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Abstract 
Mitochondrial DNA (mtDNA) mutagenesis remains poorly understood despite its crucial role in disease, aging, and evolutionary tracing. In this 
study, we reconstructed a comprehensive 192-component mtDNA mutational spectrum for chordates by analyzing 118,397 synonymous 
mutations in the CytB gene across 1,697 species and five classes. This analysis revealed three primary forces shaping mtDNA mutagenesis: 
(i) symmetrical, replication-driven errors by mitochondrial polymerase (POLG), resulting in C > T and A > G mutations that are highly conserved 
across classes; (ii) asymmetrical, damage-driven C > T mutations on the single-stranded heavy strand with clock-like dynamics; and 
(iii) asymmetrical A > G mutations on the heavy strand, with dynamics suggesting sensitivity to oxidative damage. The third component, 
sensitive to oxidative damage, positions mtDNA mutagenesis as a promising marker for metabolic and physiological processes across various 
classes, species, organisms, tissues, and cells. The deconvolution of the mutational spectra into mutational signatures uncovered deficiencies 
in both base excision repair (BER) and mismatch repair (MMR) pathways. Further analysis of mutation hotspots, abasic sites, and mutational 
asymmetries underscores the critical role of single-stranded DNA damage (components ii and iii), which, uncorrected due to BER and MMR 
deficiencies, contributes roughly as many mutations as POLG-induced errors (component i).
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Introduction
DNA mutations can be a result of either replication errors or 
damage followed by incorrect repair (Chatterjee and Walker 
2017), with a range of mutagens responsible for these 
changes (Chintalapati and Moorjani 2020). Reconstruction 
of a mutational spectrum, with 96 or 192 components, al
lows decomposition into distinct mutational signatures, help
ing us to trace the effects of various mutagens (Alexandrov 
et al. 2020). In the human nuclear genome, both germline 
and somatic spectra, including those from cancers, have 
been instrumental in reconstructing and deconvoluting these 

mutational signatures, leading to major breakthroughs in 
both fundamental (Seplyarskiy et al. 2019), and applied 
(Koh et al. 2021) research.

Despite significant advancements in comprehending the mu
tagenesis of the human nuclear genome, the mitochondrial 
genome is less well characterized, yet it plays a vital role in nu
merous human diseases (Taylor and Turnbull 2005) and aging 
(Kalous and Drahota 1996). The mutagenesis of the mitochon
drial genome is mysterious: its mutation rate is a hundred times 
faster than in the nuclear genome, yet it remains poorly under
stood, since its spectra show none of the expected mutational 
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signatures of reactive oxygen species (ROS), UV light, nor to
bacco smoke in associated cancer data (Yuan et al. 2020). 
Furthermore, the mechanisms of mitochondrial DNA 
(mtDNA) replication and repair have been the subject of on
going debate, and recent detailed analysis of the mitochondrial 
mutational spectrum has offered important insights into these 
processes (Sanchez-Contreras et al. 2021). On an evolutionary 
scale, understanding mtDNA mutagenesis and the implementa
tion of mtDNA spectrum-aware approaches are crucial for ac
curate phylogenetic inferences (Mikhailova et al. 2022), for 
uncovering variations in selection processes between species 
(Alexandrov et al. 2020; Boot et al. 2022), as well as for under
standing the dynamics of deleterious human mtDNA variants.

The reconstruction of a detailed mutational spectrum 
of single-base substitutions (SBS) for each species demands 
extensive data. Traditionally, comparative-species analyses 
employ the transitions to transversions ratio as a basic charac
teristic of the mutational spectrum (Belle et al. 2005). The 
availability of more sequence data has allowed researchers 
to use more complex 6-component (focusing only on pyrimi
dines in Watson–Crick base pairs: C > A, C > G, C > T, T > 
A, T > C, T > G, under the assumption of symmetrical muta
genesis on complementary strands) (Dillon et al. 2017; Chu 
et al. 2018; Saclier et al. 2020) and 12-component (doubling 
the 6-component spectrum to account for asymmetrical muta
genesis on complementary strands) (Mikhailova et al. 2022) 
spectra in analyses for comparative studies. However, more 
comprehensive 96-component (expanding the 6-component 
spectrum with an inclusion of the nucleotide context) and 
192-component (a doubled version of the 96-component spec
trum, assuming asymmetry between complementary strands) 
spectra, which consider adjacent nucleotide context, have 
been limited to extensively studied species such as humans 
(Yuan et al. 2020) and SARS-CoV-2 (Yi et al. 2021). For rare
ly sequenced, nonmodel taxa, constructing these in-depth 
spectra is challenging.

Here, focusing on chordates, we overcame this limitation 
by integrating rare, species-specific mtDNA polymorphisms 
into a comprehensive spectrum that is representative of all 
Chordata. Reconstructing 118,397 synonymous polymorphic 
mutations from CytB sequences of 1697 chordate species, we 
compiled a 192-component mtDNA spectrum. This extensive 
spectrum enables the exploration of critical questions, related 
to damage, and replication-driven mechanisms of mtDNA 
mutagenesis, their etiologies, and dynamics.

Results
Integral 192-component mtDNA Mutational 
Spectrum of Chordates
The 192-component mutational spectrum for four mitochon
drial protein-coding genes—CytB, ND2, CO1, and CO3— 
scaled and normalized to trinucleotide contexts, was derived 
by utilizing the NeMu pipeline (Efimenko et al. 2024), which 
processed tens of thousands of synonymous mutations recon
structed from polymorphic sequences of more than a thousand 
chordate species (supplementary table S1, Supplementary 
Material online). The resulting spectra of all four genes high
light a significant prevalence of asymmetric transitions, with 
CH > TH and AH > GH being the most frequent types (Fig. 1
and supplementary fig. S1, Supplementary Material online). 
This mutational pattern reflects findings observed in mamma
lian germline mutations (Mikhailova et al. 2022), somatic 

mutations in human cancers (Yuan et al. 2020), and healthy 
tissues (Sanchez-Contreras et al. 2023). It is important to 
note that although we refer to our mutational spectra as hav
ing 192 components, only 160 of them are effectively used in 
our approach because we focus on synonymous substitutions 
(see missing bins in Fig. 1c and explanation in supplementary 
fig. S2, Supplementary Material online).

The mutational spectra of all four genes appear very similar 
(see supplementary fig. S1, Supplementary Material online), 
confirmed by a high cosine similarity between them (around 
0.9; see supplementary fig. S3 and Methods, Supplementary 
Material online). This suggests consistent mutational processes 
across the minor (ND2) and major (CO1, CO3, and CytB) 
mtDNA arcs, as well as along the different positions within 
the major arc (CO1 at the beginning, CO3 in the middle, and 
CytB at the end). Given this high similarity, our subsequent 
analyses will focus exclusively on CytB, a gene represented 
by a significantly higher number of mutations and species in 
our dataset: 118,397 synonymous mutations across 1,697 
chordate species (see supplementary tables S1 and S2, 
Supplementary Material online). To further demonstrate the 
usability of CytB for analyzing comprehensive mtDNA muta
tional spectra across all chordates, we confirmed: (i) its highly 
stable location relative to the origin of replication on the light 
strand (oriL), which indicates minimal variation during 
the time spent single-stranded (TSSS) (see supplementary fig. 
S4, Supplementary Material online); (ii) a consistently high 
fraction of transitions in the mutational spectra across various 
species, exceeding 0.87 for each taxonomic group (see 
supplementary table S3, Supplementary Material online), serv
ing as a hallmark of high-quality mtDNA mutational spectra 
(see Fig. 1c in Yuan et al. (2020) based on comprehensive ana
lysis of human cancer mtDNA); (iii) a high level of similarity in 
the expected part of mutational spectra, which is used for nor
malization and is based on trinucleotides with synonymous 
mutations at the center (i.e. is influenced by the usage of codons 
and the colocalization of neighboring codons, see Materials 
and Methods and supplementary figs. S5 and S6 and table 
S4, Supplementary Material online). Altogether, we consider 
CytB as a widely sequenced gene with consistent key properties 
(stable gene location, high fraction of transitions as a quality 
control, similar expected mutational spectrum across classes), 
which allows it to serve as a hallmark of the mtDNA spectrum.

Variation in mtDNA Mutational Spectra-Driven by 
Life-History-Associated Damage Components
To assess variation in CytB-derived 192-component mutation
al spectra between chordate species, we calculated pairwise co
sine similarities between all species and found no evidence of 
the expected clustering of species-specific spectra within classes 
(supplementary fig. S7a, Supplementary Material online). 
Technically speaking, this result may be explained by a high 
level of uncertainty in the 192-component spectrum at the spe
cies level due to the sparsity of the compared spectra (a high 
fraction of the bins in the spectrum are zeros, while many non
zero bins are based on a small number of observed events and 
thus exhibit high variance). Biologically speaking, the lack 
of similarities within class-specific spectra can indicate either 
extreme stability of mtDNA mutational spectra across classes 
or some evolutionary changes not linked to phylogeny 
(Chintalapati and Moorjani 2020). However, changes in 
mtDNA mutational spectra between different species have 
been documented before (Belle et al. 2005; Chintalapati and 
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Moorjani 2020). Such changes can be explained either by vari
able replication/reparation-driven components (if POLG and 
basic reparation systems of mtDNA vary strongly between spe
cies) or by variable damage-driven components (if mtDNA 
damage is affected by the metabolism-related traits that can 
be highly variable even among close species). Taking into ac
count the high evolutionary conservation of chordate POLG 
(Oliveira et al. 2015; Khan et al. 2020; Czernecki et al. 
2023) and rather variable levels of aerobic metabolism in dif
ferent chordates (Gavrilov et al. 2022), we propose that the 
damage effect may be the main reason for the observed 
variation.

Additionally, to rule out the technical scenario, we calcu
lated pairwise cosine similarities across all chordate species us
ing the 12-component CytB-derived mutational spectrum 
(supplementary fig. S7b, Supplementary Material online). 
With the 12-component spectra, we expect minimal impact 
from data sparsity, allowing us to disregard the technical scen
ario mentioned above. Despite utilizing enriched data to de
rive species-specific 12-component spectra, the lack of 
class-specific clustering observed supports a biological explan
ation. Contrasting replication-driven with damage-driven 
mechanisms at the level of 12-component spectra, we suggest 

the damage-driven one as the best working hypothesis, due to 
the expected conservative nature of replication and repair of 
mtDNA and previously demonstrated associations of life- 
history traits with 12-component mtDNA mutational spectra. 
Indeed, it has been shown before that AH > GH mutation—one 
of the most asymmetrical and thus damage-driven mutations 
in mtDNA—correlates with life-history traits across species, 
factoring in phylogenetic inertia: longevity in mammals 
(Mikhailova et al. 2022), water temperature in fishes 
(Mikhailova et al. 2023), and average body temperature in 
five chordate classes (Mikhailova et al. 2023). Consequently, 
we suggest that both the 12- and 192-component mtDNA mu
tational spectra are significantly shaped by life-history-related 
damage factors in mtDNA.

To add more lines of evidence to the damage-effect hypoth
esis, we performed class-specific analyses, expecting that birds 
(Aves), a class characterized by the highest level of basal meta
bolic rate on average among chordates (Gavrilov et al. 2022), 
would show the most divergent patterns of the spectrum. We 
reconstructed 192-component mutational spectra for each of 
the five chordate classes (supplementary fig. S8 and table S5, 
Supplementary Material online), revealing notable similarities 
across them and to the overall mtDNA mutational pattern 

(a)

(c)

(b)

Fig. 1. Integral mtDNA mutational spectrum of chordate species based on CytB. a) An average 12-component mutational spectrum (N=1,697 species); 
b) A scheme, visualizing symmetrical and asymmetrical parts of a given mutation (e.g. C > T); c) integral 192-component mutational spectrum (N= 1,697 
species). Missing 32 bins (4 different contexts in each of 8 transversions) are explained by the absence of possible synonymous substitutions in such 
contexts due to genetic code properties (see details in supplementary fig. S2, Supplementary Material online).
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(Fig. 1c), suggesting a conserved mutational process within 
chordates. Further analysis, involving median pairwise cosine 
similarities between different classes, confirmed that birds 
(Aves) have the most distinct mtDNA mutational spectrum 
among all classes (Materials and Methods; Fig. 2a), with the 
lowest cosine similarities to all other chordate classes. This is 
in line with a hypothesis that the mtDNA mutational spectrum 
is shaped by metabolism-associated chemical damage 
(Almatarneh et al. 2006).

To further test the potential damage effect, we analyzed 
somatic mtDNA mutations from human cancers, which are 
often hypoxic (Bhandari et al. 2019) and thus may have less 
oxidative damage (Ericsson et al. 2015). Conducting pairwise 
comparisons between 192-component mutational spectra of 
human cancers (Yuan et al. 2020) and 192-component muta
tional spectra of five chordate classes, we indeed revealed the 
least cosine similarity between birds and cancers (Fig. 2a; 
supplementary fig. S9, Supplementary Material online). This 
indicates their strong deviations between them, presumably 
due to the lowest oxidative damage in cancers and the highest 
oxidative damage in birds (Trimarchi et al. 2000; Sugimura 
et al. 2012). Altogether, we propose that, due to the differen
ces in the level of aerobic metabolism, all chordate species and 
classes, as well as human cancers, are characterized by differ
ent levels of mtDNA damage, which in turn shape the mtDNA 
mutational spectra.

Patterns Within mtDNA Spectrum: Conserved 
Symmetrical Replication-Driven Components, 
Variable Asymmetrical Damage-Driven 
Components, hot Mutational Motifs
To distinguish stable and variable patterns within the 
CytB-derived 192-component mutational spectra across classes, 

we analyzed transitions and transversions separately. Transitions 
showed consistently high similarities among chordate classes 
and human cancers (Fig. 2a), aligning with the full spectrum 
trends (supplementary fig. S9a, Supplementary Material
online). Conversely, transversions showed lower similarities 
(supplementary fig. S9b, Supplementary Material online), like
ly due to their stochastic occurrence and rarity in our dataset 
(supplementary fig. S10, Supplementary Material online). 
Subsequently, we focused our analysis on each transition 
type separately.

Cosine similarities across classes were uniformly high for 
each of the four transition types (Fig. 2b), yet interesting var
iations were observed. Notably, GH > AH exhibited higher 
similarity between classes than CH > TH, despite being com
plementary equivalents. This indicates that symmetrical C > 
T mutations on double-stranded DNA (dsDNA) (approxi
mated by GH > AH, Fig. 1b) are more conserved compared 
with the asymmetrical part of C > T mutations in single- 
stranded DNA (ssDNA) (approximated by the difference be
tween CH > TH and GH > AH, Fig. 1b). We suggest that the 
conserved pattern of symmetrical C > T substitutions (equal 
to GH > AH) primarily results from internal replication errors, 
introduced by POLG. Conversely, the less conserved pattern 
of asymmetrical C > T mutations (CH > TH minus GH > AH) 
on ssDNA, particularly divergent between cancer and chord
ate classes, may be influenced by chemical damage, including 
spontaneous deamination or oxidation.

Taking into account that asymmetrical CH > TH (i.e. CH > 
TH minus GH > AH) is most likely associated with chemical 
damage such as spontaneous deamination or oxidation at 
ssDNA (Sanchez-Contreras et al. 2021), we explored the pro
file of the CH > TH substitutions in detail. A yeast experiment 
with ssDNA and ROS (oxygen peroxide and paraquat) demon
strated that cCc > cTc mutations are a primary target of 

(a) (b)

Fig. 2. Pairwise comparisons of mutational spectra of five chordate classes and human cancer samples. Cosine similarity of Jackknife samples 
underpinned the analysis (refer to Materials and Methods for details). a) The similarity based on mutational spectra of transitions, comprising 64 
components. Each box contains the quartiles (Q1, median Q2, and Q3), representing the similarity distributions across samples. b) The similarity is 
grounded on distinct transition types within the mutational spectra, featuring 16 components for each transition. Numbers in boxes indicate medians. 
Notably, the GH > AH spectra are more conserved than CH > TH ones (see text for details). See supplementary fig. S9, Supplementary Material online, for 
the similar analyses based on all types of substitutions (192 components) and transversions only (128 components).
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oxidative damage in ssDNA (Degtyareva et al. 2019). Notably, 
completely in line with these experimental results, we consist
ently identified cCc > cTc as the most common motif for CH > 
TH substitutions in all chordate classes (supplementary fig. 
S11a, Supplementary Material online). Therefore, the cCc > 
cTc mutation arises not only from spontaneous deamination 
but also includes contributions from oxidative or other types 
of damage to ssDNA. Conversely, cancer data again demon
strate a distinct pattern: asymmetrical CH > TH substitutions 
predominantly appear in the nCg context rather than cCc 
(supplementary fig. S11c, Supplementary Material online), 
suggesting the effects of potentially lower levels of oxidative 
damage (Ericson et al. 2012) or from cytosine methylation in 
mtDNA (Stoccoro and Coppedè 2021), resembling the well- 
known CpG > TpG substitutions in the nuclear genome.

Comparing AH > GH and TH > CH, we observe a similar 
trend: AH > GH (as opposed to TH > CH) is slightly more vari
able, particularly showing greater sensitivity to differences be
tween cancers and Aves (more greenish on heatmaps; Fig. 2b). 
This pattern is expected if AH > GH is more associated with 
basal metabolism or oxidative damage as compared with 
TH > CH.

Analyzing the local patterns of AH > GH substitutions, 
we observed that nAt > nGt and nAg > nGg are the most com
mon motifs across all chordates (supplementary fig. S11b, 
Supplementary Material online). Conversely, it alters in can
cers, representing the diverse environments in different cancer 
cells compared with germline tissues (supplementary fig. S11d, 
Supplementary Material online). The AH > GH mutation, re
cently linked to aging in mammals (Mikhailova et al. 2022) 
and body temperature in chordates (Mikhailova et al. 2023), 
suggests a signature of damage related to aerobic metabolism 
(Mikhailova et al. 2022), yet the exact process driving these 
substitutions is still unknown.

The potential mechanism of AH > GH transitions 
can be explained at least partially by the mutagenic 
N6-methyldeoxyadenosine (6 mA) in mtDNA, being strongly 
enriched on the heavy strand (Koh et al. 2018) and associated 
with stressful hypoxic conditions. Although enrichment in 
6 mA in mammalian mitochondria is still contradictory (Li 
et al. 2021; Kong et al. 2022) and a link between 6 mA and 
AH > GH is rather suggestive, we observed that the 6 mA 
motifs described as (c/a)At and A(t/g) in previous studies 
(Koh et al. 2018; Hao et al. 2020) are similar to our AH > 
GH motifs nAt > nGt and nAg > nGg (supplementary fig. 
S11b, Supplementary Material online). Future research should 
be directed toward elucidating the mechanisms underlying 
AH > GH substitutions in mtDNA.

Altogether, we propose that the symmetrical and conserva
tive part of mtDNA mutational spectra (CH > TH equal to 
GH > AH; AH > GH equal to TH > CH) can be shaped by 
replication-driven POLG-induced mutations, while the asym
metrical and variable part of mtDNA mutational spectra 
(CH > TH minus GH > AH and AH > GH minus TH > CH) is 
most likely shaped by damage-driven mutations, induced by 
deamination, oxidation, or methylation.

mtDNA Mutations Through the Lens of Mutational 
Signatures: BER Deficiency, MMR Deficiency, 
Spontaneous Depurination
To deconvolute the CytB-derived 192-component mutational 
spectrum of mtDNA into its underlying mutational signatures, 
we utilized the COSMIC SBS database (https://cancer.sanger. 

ac.uk/signatures/sbs/). Since the COSMIC SBS database is built 
upon 96-component signatures, we divided our average class- 
specific 192-component mtDNA spectrum into three sets 
(Fig. 3a; Materials and Methods): a “high” spectrum for asym
metric transitions (substitutions with the highest rate out of 
two complementary substitutions: nCn > nTn and nAn > nGn), 
“low” spectrum for symmetric transitions (substitutions with 
the lowest rate out of two complementary substitutions: nGn > 
nAn and nTn > nCn), and a “diff” spectrum, typical for the heavy 
strand ssDNA, calculated by subtraction of “low” spectrum from 
the “high” (nCn > nTn minus nGn > nAn and nAn > nGn minus 
nTn > nCn). Given the rarity and variability of transversions in 
mtDNA, we conducted main analyses without transversions 
(Fig. 3); however, the inclusion of transversions into analyses 
did not significantly affect our findings (supplementary fig. S12, 
Supplementary Material online). Using two different methods: 
SigProfilerAssignment and mSigAct (Ng et al. 2017; Islam et al. 
2022; Jiang et al. 2024), we observed several signatures, namely 
SBS30, SBS44, SBS26, SBS6, and SBS12, which are predominant 
in mtDNA mutations with varying contributions to high, low, 
and diff spectra (Fig. 3b; Materials and Methods). Two other sig
natures are not discussed in detail below: SBS5 exhibits a consist
ently uniform pattern that is more pronounced when including 
transversions and is traced only by SigProfilerAssignment. 
SBS23 is a rare signature with unknown etiology; however, it 
has a pattern similar to SBS30 and is primarily traced only 
by mSigAct (supplementary fig. S12, Supplementary 
Material online). Taken together, the results derived from 
the application of SigProfilerAssignment and mSigAct meth
odologies demonstrate consistency in the assignment analyses 
(supplementary tables S6 and S7, Supplementary Material
online). Key signatures identified through these analyses are 
discussed below.

SBS30 is associated with deficient base excision repair (BER) 
in the nuclear genome and predominantly results in C > T mu
tations (Drost et al. 2017; Zou et al. 2021). In mitochondria, 
BER is the primary repair pathway for chemically damaged 
bases, including deaminated, oxidized, and alkylated bases 
(Rong et al. 2021). Our findings indicate a BER deficiency sig
nature in mtDNA (Fig. 3b and c) (Ikeda et al. 1998). Another 
notable observation is the association of SBS30 in the nuclear 
genome with malfunctioning NTHL1 glycosylase, suggesting 
an inherent decreased efficiency of this enzyme in mtDNA. 
NTHL1 removes oxidized pyrimidine lesions in both nuclear 
DNA (nDNA) (Das et al. 2020) and mtDNA (Karahalil et al. 
2003); significantly decreased NTHL1 activity in Friedreich’s 
ataxia leads to the accumulation of mtDNA mutations dramat
ically, affecting mitochondrial functioning (Bhalla et al. 2016). 
These observations suggest that NTHL1 could serve as a stra
tegic target for mitigating the mitochondrial mutation rate in 
clinical settings.

BER intermediates, such as abasic sites (AP sites), may pro
vide additional insights into mtDNA mutagenesis, though they 
can also result from spontaneous base loss. When BER is inef
fective on ssDNA, AP sites may form as an intermediate step 
following glycosylase activity. In such cases, we anticipate 
that these AP sites could display motifs similar to SBS30 
patterns (CH > TH mutations). Spontaneous base loss will 
show a distinct tendency: depurination (A and G loss) outpaces 
depyrimidination (C and T loss) by 20-fold, guanines are 1.5 
times more prone to depurination than adenines, and depuri
nation happens faster in ssDNA than in dsDNA (Thompson 
and Cortez 2020). Analyzing AP sites in mouse mtDNA, 
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with precise single-nucleotide resolution on both strands (Cai 
et al. 2022), we observed that motifs with AP sites correlate 
well between the light and heavy strands, occurring about 
twice as often on the heavy strand, with Guanine being the 
most common AP site, followed by Adenine (Fig. 3d). This pat
tern is more consistent with spontaneous base loss, not BER. 
This process, upon replication by POLG that incorporates a 
dA residue opposite the abasic site (Pinz et al. 1995), can result 
in G > T and A > T transversions. The asymmetry observed for 
G > T and A > T transversions (Fig. 1a) goes in line with a pre
dominance of AP sites on the heavy strand (Fig. 3d).

SBS44, SBS26, and SBS6 are three of seven known signa
tures linked to defective DNA mismatch repair (MMR), cru
cial for correcting mismatches during DNA replication 
(Li 2008). Although the presence of MMR in mtDNA has 
been debated, it is now widely accepted that MMR in 
mtDNA is deficient compared with the nuclear genome 
(Copeland and Longley 2014; Rong et al. 2021), which is 
completely in line with our results. Interestingly, MSH1 and 
mtMutS, the mitochondrial MMR proteins, were detected ex
clusively in the mitochondrial genomes of several nonbilateral 
animals (Muthye and Lavrov 2021). This suggests that their 

(a)

(b)

(d)

(c)

(e)
(f)

Fig. 3. Deconvolution of 192-component mutational spectra into COSMIC SBS signatures. a) The 192-component spectrum of the mitochondria is 
divided into three groups—“high”, “low,” and “diff”—for signature analysis (see details in the text). b) The signature assignment outcomes from the 
SigProfilerAssignment (top panel) and mSigAct (bottom panel). c) Main COSMIC signatures assigned to mtDNA mutational spectra of chordate classes 
(graphs generated by SigProfilerAssignment software, COSMIC version 3.3). Pattern of SBS30: BER deficiency mutations. Pattern of SBS44, SBS26, and 
SBS6: MMR deficiency mutations. The pattern of SBS12 may also be linked to MMR (see the text for details) d) Analysis of the trinucleotide pattern of AP 
sites within coding sequences of both the heavy and light strands reveals that trinucleotides on the heavy strand exhibit higher levels of damage, with G 
being the most frequently damaged nucleotide. e) The signature assignment outcomes using Signal Database. f) Mutational signatures from knockout 
models of key DNA repair genes PMS2 and UNG.
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loss in bilaterians may influence the mtDNA mutational spec
trum. A detailed comparative analysis of the mtDNA muta
tional spectra of species with and without MMR proteins 
coded within mtDNA would be of great interest for future 
research.

SBS12, despite its unknown origins in the nuclear genome, 
might be an interesting signature because it is associated 
with A > G (T > C in COSMIC notation, Fig. 3c), which is 
the second most common transition in mtDNA and is sensitive 
to age and temperature (Mikhailova et al. 2022, 2023). 
Notably, SBS12 in the nuclear genome shows an increase 
with replication timing (see the “Replication timing” section 
in COSMIC). It also exhibits transcriptional strand asym
metry with more A > G mutations occurring on the nontran
scribed strand (more T > C mutations on the transcribed 
strand in COSMIC notation). Additionally, SBS12 displays 
replication strand asymmetry, with A > G mutations occur
ring on the lagging strand (T > C on the leading strand in 
COSMIC notation). All these properties resemble the asym
metric behavior of AH > GH substitutions in mtDNA 
(Mikhailova et al. 2022, 2023), and thus may shed light on 
the similar mutagenesis mechanisms. SBS12 is frequently ob
served in liver hepatocellular tumors and Biliary Tract 
Adenocarcinoma (Alexandrov et al. 2020). Although the eti
ology of SBS12 remains unknown, it has been noted 
(Mas-Ponte et al. 2022) that its mutational profile resembles 
that of PMS2 knockout models, which are associated with de
fects in the MMR pathway (Zou et al. 2021). Further evidence 
linking SBS12 to MMR comes from a study where organwise 
independent extractions of mutational signatures were per
formed (Degasperi et al. 2020). The analysis revealed that 
MMR reference signature 2 (RefSig MMR2) closely resembles 
SBS12, further supporting the association with MMR 
deficiency.

When comparing the “diff”, “high,” and “low” sets of mu
tations, we observed a trend where BER-related deficiencies 
(e.g. SBS30 and potentially SBS23, based on their pattern simi
larity to SBS30) are more pronounced in the “diff” and “high” 
categories (Fig. 3b; supplementary fig. S12, Supplementary 
Material online). This could be attributed to the inefficiency 
of BER in repairing ssDNA. In contrast, MMR-related defi
ciencies (SBS12, SBS44, SBS26, and SBS6) are more commonly 
observed in the “low” category (Fig. 3b; supplementary fig. 
S12, Supplementary Material online), likely reflecting the 
more symmetrical nature of these mutations. To further 
investigate this tendency, we utilized experimentally derived 
mutational signatures from knockout models of key DNA 
repair genes (Zou et al. 2021), using data from the Signal data
base (Degasperi et al. 2020). Based on our earlier results 
(Fig. 3b), which showed that most mtDNA mutations are driv
en by BER and MMR deficiencies, we deconvoluted our 
mtDNA spectra using signatures derived exclusively from ex
perimentally obtained knockouts of nine genes involved in 
various repair pathways (see Materials and Methods). We con
firmed that BER-associated deficiencies, such as UNG (which 
resembles SBS30 due to NTHL1 deficiency), are more promin
ent in the “diff” and “high” categories compared with “low” 
(Fig. 3c). In contrast, MMR-related signatures (e.g. ΔPMS2, re
sembling SBS12) show the opposite trend, being predominant 
in the “low” category (Fig. 3e). Notably, this pattern is strong 
and consistent across all three cold-blooded classes 
(Actinopteri, Amphibia, and Lepidosauria), while the contri
butions of BER to the “high”, “low,” and “diff” categories 

remain relatively stable and low in warm-blooded classes 
(Mammalia and Aves) (Fig. 3b and e). This stability may be 
due to elevated levels of metabolism-associated damage, which 
is visible as uncorrected by MMR signature of ΔPMS2, charac
terized by A > G (Fig. 3f, upper panel), which is known to be 
higher in warm-blooded animals (Mikhailova et al. 2023).

Altogether, the deconvolution analysis identified two pri
mary mutational sources in mtDNA: (i) inefficient BER, pre
dominantly associated with asymmetrical C > T mutations 
(NTHL1-driven SBS30 in COSMIC, which is similar to 
ΔUNG pattern in Signal (Fig. 3f, lower panel)); and (ii) ineffi
cient MMR, mainly associated with A > G mutations (SBS12 
in COSMIC, which is similar to the ΔPMS2 pattern in 
Signal). The BER deficiency is more pronounced in the 
ssDNA of cold-blooded species; however, this effect dimin
ishes in warm-blooded species. This change is likely due to 
an increasing prevalence of A > G mutations uncorrected by 
MMR, associated with higher levels of oxidative damage ob
served in our data (Fig. 3e—note the stabilization of red bins 
and the increase in gray from cold-blooded to warm-blooded 
animals) and reported in the literature (Bridge et al. 2014). 
Expectedly, the approach used in this chapter cannot recover 
the POLG signature, which does not exist in the corresponding 
databases and remains poorly characterized. This highlights a 
broader potential drawback: the use of nDNA-derived muta
tional signatures in our analysis may introduce bias due to 
the transition-rich nature of mtDNA mutagenesis. This raises 
the concern that the identified signatures could be inherently 
skewed toward transitions, thereby limiting the ability to de
tect mtDNA-specific processes, such as those driven by 
POLG. Future studies utilizing de novo decomposition of sig
natures will be essential to independently validate and refine 
our findings. Considering that POLG-related mutations are ex
pected to be symmetrical, i.e. contribute mainly to the “low” 
spectrum, we may assume that the POLG signature is hidden 
within the MMR-related one. More studies are needed to de
convolute the mutational spectrum of mtDNA into more de
tailed signatures. The deficiency of both BER and MMR 
pathways makes mtDNA especially intriguing, as DNA dam
age at least partially driven by life-history traits and physio
logical processes can be incorporated as mutations without 
undergoing repair. This makes mtDNA mutagenesis a highly 
sensitive marker for tracking various physiological processes 
and environmental influences across different biological 
contexts.

Strong Asymmetry in mtDNA Mutagenesis is 
Shaped by Single-strand DNA Damage During 
Asynchronous Replication
Throughout our paper, we have repeatedly demonstrated the 
pronounced asymmetry of mtDNA mutagenesis: (i) the most 
common transitions C > T and A > G occur several times 
more often on the heavy strand; (ii) transversions G > T and 
C > G also demonstrate increased frequencies on the heavy 
strand in our (Fig. 1a) and other studies (Yuan et al. 2020). 
Estimation of the total level of asymmetry in mtDNA 
(Materials and Methods) shows that ∼42% of all mtDNA mu
tations are asymmetrical, i.e. occur exclusively on a heavy 
strand, while the rest of the mutations occur symmetrically 
on both heavy and light strands. Here, we analyze deeper 
the phenomenon of asymmetry to identify its primary causes.

In the nuclear genome, two types of mutational asymmetry 
have been described T-asymmetry (transcription asymmetry, 
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which originates from mutations on the nontranscribed 
strand) and R-asymmetry (replication asymmetry, which pre
dominantly occurs on the lagging strand) have been described 
and a tight correlation between both of them has been shown 
(Seplyarskiy et al. 2019). We calculated mito-asymmetry from 
our 192-component spectra (supplementary table S7, 
Supplementary Material online; Materials and Methods) and 
observed a significant correlation between mito-asymmetry 
and both R- and T-asymmetries of the nDNA (Fig. 4a). Our 
findings show that mutations prevalent in the mtDNA heavy 
strand are also common in the lagging and nontranscribed 
strands of the nDNA. Further analysis revealed that the corre
lations (Fig. 4a) are primarily driven by 6 base-specific asym
metries (Fig. 4c), not by their context (supplementary figs. 
S13 to S14, Supplementary Material online). This indicates 

that, for example, C > T mutations, regardless of context, occur 
more frequently than G > A across all three areas: (i) mtDNA 
heavy strand, (ii) nDNA lagging strand, and (iii) nDNA non
transcribed strand. Categorizing the mutation pairs by the de
gree of asymmetry, from highest to lowest, with the first 
substitution in each pair occurring more frequently, we got 
the next ranking: C > T ≫ G > A, C > G ≫ G > C, A > G ≫ T > 
C, G > T ≫ C > A (Fig. 4c). Interestingly, C > T and A > G are 
the most common substitutions in the integral mtDNA muta
tional spectrum (Fig. 1a), thus shaping an overly strong asym
metry of the whole mtDNA mutational spectrum.

What is the plausible mechanism for the asymmetry’s 
origin? The shared characteristic of the three areas 
described above is their single-stranded nature, suggesting a 
uniform mutational process influenced by ssDNA damage. 

(a) (b)

(c)

Fig. 4. Comparison of the mitochondrial asymmetry based on the global mitochondrial mutational spectrum with the T and R asymmetries in nDNA (each 
dot represents substitution type with a context). a) The analysis of the mitochondrial asymmetry reveals a notable positive correlation with both T (upper 
panel, Spearman’s Rho = 0.45, P= 2.8 × e−05, N= 80) and R (bottom panel, Spearman’s Rho = 0.38, P= 0.0005, N= 80) nuclear asymmetries. The 
elimination of zero-rated substitutions (rare transversions, never observed in chordates) from the mito-asymmetry significantly improved the positive 
associations with both T- (Spearman’s Rho = 0.74, P= 9.1 × e−13, N= 68) and R-asymmetry (Spearman’s Rho = 0.74, P= 8.1 × e−13, N= 68). b) Direct 
comparison of mitochondrial asymmetries between warm- (birds) and cold- (fishes) blooded species shows an increased strength of the asymmetry in 
warm-blooded (the ratio is higher than one) (Wilcoxon test, P= 3.09e−05, N= 60). A similar trend is observed for high vs. low TSSS regions (Wilcoxon test, 
P= 0.06, N= 29). с) Among the six primary substitution types, a robust association is observed between mito-asymmetry and T (left panel) and R (right 
panel) asymmetries, superseding the influence of nucleotide content.
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If single-stranded specific damage (Tanaka and Ozawa 1994; 
Faith and Pollock 2003; Sanchez-Contreras et al. 2021) is a vi
able hypothesis, we anticipate asymmetry to grow with (i) in
creased TSSS and (ii) increased total damage level. Assuming 
that TSSS is linearly increasing during asynchronous replica
tion of mtDNA along the major arc (Sanchez-Contreras 
et al. 2021), we analyzed human cancer mtDNA data (Yuan 
et al. 2020). Dividing the major arc into low and high TSSS 
zones (see Materials and Methods), we revealed that asym
metry increases in high TSSS areas, with the high-to-low 
TSSS asymmetry ratio exceeding one (Fig. 4b, right panel). 
Testing our hypothesis of different sources of mDNA damage, 
we leverage the convention that mitochondrial damage is 
linked to aerobic metabolic rates (Ericson et al. 2012; 
Mikhailova et al. 2023): thus, mito-asymmetry in warm- 
blooded species should surpass that in cold-blooded ones. 
Comparing mito-asymmetry within the same gene (CytB) be
tween the “warmest” (birds) and the “coldest” (fishes) chord
ate species (Mikhailova et al. 2023) in our dataset, we indeed 
observed an asymmetry ratio of “warm to cold” species great
er than one (Fig. 4b, left panel, P value = 3.09e−05).

While an alternative explanation for asymmetry, proposed 
for nDNA, involves low-fidelity translesion DNA synthesis 
(TLS) polymerases capable of error-prone bypassing of DNA 
lesions (Seplyarskiy et al. 2019), we find it less likely for 
mito-asymmetry. First, PrimPol, an error-prone TLS polymer
ase observed in mammalian mitochondria (Rudd et al. 2014), 
is rarely recruited and has a strong preference for generating 
base insertions and deletions (Guilliam et al. 2015), which 
are rarely observed in mtDNA (Yuan et al. 2020). Second, 
the deamination of C and A on the heavy strand of mtDNA, 
resulting in the most common and asymmetrical mutations, 
C > T and A > G, are not expected to be helix-distorting 
changes that stall replication forks and necessitate PrimPol re
cruitment (see Zheng et al. 2006). In fact, C > T substitutions 
are the most common among POLG-mediated errors in in vi
tro experiments (Zheng et al. 2006), suggesting that POLG 
can make C > T transitions via cytosine deamination without 
issues (supplementary fig. S15, Supplementary Material on
line). In summary, we suggest that ssDNA damage is a key fac
tor contributing to mutational asymmetry in mtDNA and 
potentially has some influence on nDNA as well.

Discussion
In this study, by integrating species-specific mtDNA mutation
al spectra from various chordates, we have reconstructed a 
comprehensive 192-component mutational spectrum. Our 
analyses suggest the possibility of deconvoluting this spectrum 
into three primary sources of mitochondrial mutations: 
replication-driven symmetrical mutations and two asymmet
rical damage-driven categories of mutations: CH > TH and 
AH > GH characterized by distinct etiologies and dynamics.

The first component, primarily driven by symmetrical 
POLG replication errors (however, a possible source of sym
metrical damage-driven mutations is also possible), comprises 
about 58% of all de novo mutations and includes C > T sym
metrical mutations (26%), A > G symmetrical mutations 
(21%), and a symmetrical part of the majority of transversions 
(11%) (ds-DNA specific mutations, Fig. 5). The most preva
lent type within this component is the symmetrical C > T sub
stitutions, which also shows the most conservative pattern 
across chordate classes (see GH > AH in Fig. 2b) and is known 
as the most common mutation for all polymerases, including 

POLG, due to the mispairing of T opposite to G, leading to 
C > T mutations (Lee and Johnson 2006; Zou et al. 2021). If 
the frequency of symmetrical C > T (GH > AH) mutations 
and most transversions increases with each mtDNA replica
tion round, we expect a positive correlation among mutation 
types in the component. Notably, exactly this correlation 
has been confirmed recently by a principal component analysis 
in our comparative-species mammalian study, which shows 
collinearity between the majority of transversions and GH > 
AH substitutions (Fig. 2c in Mikhailova et al. 2022).

The second and third components involve asymmetrical 
mutations, likely driven by damage, though replication-driven 
sources could also contribute (see Matkarimov and Saparbaev 
2020). The precise chemical mechanisms behind these muta
tions in mtDNA require additional experimental validation. 
However, a plausible and parsimonious explanation is that 
these mutations stem from deamination events on ssDNA: 
the deamination of cytosine leading to C > T transitions, and 
the deamination of adenine resulting in A > G transitions. 
The distinct dynamics observed between C > T and A > G mu
tations may stem from differing balances between oxidative 
and hydrolytic deamination pathways. While adenine’s de
amination is relatively slow under standard physiological con
ditions, oxidative stress speeds up its oxidative conversion to 
hypoxanthine, particularly when ssDNA is exposed to high 
ROS levels. Cytosine deamination, by contrast, is primarily 
a hydrolytic process rather than oxidative, meaning that its 
rate is less sensitive to oxidative stress compared with adenine. 
This difference accounts for the observed sensitivity of A > G 
mutations to aerobic metabolism, while C > T mutations re
main largely unaffected. Deficiencies in both BER and MMR 
pathways allow these deamination-based substitutions to per
sist uncorrected.

The second component, representing roughly 30% of muta
tions (ss-DNA specific C > T, Fig. 5), comprises asymmetrical 
C > T mutations due to damage. It is likely shaped by ssDNA 
damage caused by spontaneous deamination. Although the ob
served peak of cCc > cTc mutations (supplementary fig. S11a
and c, Supplementary Material online) indicates the oxidative 
damage on ssDNA, the oxidative component of C > T muta
tions is expected to be rather low since these mutations main
tain a rather constant rate across species, showing no 
sensitivity to metabolic or life-history changes (Mikhailova 
et al. 2022, 2023). This component’s insensitivity to metabolic 
or life-history traits and replication, highlighted by its distinct 
position relative to both the first component (GH > AH muta
tions and the majority of transversions) and the third compo
nent (AH > GH) in our comparative-species PCA plot (Fig. 2c 
in Mikhailova et al. 2022), suggests its potential as a molecular 
clock in mtDNA, similar to SBS1 in nDNA, which is character
ized by C > T mutations in a CpG context due to deamination 
of 5-methylcytosine (SBS1). By analogy with SBS1, we can as
sume that the methylation of cytosine in mtDNA may explain 
some fraction of C > T substitutions—although the methyla
tion of cytosine in mtDNA remains uncertain and probably 
low (Stoccoro and Coppedè 2021)—Somatic mtDNA muta
tions C > T in cancers clearly show a CpG context, suggesting 
that formation of 5-methylcytosine and subsequent deamin
ation may occur (supplementary fig. S11c, Supplementary 
Material online, see Yuan et al. 2020), leading to clock-like 
dynamics.

The third component, representing around 12% of the mu
tation spectrum, consists of asymmetrical AH > GH mutations 
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(ss-DNA specific A > G, Fig. 5), associated with ssDNA dam
age, primarily attributed to adenosine deamination. This mu
tation type, in contrast to the second component, exhibits 
notable correlations with eco-physiological traits in mammals 
(Mikhailova et al. 2022) and across chordates (Mikhailova 
et al. 2023). Its distinctiveness may be linked to its sensitivity 
to temperatures (Karran and Lindahl 1980), alkaline condi
tions (Wang and Hu 2016) and potentially oxidative condi
tions (i.e. the prevalence of oxidative over hydrolytic 
pathways of deamination on ssDNA in a mitochondria envir
onment). The temperature dependency, pH dependency, and 
oxidative deamination could account for the increased AH > 
GH mutations in warm-blooded compared with cold-blooded 
chordates (Mikhailova et al. 2023), and long-lived mammals 
(Mikhailova et al. 2022). All these suggestions highlight im
portant avenues for further research.

The categorization of the mtDNA mutational spectrum into 
replication-driven, ssDNA damage-driven molecular clock-like 
СH > TH and ssDNA damage-driven oxidative-associated AH > 
GH components can enrich our understanding of species’ mo
lecular evolution. It may reveal new aspects of species’ origins, 
history, and potential genetic factors influencing mutation 
rates, as it was shown in comparative studies on nDNA 
(Harris and Pritchard 2017; Chintalapati and Moorjani 2020; 
Sasani et al. 2022; Gao et al. 2023; Jayakodi et al. 2023). 
Additionally, these components can offer insights into the dy
namics of somatic mtDNA mutation patterns in different can
cer types and healthy tissues (Mikhaylova et al. 2021).

Understanding the primary mutagens in mtDNA mutation
al spectrum can guide strategies to reduce mtDNA mutation 

load, causative for many human diseases and aging. For in
stance, evidence that damage contributes almost half (around 
42%) of de novo mutations suggests approaches to mitigate 
damage-induced mutations, either by reducing damage (for 
example, by inducing hypoxia (Ericsson et al. 2015)) or by en
hancing repair processes, like boosting mitochondrial BER or 
MMR. Further research is required to elucidate the damage 
processes impacting mtDNA.

Materials and Methods
Mutational Spectra Dataset Preparation for 
Mitochondrial Genes of Chortate Species
In this paper, we use heavy strand notation for all mtDNA mu
tations and spectra. In the mutational spectra reconstruction for 
mitochondrial genes, we made the assumption that the majority 
of mtDNA synonymous polymorphic variants within chordate 
species are effectively neutral. Although recent suggestions indi
cate that certain synonymous sites in mtDNA may not be entire
ly neutral (Lareau et al. 2023), we evaluated the effect of 
removing highly constrained synonymous sites on our data. 
The results suggested that omitting these conservative sites 
did not markedly change the results (supplementary fig. S16, 
Supplementary Material online).

To reconstruct the species- and gene-specific mutational 
spectra, we used the NeMu pipeline (Efimenko et al. 2024) de
veloped in our lab for automatic neutral spectrum derivation 
for different genes. First, we extracted all available mitochon
drial protein sequences for all chordates available in the 
MIDORI2 database (reference database of mtDNA sequences 

Fig. 5. Graphical visualization of the main mutational signatures in mtDNA: (i) symmetrical mutations, predominantly C > T, A > G, and rare transversions 
(ds-DNA specific mutations), linked to POLG’s replication errors; (ii) asymmetrical C > T mutations (ss-DNA specific C > T), indicative of single-stranded 
DNA damage with clock-like dynamics; (iii) asymmetrical A > G mutations (ss-DNA specific A > G), resulting from single-stranded oxidative-associated 
DNA damage.
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of Eukaryota) (version GenBank259_2023-12-17) (Leray 
et al. 2022) with at least 10 entries and derived 18,937 sequen
ces of 13 protein-coding genes for 11,887 species. Second, we 
executed the NeMu pipeline to reconstruct mutational spectra 
based on synonymous substitutions. During processing, NeMu 
(i) collects nucleotide orthologous sequences using tblastn on 
the same MIDORI2 database, (ii) filters out duplicates, 
(iii) aligns input sequences, (iv) builds a phylogenetic tree with 
reconstructed ancestor sequences, (v) reconstructs mutations 
from all tree branches, and (vi) calculates mutational spectra us
ing all mutations and adjusting substitution counts by the con
text frequencies. After the NeMu execution, we obtained 
9,134 raw mutational spectra (supplementary tables S9 and 
S10, Supplementary Material online). Most of the input proteins 
currently have no 10 unique sequences in the MIDORI2 data
base required for nearly adequate spectrum reconstruction 
and were excluded in the initial stages of NeMu processing.

We used only five chordate classes Mammalia, Actinopteri, 
Aves, Lepidosauria, and Amphibia, that have a lot of species 
in the Genbank and therefore a lot of spectra in our dataset, 
and only 4 most sequenced mitochondrial genes at different lo
cations of mtDNA Cytochrome b, NADH dehydrogenase sub
unit 2, Cytochrome c oxidase subunit I, Cytochrome c oxidase 
subunit III (CytB, ND2, CO1, and CO3). These spectra were 
carefully verified and filtered: (i) we excluded spectra of in
complete genes to make comparisons of different species 
homogeneous and comparable (supplementary fig. S17, 
Supplementary Material online); (ii) we also filtered out arti
fact substitutions from long tree branches, carrying more 
than six mutations, observed due to automatic low-accurate 
input data preparation for the NeMu (supplementary fig. 
S18a, Supplementary Material online); (iii) besides, we ex
cluded mutational spectra that, based on <20 reconstructed 
mutations, contain <16 out of 64 possible transitions or 
have transitions fraction <65% (supplementary fig. S18b, c,
and d, Supplementary Material online). The final spectra data
set contains 2,866 species- and gene-specific spectra for five 
Chordata classes and is described in the supplementary table 
S1, Supplementary Material online.

Reconstruction of the Integral 192-component 
Mutational Spectrum for Mitochondrial Genes of 
Chordate Classes
To compute the integral gene-specific and taxa-specific 192- 
component mutational spectrum, we averaged species-specific 
mutational spectra vectors. Such a procedure was performed 
on the level of all chordates and five chordate classes for se
lected mitochondrial genes (Cytb, ND2, CO1, and CO3) 
separately.

Comparison of the Mutational Spectra
We primarily used cosine similarity to estimate the closeness of 
the compared spectra. Comparison has been performed on two 
levels: between species and between classes. First, we 
conducted pairwise comparisons of mutational spectra at the 
species-specific level within and between classes, considering 
all possible combinations. Second, we estimated differences be
tween classes using jackknife resampling of species spectra. In 
this process, we randomly selected 50 species from each pair of 
classes, calculated the 192-component mutational spectrum 
for both classes as described in the previous paragraph of meth
ods, and computed the cosine similarity of either the overall 

mutational spectrum or its parts (transitions and transver
sions). In the case of human cancer spectra, we sampled 50% 
of patients instead of 50 species due to the low number of mu
tations in each patient (supplementary figs. S19 and S20, 
Supplementary Material online). We repeated this process in 
1,000 iterations for every conceivable class/cancer combin
ation. Through the use of jackknife resampling with fixed sam
ple size, we effectively adjusted the influence of varying species 
numbers in different classes.

Calculation of the mtDNA Mutational Spectrum 
Asymmetry
The assessment of mtDNA asymmetry involved the trans
formation of a 192-component mutational spectrum into a 
96-component spectrum. This was achieved by selecting fre
quencies of 96 SBS of pyrimidines only (C > A, C > G, C > T, 
T > A, T > C, and T > G) from the mtDNA mutational spec
trum (see COSMIC signatures, e.g. Fig. 3c) and dividing 
them by complementary substitutions frequencies.

The total mitochondrial asymmetry was determined by 
summing the differences between mutations presented in the 
96-component mitochondrial mutational spectrum and their 
complementary mutations.

Annotation of Mitochondrial Mutational Signatures
To decompose class-specific mtDNA mutational spectra into 
COSMIC signatures, we used the SigProfilerAssignment tool 
v0.1.6 (Islam et al. 2022). Since main COSMIC signatures 
are symmetrical and do not account for strand-specific muta
genesis, we split the asymmetrical mitochondrial 192- 
component spectra into two (“low” and “high”) 
96-component spectra based on the abundance of specific tran
sitions. The “high” spectra include more frequent CH > TH and 
AH > GH transitions, while the “low” spectra include GH > AH 

and TH > CH transitions, where H signifies heavy strand nota
tion of substitution. Also, to analyze the asymmetrical compo
nent of mutagenesis, we derived “diff” spectra by subtracting 
“low” from “high” spectra in a context-dependent manner 
(Fig. 3a). All complementary pairs of transversion rates (for ex
ample, AH > CH and TH > GH) were averaged and equally 
added to the “low”, “diff,” and “high” spectra; otherwise, to 
test the impact of noisy and rare transversions, they were zer
oed in these spectra. In addition, SigProfilerAssignment, like 
any other SigProfiler tool, is capable of processing distinct sub
stitution counts on the reference human nuclear genome. To 
ensure correspondence of input spectra to the human nuclear 
genome, we rescaled spectra of selected chordate classes multi
plying them by the trinucleotide frequencies of the human nu
clear genome following the rescaling approach described in 
Beichman et al. (2023), i.e. we emulated mtDNA mutational 
processes of chordate classes by human nuclear genome muta
tion counts. We applied SigProfilerAssignment using the 
cosmic_fit function, with the following parameters: genome_ 
build=‘GRCh37’, nnls_add_penalty = 0.01 (reduce the num
ber of derived noisy signatures that explain a low number of 
mutations), and cosmic_version = 3.3. Furthermore, to reduce 
the effect of the unexpected signatures in the mtDNA during 
decomposition of average chordate class spectra, we excluded 
the following subgroups of signatures from the analysis: immu
nosuppressants, treatment, colibactin, lymphoid, and artifact.

To enhance the robustness of our decomposition results, we 
conducted a parallel assignment procedure utilizing the 
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mSigAct package v3.0.1 (Ng et al. 2017). We analyzed the 
same renormalized mutational spectra of chordate classes as 
input spectra. The MAPAssignActivity function within the 
mSigAct package was employed to analyze the “low”, 
“diff,” and “high” spectra, while concurrently excluding the 
same signature subgroups as in the SigProfilerAssignment ap
proach. Since the proportions of mitochondrial mutational 
spectra signatures were unknown, we assigned a uniform pro
portion of “1” for all signatures as required by the function’s 
input parameter “sigs.presence.prop”.

Additionally, we performed mutational signature assign
ments of our “high,” “low,” and “diff” spectra using the on
line platform Signal (Degasperi et al. 2022). The “Analyze” 
option was selected with default parameters to compare our 
spectra against experimental signatures associated with 
knockouts of DNA repair genes. The knockout signatures in
cluded were ΔEXO1, ΔMLH1, ΔMSH2, ΔMSH6, ΔOGG1, 
ΔPMS1, ΔPMS2, ΔRNF168, and ΔUNG.

Abasic sites Patterns in mtDNA
The distribution of abasic sites (AP) at single-nucleotide and 
single-strand (separately for light and heavy) resolution in 
the mouse mitochondrial genome (mm10) was obtained 
from Cai et al. (2022). We quantified the AP sites occurrences 
within all 64 trinucleotide sequences of each strand of mouse 
mtDNA, excluding the control region. These values were then 
adjusted by the counts of trinucleotide motifs in a strand- 
specific manner.

We created trinucleotide logos using the Python package 
logomaker (Tareen and Kinney 2020). These logos used the 
normalized AP sites count for each trinucleotide as the nucleo
tide weights. These weights were averaged across all 64 trinu
cleotides, and final nucleotide counts at each trinucleotide 
position were normalized and converted to frequencies.

Analysis of Cytb Gene Location in mtDNA
The Cytb loci were obtained from the GenBank RefSeq 
mtDNA genomes as of 2024 May 13, spanning a total of 
7,832 chordate species. For a subset of 6,363 genomes within 
this group, the oriL positions were predicted using the MITOS 
2.1.9 Python package (Bernt et al. 2013). Of the species repre
sented in the Cytb mutational spectra dataset, 749 out of 
1,697 were analyzed in this analysis. Other species from our 
dataset probably don’t have a full mtDNA genome. To ascer
tain the relative position of Cytb across different species, the 
oriL start coordinates were subtracted from the Cytb start pos
ition, and the resulting distribution was visualized.

mtDNA Mutational Spectrum of Human Cancers
Somatic mutations in the full human mtDNA were derived 
from a comprehensive analysis of the human mitochondrial 
genome by (Yuan et al. 2020). The 192-component mutational 
spectrum was constructed by aggregating SBS within a trinu
cleotide context. This was meticulously adjusted to account 
for all conceivable synonymous substitutions expected in the 
human mtDNA reference sequence NC_012920.1 (CRS). 
While it is possible to classify all mtDNA substitutions in hu
man cancers as neutral, as observed in Fig. 3a of Yuan et al. 
(2020), our analysis was deliberately confined to the predomin
antly neutral component of the mutation sample—synonymous 
mutations.

We also calculated spectra for different parts of human 
mtDNA. To compare the mutational spectra of genome re
gions that have low and high TSSS due to asynchronous repli
cation, we separately calculated spectra for the region with low 
TSSS (first quartile of the major arc, 5,800–8,300) and the re
gion with high TSSS (last quartile of the major arc, 11,000– 
13,500).

Furthermore, to enhance the accuracy of our comparisons 
with the mutational spectra of different chordate classes, we 
incorporated a patient-specific sampling in the calculation of 
mutation spectra (supplementary fig. S20, Supplementary 
Material online). Each replicate was constructed using muta
tions from a randomly selected half of the patient cohort, 
thereby accounting for the influence of patient-specific muta
genesis patterns.

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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