codon position) showed 
almost equal level of observed and predicted transition rate, 
which is in agreement with our expectation because transi-
tion of TTR at the first codon position is synonymous and 
neutral (both TTR and CTN specify leucine). Thus, the TTR 
codon set served both as a negative control for selection 
pressure and a positive control for selection-free mutation 
pressure, demonstrating the feasibility of our estimation of 
mutation pressure. The majority of codon groups exhibited 
a striking reduction in the observed transition rate relative 
to the predicted selection-free transition rate, highlighting 
the strength of purifying selection. Notably, both the muta-
tion pressure and selection pressure were exceptionally high 
at nucleotides GT, but were much lower at nucleotides AC 
(Fig. 4a, b). In addition, the selection pressure is not con-
fined to protein-coding genes, as comparable or even higher 
levels of selection (ranging from 74 to 83% of mutation pres-
sure) were also evident for tRNA and rRNA genes (Fig. 4c). 
Consistently, at the neutral third position in the codon triplet, 
the presence of multiple variants was observed for more than 
90% of G/T nucleotide positions and ~ 60% of AC nucleo-
tide positions, whereas only ~ 20% of positions were affected 
in the remaining protein- and RNA-coding regions in ger-
mline mtDNA (Fig. 4d). Considering human population as 
a whole, these data are consistent with a scenario where 
mitochondrial strand-biased mutation process generated an 
almost saturated pool of transition variants spanning the 
whole mtDNA, but these variants were subjected to stringent 
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Fig. 2   Locus-specific transition signature in germline mtDNA. The 
pattern of transition was analyzed for 12s rRNA, 16s rRNA, tRNA, 
first, second, and third codon positions, respectively, using com-
bined historical and modern variants. Transition rates are denoted 
by pyrimidine according to 64 trinucleotide contexts, with H strand 

and L strand mutation shown in parallel to reveal strand biases. C > T 
and T > C transitions are bordered by a dashed line with the respec-
tive significance calculated by Welch two-sample t test. Trinucleotide 
context harboring CpG sites are highlighted by single asterisk (*) at 
the third codon position. n.s not significant
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functional test and selection in female germline, such that 
the majority of deleterious variants were swept out in the 
population. On the other hand, as few evidence of purify-
ing selection has been reported in somatic mtDNA variants 
derived from cancer and aging process (Itsara et al. 2014; 
Ju et al. 2014; Kennedy et al. 2013; Stewart et al. 2015; 
Zeng et al. 2018), the somatic and germline mtDNA vari-
ants may represent very distinct mtDNA mutation pools, 
with somatic variants harboring more deleterious nonsyn-
onymous changes.

Strong shaping of mitochondrial genome 
by mutation and selection

Another scenario that emerges from the germline mutation 
signature is the existence of both impetus and resistance 
for directional evolution in mitochondrial genome, with the 
former driven by nucleotide-specific mutation pressure and 
manifested as a net flow of G > A and T > C on the L strand, 
and the latter driven by selection pressure that counteract 
the directional mutation force. The directional evolution 
was most evident at the third codon positions where selec-
tion pressure was almost absent, leading to severe depletion 
of G/T nucleotides (Ju et al. 2014; Kivisild et al. 2006), 
which has also been intensively investigated based on the 
nucleotide compositional bias (Faith and Pollock 2003; 
Fonseca et al. 2014; Raina et al. 2005; Reyes et al. 1998). 
The resistance to directional evolution was evident at other 
functional regions where strength of purifying selection is 
generally high (Fig. 4). We further provided evidence that 
directional evolution was also operative at the functional 
first and second codon positions when selection pressure 

did not completely abrogate directional mutation, mani-
fested as variable depletion of codons for valine, aspartic 
acid, alanine, and serine and the corresponding expansion of 
codons for methionine, isoleucine, asparagine, and threonine 
(Fig. 5a–d). No sign of directional evolution was observed in 
codons for glycine that suffer from extreme selection pres-
sure (Fig. 5e).

We next examined whether mutation signature in ger-
mline mtDNA could resolve the long-lasting mystery of 
pervasive CpG depletion in human mtDNA (Cardon et al. 
1994). Both CpG and GpC sites exhibited a comparable, 
highly L strand-biased transition rate at neutral third posi-
tions, arguing against a role for CpG methylation (Fig. 2). 
CpG sites at codon position [1:2] were underrepresented 
(190 less) in comparison to GpC, corresponding to the low 
arginine usage (codon CGN) and high alanine usage (codon 
GCN). At codon position [2:3] and [3:1], CpG and GpC 
exhibited a reversed distribution, with CpG sites enriched at 
[3:1] but severely depleted at [2:3], and GpC sites showing 
the opposite (Fig. 5f). This pattern of distribution argued 
against a CpG-specific depletion mechanism, but can be 
fully explained by the mutation and selection process in 
germline mtDNA. Taken together, these data demonstrated 
that the mutation signature in germline mtDNA has strongly 
shaped the mtDNA during evolution.

Integrating mutation–selection interplay 
to understand the pathogenicity of mitochondrial 
variants

Lastly, we tested whether insights gained from germline 
mtDNA variants can be used to evaluate pathogenicity using 
disease-associated variants retrieved from MITOMAP. Of 
the 83 mtDNA variants with confirmed pathogenicity, there 
were 5 indels, 8 transversions, and 70 transitions (29 G > A, 

Fig. 3   Plot of gene-specific G > A, T > C, A > G, and C > T transi-
tion rates on DssH (duration of being single stranded during replica-
tion) for the neutral third codon variants in germline mtDNA. The 
transition rate and corresponding DssH are shown for each of the 13 
mtDNA encoded protein genes. The linear regression lines are also 
shown. Cox1 gene has the lowest DssH value (0.11), while Cytb gene 
has the highest DssH value (1.15)

Fig. 4   Mutation–selection interplay in germline mtDNA. Codon-spe-
cific analyses of mutation and selection at the first codon position a 
and second codon position, b for 12 mitochondrial L strand proteins 
are shown. Mean selection-free transition rate is estimated based on 
the neutral third codon position. The strength of selection pressure is 
visualized by the distance between the observed (red) and selection-
free transition rate (gray). 22 codon families are shown along with 
their specifying amino acid by merging twofold and fourfold degen-
erate sites, with R for purine (A or G) and Y for pyrimidine (C or T) 
and N for any nucleotide. The selection-free TTR codon (specifying 
leucine) is highlighted with double asterisks (**). c Locus-specific 
mutation and selection pressure in germline mtDNA. The predicted 
mutation pressure was estimated based on the neutral third codon 
position. The number on the bar indicates the percentage of selec-
tion pressure relative to the predicted mutation pressure. d Positions 
affected by mutation in germline mtDNA for neutral region (3rd 
codon positions), functional region (rRNA, tRNA, 1st and 2nd codon 
position), and D-loop region (16024-576). Variants affecting at least 
one mtDNA sequence (red bar) and variants affecting five or more 
mtDNA sequence (gray bar) are shown in parallel

◂
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24 T > C, 13 A > G, 4 C > T). Taking the compositional bias 
of mtDNA into account, these pathogenic variants exhibited 
a 17.4-fold enrichment for G > A and a 2.4-fold enrichment 
for T > C, resembling the mutation signature of transition 
dominance and GT enrichment in germline mtDNA. Anal-
ysis of mutation occurrence revealed that several patho-
genic mtDNA variants (G11778A, T14484C, A1555G, and 
G3460A) were mutational hotspots (Fig. 6a), accounting for 
their popularity in mitochondrial diseases (Chinnery 2015; 
Stewart and Chinnery 2015). Analysis of normalized Gen-
Bank frequency (corrected for mutation occurrence, Sup-
plementary Table 3) for the 70 pathogenic transitions found 
a general correlation between variant frequency and disease 
severity, with variants causing severe mitochondrial diseases 
(MELAS and Leigh’ syndrome) exhibiting lower frequency, 
and variants causing relatively mild disease (LHON, deaf-
ness) exhibiting higher frequency (Fig. 6b). These observa-
tions suggested that pathogenic mtDNA variants are also 

governed by the mutation–selection signature in germline 
mtDNA.

We further examined the distribution of normalized Gen-
Bank frequency for the 462 possibly pathogenic MITOMAP 
variants (160 G > A, 135 T > C, 112 A > G, and 55 C > T) using 
benign third codon variants as control and 7 × 10−5 as a tenta-
tive threshold (Fig. 6c). For benign third codon variants, biased 
distribution toward high frequency was most significant for 
G > A (binomial test p = 2.2 × 10−16), followed by T > C (bino-
mial test p < 0.05), but not for AC targeting variants. However, 
for the 462 possibly pathogenic variants, a severely biased 
distribution toward low frequency was observed for G > A 
(p < 2 × 10−16), followed by T > C (p = 4 × 10−6), whereas AC 
targeting variants exhibited equal distribution between benign 
and possibly pathogenic variants (Fig. 6c). These data sup-
port that low frequency GT targeting variants, especially G > A 
transitions, are enriched for pathogenic variants.

Fig. 5   Shaping of mitochondrial 
genome by mutation–selection 
interplay in germline mtDNA. 
Evolutionary depletion of 
codons in 12 L strand proteins 
for valine (a), aspartic acid (b), 
alanine (c) and serine (d) and 
the corresponding expansion of 
codons for methionine, isoleu-
cine, asparagine, and threonine 
are shown, consistent with 
directional evolution. e The 
absence of glycine depletion 
is an example that directional 
evolution can be restrained by 
enough selection pressure. See 
also Fig. 3 for their respective 
mutation and selection pressure 
(marked by single asterisk 
(*). f Distribution of CpG and 
GpC sites at codon position 
[1:2], [2:3], and [3:1] in 12 L 
strand proteins. At codon site 
[1:2], CpG specifies arginine, 
while GpC specifies alanine. At 
codon site [2:3] and [3:1], the 
depletion of either CpG or GpC 
depends on whether G nucleo-
tide sits at the neutral third 
codon position, but independent 
of the CpG or GpC dinucleotide 
motif
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Fig. 6   Analysis of pathogenicity for disease-implicated mtDNA vari-
ants. a Number of mutation occurrence for 70 mtDNA transitions 
with confirmed pathogenicity based on combined historical and mod-
ern variants. The four mostly targeted variants (G11778A, T14484C, 
A1555G, and G3460A) are labeled. b Normalized GenBank fre-
quency (corrected for number of occurrence) for 70 mtDNA transi-
tions with confirmed pathogenicity. Representative variants for severe 
mitochondrial disease (MELAS, LS) and mild mitochondrial disease 
(LHON, deafness) are labeled. A correlation between normalized 
GenBank frequency and disease severity is evident. c Nucleotide-

specific comparison of normalized GenBank frequency between 462 
disease-implicated mtDNA transition variants and benign third codon 
variants. A threshold accommodating all the 70 confirmed pathogenic 
variants is shown by a dashed line. The percentage of variants below 
the threshold for each group is shown at the bottom. Nucleotide-spe-
cific significance between benign and disease-implicated variants was 
determined by Pearson’s Chi squared test. Red line, median value of 
normalized frequency. Cfm, variants with confirmed pathogenicity. 
Rep, variants with reported but uncertain pathogenicity. 3rd, benign 
third codon variants. n.s not significant
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Materials and methods

Extraction of historical and modern mitochondrial 
variants

We differentiated “historical” and “modern” mitochondrial 
variants, whereby “historical” variants represent the hap-
logroup defining variants, which probably reflect the his-
torical mutational process, while “modern” variants repre-
sent rare variants in haplogroup, which likely reflect more 
recent mutational process. To harvest historical variants, we 
extracted the defining variants from the most updated Phy-
lotree (Build 17, 18 Feb 2016) (van Oven and Kayser 2009). 
As these variants are phylogeny based, we assumed that each 
variant in the tree represents an independent mutation event. 
After removing indels and reversion mutations (mutations 
that reverse a mutated base back to its ancestral state), we 
gleaned a total of 11,746 “historical” mitochondrial variants. 
To harvest modern variants, we retrieved the most updated 
human mitochondrial variants from MITOMAP (www.
mitom​ap.org), which contains a total of 97,566 variants from 
45,494 full-length mtDNA sequences encompassing 1078 
haplogroups. For each variant, we calculated a haplogroup-
specific variant frequency (number of sequences carrying 
given variant in haplogroup/total number of sequences in the 
haplogroup) and defined variants with frequency of less than 
5% as modern variants (each variant counted only once per 
haplogroup background). After removing indels and posi-
tions that are different between rCRS and RSRS reference 
(Behar et al. 2012), we gleaned a total of 44, 334 modern 
variants.

Analysis of mutational signature

Mutational signatures and strand bias were assessed follow-
ing Alexandrov’s approach (Alexandrov et al. 2013; Ju et al. 
2014) with minor modifications. Briefly, because the initial 
analysis of mutation spectrum revealed predominance of 
transitions (96% for historical variants and 93% for modern 
variants), we only focused on the transition-associated muta-
tion signatures, as the paucity of transversions did not allow 
for a solid analysis. We first picked the transition mutations 
and extracted the immediate 5′ and 3′ sequence context from 
mitochondrial RSRS. Transition rate was calculated as ratio 
between observed and expected mutation (H0 = equal muta-
tion rate for all transition classes) for each of the 64 classes of 
trinucleotide context (16 types of possible 5′ and 3′ context × 4 
classes of transition (A > G, C > T, G > A and T > C)). The 
trinucleotide frequency in human mtDNA reference was taken 
into account when calculating the expected mutation. We ana-
lyzed historical and modern variants independently in the first 
place, and combined them together when a great consistency 

between historical and modern variants was observed. For 
modern variants, 52 positions that differed between rCRS 
and RSRS reference were removed to avoid confusion. For 
analysis of strand bias, we transformed the purine transitions 
(G > A and A > G) into corresponding pyrimidine transition 
(C > T and T > C) on the complementary strand, and calcu-
lated the strand-specific C > T and T > C transition rate. The 
significance of strand bias (C > T and T > C, respectively) was 
determined by Welch’s t test.

Functional unit‑specific analysis of mutation 
signature

Historical and modern variants were divided into six functional 
units (tRNA, 12s rRNA, 16s rRNA, 1st, 2nd, and 3rd position 
of codon triplet) and independently analyzed for mutation 
signature and strand bias following the same approach. This 
functional dissection enabled the analysis of both mutation 
pressure and selection pressure.

For further analysis of neutral third codon variants, a gene-
specific DssH value (the duration of parental H strand being 
single stranded during replication) was calculated following 
Reyes’s approach (Faith and Pollock 2003; Reyes et al. 1998). 
Gene-specific G > A, T > C, A > G, and C > T transition rates 
were calculated by counting the number of specific third codon 
transitions in a given gene and further normalized for the third 
codon nucleotide compositions in the corresponding gene.

Analysis of selection pressure in the context 
of mutation pressure

We separated the codons of the 12 L strand proteins into 
22 amino acid-based codon groups (two Leu codon, CTN 
and TTR, and two Ser codon, AGY and TCN, were treated 
as 4 different groups. R for purine, Y for pyrimidine and N 
for any of four nucleotides), and calculated codon-specific 
selection pressure according to the first and second codon 
position, respectively. The selection pressure was measured 
as the distance between the observed mutations and pre-
dicted selection-free mutational load. The selection-free 
mutations were estimated for each of the four nucleotides 
(A, C, G, and T) based on the mean observed mutation rate 
at the neutral third codon position. The H strand gene (MT-
ND6) was not included for this analysis because (1) H and L 
strand are subjected to opposite mutation pressure in somatic 
cells (Ju et al. 2014) and (2) ND6 is a small protein with 
only 175 codons that did not allow for solid codon-specific 
analysis. We also calculated an overall region-specific selec-
tion pressure (tRNA, 12s RNA, 16s RNA, 1st 2nd and 3rd 
position of triplet codon, respectively) as the difference 
between observed and predicted selection-free mutational 
load. In addition, for the first, second, and third position 
in the codon triplet, we counted the overall percentage of 

http://www.mitomap.org
http://www.mitomap.org


623Human Genetics (2019) 138:613–624	

1 3

positions that are affected by mutation, serving as another 
measure of selection pressure.

Analysis of amino acid composition and CpG 
distribution

We counted the codon frequency in 12 mitochondrial L 
strand proteins based on the 22 amino acid-specific codon 
groups and evaluated whether the amino acid compositions 
can be explained by the mutation–selection interplay in ger-
mline mitochondrial genome. Another long-lasting mystery 
of mitochondrial genome is the pervasive depletion of CpG 
sites in animal mitochondrial genome (Cardon et al. 1994). 
We counted the distribution of CpG and GpC sites in 12 L 
strand proteins based on their relative position in the codon 
triplet ([1:2], [2:3], and [3:1], respectively) and evaluated 
whether the mutation signature in germline mtDNA can 
solve this conundrum.

Calculation of normalized GenBank frequency

To correct for the difference in mutation occurrence, we cal-
culated a normalized GenBank frequency as n/(m*45494), 
where n is the number of sequence harboring a given variant, 
m is the number of mutation incidence during evolution, and 
45,494 is the total number of mtDNA sequence in MITO-
MAP. For parsimony, the number of incidences for both his-
torical and modern variants was combined. Pearson’s corre-
lation was performed to evaluate the consistency of mutation 
occurrence between historical and modern variants.

Analysis of mitochondrial variants with reported 
pathogenicity

We retrieved 532 mtDNA transition variants located within 
the coding region from a total of 680 disease-implicated 
variants from MITOMAP. Among them, only 70 variants 
had confirmed pathogenicity (“Cfm” status), while the 
remaining 462 variants were reported to be possibly patho-
genic but needed further validation (“Reported” “Reported 
secondary”, or “Unclear” status). We applied the calculated 
normalized GenBank frequency for these disease-implicated 
variants and evaluated whether they could be used to predict 
pathogenicity by using the 70 pathogenic variants as posi-
tive control and the neutral third codon position as negative 
control.

Statistical analysis

Data processing and statistical testing were performed using 
R software. All p values were calculated by two-tailed test-
ing. Figures were generated using GraphPad prism software.
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