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ABSTRACT

The mutational spectrum of the mitochondrial DNA
(mtDNA) does not resemble any of the known muta-
tional signatures of the nuclear genome and variation
in mtDNA mutational spectra between different or-
ganisms is still incomprehensible. Since mitochon-
dria are responsible for aerobic respiration, it is ex-
pected that mtDNA mutational spectrum is affected
by oxidative damage. Assuming that oxidative dam-
age increases with age, we analyse mtDNA mutage-

nesis of different species in regards to their genera-
tion length. Analysing, (i) dozens of thousands of so-
matic mtDNA mutations in samples of different ages
(ii) 70053 polymorphic synonymous mtDNA substitu-
tions reconstructed in 424 mammalian species with
different generation lengths and (iii) synonymous
nucleotide content of 650 complete mitochondrial
genomes of mammalian species we observed that
the frequency of Ay > Gy substitutions (H: heavy
strand notation) is twice bigger in species with high
versus low generation length making their mtDNA
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more Ay poor and Gy rich. Considering that Ay > Gy
substitutions are also sensitive to the time spent
single-stranded (TSSS) during asynchronous mtDNA
replication we demonstrated that Ay > Gy substitu-
tion rate is a function of both species-specific gener-
ation length and position-specific TSSS. We propose
that Ay > Gy is a mitochondria-specific signature
of oxidative damage associated with both aging and
TSSS.

INTRODUCTION

Molecular evolution is a function of both mutagenesis and
selection. To uncover selection forces, it is crucial to recon-
struct the mutational process. It has been suggested for ex-
ample, that an excess of G nucleotides in the mitochondrial
genome (mtDNA) of long-lived mammals is a result of se-
lection, favouring more stable genomes in long-lived species
(1). However, this conclusion could be premature prior to
comparing mutational processes between short- and long-
lived mammals. Indeed, significant changes in mtDNA mu-
tational spectra between different species have been shown
(2,3), however, no driving factors explaining this variation
have been proposed till now.

Interestingly, a similar knowledge gap on mtDNA muta-
tional spectra exists on the comparative-tissues level. Pan-
cancer studies have shown that mtDNA has a unique mu-
tational signature that differs from all known nuclear sig-
natures (4,5). Moreover, well-known strong exogenous mu-
tagens such as tobacco smoke in lung cancers of smokers
or ultraviolet light in melanomas do not show expected ef-
fects on the mitochondrial mutational spectrum (4,5). Thus,
the main mutagen of mtDNA as well as the causes of vari-
ation in mtDNA mutational spectra are unknown on both
comparative-tissues and comparative-species levels.

The widely accepted expectation is that reactive oxy-
gen species (ROS) produced by mitochondria can dam-
age mtDNA (6). The well-documented ROS-induced muta-
tional signature is the modification of the guanine (G) DNA
base to 7,8-dihydro-8-oxo0-20-deoxyguanosine (8-0xodQG),
which after mispairing with adenine, leads to G > T
transversion mutations. Although G > T substitutions are
considered to be the hallmark of oxidative damage in the
nuclear DNA (COSMIC signature 18) (7-9), it is rather
rare in mtDNA (4) and doesn’t significantly increase with
age in mtDNA (4,10,11). So, up to now, there is no well-
established mutational signature of oxidative damage in
mtDNA (12).

Taking into account recent progress in deciphering the
variation in mutational spectra of the nuclear genome as
a function of different cancer types (13), environmental
agents (9), gene knockouts (14), human populations (15)
and primate species (16), here we focus on mtDNA and
perform a large-scale reconstruction of its mutational spec-
tra across hundreds of mammalian species. Considering the
tight association of the level of mtDNA metabolism (and
thus potential mtDNA mutagens) with species-specific life-
history traits, we aimed to uncover a correlation between
the mtDNA mutational spectrum and life-history traits. Us-
ing collections of (i) somatic mtDNA mutations in mice
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and humans, (ii) polymorphic synonymous substitutions in
hundreds of mammalian species and (iii) nucleotide con-
tent in whole mitochondrial genomes of mammals, we ob-
served one universal trend: Ay > Gy substitutions (H:
heavy strand notation, see Materials and Methods) pos-
itively correlates with the generation length. Considering
an additional association of the Ay > Gy substitutions
with the time spent single-stranded (TSSS) during asyn-
chronous mtDNA replication and numerous literature data
about A > G substitutions, we propose that the increased
Apg > Gy in mtDNA of long-lived mammals is a muta-
tional signature of age-associated damage, specific to single-
stranded DNA. Therefore, he described variation in the
mtDNA mutational spectrum should be considered more
widely in somatic, population and evolutionary mtDNA
analyses.

MATERIALS AND METHODS

Heavy strand notation of the 12-component mutational spec-
trum of mtDNA

Although it is traditional to refer to mtDNA substitu-
tions with respect to the light strand, which corresponds
to the reference mtDNA sequences, here we will refer to
them based on the complementary heavy strand as has been
done previously by several other authors (17,18). The heavy
strand was selected since it is more prone to acquiring mu-
tations and thus the nature of most of its nucleotide substi-
tutions would reflect the course of mutageniesis in a more
meaningful way (4,10,19). Hereafter, to simplify the biolog-
ical interpretability of the mtDNA mutational spectrum, we
use a 12-component spectrum based on heavy strand nota-
tion.

Analysis of duplex sequencing mtDNA data

All data of somatic mtDNA mutations derived from the
duplex sequencing approach were obtained from Sanchez-
Contreras et al. (19). Control human mtDNA duplex
sequencing data were used from obtained from two
sources (20,21) with the reported age interval of 10-30
and 80 to 90 years, respectively.

Reconstruction of the species-specific mutational spectrum
for mammalian species

Using all available intraspecies sequences (April 2016) of
mitochondrial protein-coding genes we derived the muta-
tional spectrum for each species. In brief, we collected all
available mtDNA sequences of any protein-coding genes
for any chordate species, reconstructed the intraspecies phy-
logeny using an outgroup sequence (closest species for anal-
ysed one), reconstructed ancestral states spectra in all posi-
tions at all inner tree nodes and finally got the list of single-
nucleotide substitutions for each gene of each species. The
pipeline is described in more detail in Supplementary Ma-
terials 1.1. Using species with at least 15 single-nucleotide
synonymous substitutions at four-fold degenerate sites we
estimated the mutational spectrum as the probability of
each nucleotide mutating into any other nucleotide (vec-
tor of 12 types of substitutions with a sum equals one) for
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more than a thousand Chordata species. Four-fold degen-
erate sites have little or no selective pressure and therefore
can be considered the most neutral ones and reflect muta-
tional bias (22,23). Moreover, a recent study revealed that
synonymous four-fold degenerate sites are highly associated
with mutational bias rather than selection (24). We nor-
malised observed frequencies by nucleotide content in the
third position of four-fold degenerative synonymous sites
of a given gene. To eliminate the effect of nonuniform sam-
pling of analysed genes between different species, most of
our analyses were performed with the Cytbh gene—the most
common gene in our dataset.

Generation length in days (as the average age of parents
of the current cohort, reflecting the turnover rate of breed-
ing individuals in a population) for mammals was down-
loaded from the Dryad data base: https://doi.org/10.5061/
dryad.gdOm3 (25).

Analyses of codon asymmetry

XXCp codon asymmetry was defined as a median value
of XXCp/(XXCL + XXTy) from each amino acid. Simi-
larly, XXA| asymmetry was defined as a median value of
XXAp/(XXAL + XXG).

Analyses of complete mitochondrial genomes

We downloaded whole mitochondrial genomes from Gen-
Bank using the following search query: ‘Chordata [Or-
ganism] AND (complete genome [All Fields] AND mito-
chondrion [All Fields] AND mitochondrion [filter]’. We ex-
tracted non-overlapping regions of protein-coding genes,
calculated codon usage and extracted fractions of Ay, Ty,
Gy and Cy nucleotides in synonymous four-fold degen-
erate positions. We estimated the GyAy skew as (Gy-
Ap)/(Gy + Ap) using only synonymous four-fold degen-
erate sites for each protein-coding gene of each reference
mitochondrial genome of mammalian species.

Analysis of the time spent single-stranded (TSSS)

Based on the asynchronous mode of mtDNA replication
and assuming a constant rate of replication by DNA poly-
merase within major and minor arcs, we calculated relative
TSSS for protein-coding genes, coded on a heavy strand of
human mtDNA (all except ND6):

TSSS for the major arc = (Gene Location — OL) * 2

TSSS for the minor arc
= 16569 — (Gene Location — OL) * 2

For all other mammalian species the rank of gene-specific
TSSS was the same.

Additional methodological details are presented in Sup-
plementary materials 1-6. All statistical analyses were per-
formed in R.

RESULTS

Frequency of de novo Ay > Gy mutations increases with age
in the soma and germline

Mitochondrial genome is characterised by the strong strand
asymmetry in the nucleotide content: the heavy strand (H-
strand) is guanine rich (Gy) and cytosine poor (Cy), while
the light strand (L-strand) is the opposite: cytosine rich (Cp)
and guanine poor (G ). The mutagenic explanation of this
asymmetry is based on an assumption that mtDNA heavy
strand, being single-stranded during asynchronous replica-
tion, is more susceptible to two of the most common mu-
tations in mtDNA: Cy > Ty and Ay > Gy leading to a
deficit of Cy and an excess of Gy. Analyses of complete mi-
tochondrial genomes of mammals showed additionally that
this nucleotide asymmetry forms a gradient along mtDNA
(22,26,27): a global deficit of Cy over Ty and Ay over and
Gp at the third codon positions is becoming more pro-
nounced along the major arc from COX/ to CYTB (Figure
1A). This gradient also supports the asynchronous mode of
mtDNA replication and a mutagenic effect of the time spent
single-stranded (TSSS): the two most common transitions
Cy > Ty and Ay > Gy are more frequent in the region
of CYTB which spent significantly more time in a single-
stranded state as compared to COX1 (17) (Figure 1A). Re-
cently, a large collection of somatic mutations, generated by
a highly sensitive duplex sequencing approach, allowed for
precise reconstruction of the Cy > Ty and Ay > Gy gra-
dients and unambiguously confirmed the mutagenic effect
of TSSS during the asynchronous replication (Figure 1A)
(19).

Recent confirmation of such mutational nature of the
mtDNA gradients (19) provides a solid ground for further
investigations of the mtDNA mutational spectra. It was
noted, for example, that the positive Gy /Ay gradient sig-
nificantly differs between primate species being higher in
species with longer gestation time, while Ty /Cy gradient
didn’t show strong species-specific variations (17). This sug-
gests that the Ay > Gy mutations, shaping the Gy /Ay gra-
dient, can be sensitive to some mutagens associated with
gestation time or other life-history traits. Due to the exis-
tence of positive correlations between gestation time, body
size, and longevity, which in turn are associated with gen-
eration length and the level of mitochondrial metabolism
(28-30) we can expect differences in mtDNA mutagenesis
between species with different life-history traits. To test this
hypothesis, we compared datasets of somatic mtDNA mu-
tations of mice and men.

To test the potential sensitivity of the two most common
transitions to life-history traits, we reanalysed the recent
dataset of somatic de novo mtDNA mutations, obtained by
the duplex sequencing approach (19). Sanchez-Contreras et
al. had three groups of samples: young mice (4-5 months),
old mice (26 months) and humans (10-90 years), which al-
lowed the authors to prove that the mutational gradient in-
creases with age. Here we focus on the comparison of mag-
nitudes of Cy > Ty and Ay > Gy gradients. First of all, for
comparative purposes, we plotted Cy > Ty and Ay > Gy
gradients on the same scale (Figure 1B) and re-ran the lin-
ear regression models describing the frequency of mutations
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Figure 1. Ap > Gy mtDNA mutational gradient is increasing with the sample age. (A) Asynchronous replication of mtDNA is associated with a long
time spent single stranded (TSSS) by the parental heavy strand. TSSS in turn is associated with the high frequency of two the most common mtDNA
transitions: Cy > Ty and Ay > Gp (daughter heavy strand: dashed black line; parental heavy strand: bold thickening black line reflecting the TSSS;
daughter light strand: dashed gray line; parental light strand: solid gray line; OH: origin of replication of daughter heavy strand, OL: origin of replication
of daughter light strand). (B) Gradients of Cy > Ty and Ay > Gy mutations along the major arc of mtDNA are more pronounced in humans versus
old mice and in old mice versus young mice. Both intercepts and slopes are increasing with sample age. (C) Ay > Gy substitution rate is increasing faster
in aged samples. Upper panel: barplots visualize the slopes of the linear regressions between the mutation frequency and TSSS. Middle panel: Ay > Gy
slopes increase faster with age as compared to Cy > Ty slopes. Boxplots are based on the ratio of slopes derived from 1000 bootstrapped samples. Bottom
panel: frequency of Ay > Gp in the total mutational spectrum is increasing with age (P-values from all three pairwise comparisons are less than 1.583e—08,
Mann—Whitney U test). “***” marks P values < 0.001.
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as a function of TSSS (Supplementary Table S1). As ex-
pected, and has already bee shown by Sanchez-Contreras
et al. (19), both gradients demonstrate increased intercepts
and slopes with age (Figure 1B). Second, we focused on
the slopes of the linear regressions as a proxy of the sen-
sitivity of mutations to TSSS. We compared the relative in-
crease of slopes from young mice, to old mice, to humans
(Figure 1C, upper panel) and observed that the rate of in-
crease of slopes is higher for Ay > Gy as compared to
Cy > Ty itis 6.05 (1.98 for Cy > Ty) fold higher in old
versus young mice, 11.7 (6.9 for Cy > Ty) fold higher in
humans versus old mice and 70.86 (13.7 for Cy > Ty) fold
higher in humans versus young mice. One thousand boot-
strap resamplings of windows with different TSSS with con-
sequent recalculation of six slopes confirmed the robust-
ness of this result: the increase in Ay > Gpy slope with
age is higher than the increase in Cy > Ty slope (Figure
1C middle panel, all P-values < 107!, Mann-Whitney U
test). Additional deep resampling of individual molecules
(mutated and nonmutated) in each window of each sam-
ple confirmed that slopes of Ag > Gy increase with age
faster as compared to Cy > Ty (Supplementary Material
S1.1, Supplementary Figures S1 and S2, Tables S2 and S3).
Apg > Gy mutations, due to the faster increase in slope
with age, are expected to contribute proportionally more
to the aged samples than Cy > Ty. We estimated the to-
tal mutational spectrum of young mice, old mice and hu-
mans and observed that the total fraction of Ay > Gy
is indeed increasing with age (Figure 1C, bottom panel),
while the fraction of Cy > Ty shows no monotonic in-
crease with age (Supplementary Figure S3). Altogether, us-
ing the datasets of somatic mtDNA mutations, obtained by
a highly sensitive duplex sequencing approach, we uncov-
ered that Ay > Gy is more sensitive to age as compared to
CH > TH.

Assuming a similarity of mtDNA mutagenesis in somatic
and germ-line tissues we expect to observe also an excess
of Ay > Gy in aged germ-line tissues. Indeed, recent deep
sequencing of de novo mtDNA mutations in aged versus
young mice oocytes confirmed that the strongest hallmark
of oocyte aging is an increased fraction of Ay > Gy substi-
tutions (31).

Additionally, we analysed the human de novo mtDNA
mutations as a function of the female reproductive age,
which is a proxy for oocyte age. It has been shown that the
number of de novo mtDNA mutations in children increases
with maternal age (32,33), however, no age-related changes
in mtDNA mutational spectra have been documented yet
due to the low sample size of the de novo mutations. We
reanalysed all de novo germline mutations from two recent
studies of mother-offspring pairs (32,33). Due to low avail-
able sample sizes, all the analyses of de novo mutations
in mother-offspring pairs were only suggestive but consis-
tently showed a trend of an increased fraction of Ay > Gy
with oocyte age (Supplementary Material S1.2). Thus, our
results suggest the frequency of de novo Ay > Gy muta-
tions increases with age in both soma and germline of mam-
mals.

Within-species comparisons (old versus young mice or
old versus young humans) are expected to be more ro-
bust since mtDNA mutagenesis within the same species

is most likely very similar. However, assuming that the
basic mutagenesis of mtDNA is stable enough across
all mammalian species, we extend the logic and per-
form comparative-species analyses as described in the next
section.

Apg > Gys are more prevalent in mammals with high gen-
eration length: evidence from polymorphism-derived neutral
mutational spectra

The variation in mtDNA mutational spectra between dif-
ferent species (2,3) previously had no overarching explana-
tion. Our findings (Figure 1) and literature data (31) suggest
that this variation, and particularly a fraction of mtDNA
Ap > Gy transitions, can be associated with aging. Thus, we
hypothesize that species-specific mtDNA mutational spec-
tra depend on the generation length which is, in turn, a
good proxy of oocyte age in mammals. Because mammalian
oocytes are arrested from birth to puberty, which takes
weeks (for mice) or decades (for humans) (34) we can use
the species-specific generation length as a natural proxy for
oocyte longevity in different mammalian species. Addition-
ally, because oocytes are the only linecage through which
mtDNA is transmitted (with rare exceptions of paternal in-
heritance) from generation to generation in mammals (35)
we expect to observe a correlation between the species-
specific mtDNA properties and the generation length (a
proxy for oocyte longevity) in different mammalian species.
The generation length is defined as ‘the average age of par-
ents of the current cohort’ (25,36); it is available for the vast
majority of mammalian species (25,36) and is also associ-
ated with numerous ecological (body mass, litter size, ef-
fective population size) and physiological (basal metabolic
rate) parameters of mammalian species (37,38).

Numerous mitochondrial sequences from ecological,
evolutionary, and population genetics studies of different
species (39) provide a valuable source of mtDNA polymor-
phisms used in our analyses. Based on our in-house pipeline
(Methods and Supplementary Material S2.1) we recon-
structed the mutational spectrum of mammalian species.
Briefly, we (i) downloaded all available nucleotide sequences
of mitochondrial protein-coding genes of mammals, (ii)
obtained multiple codon alignment for each gene of each
species, (i) rooted the mitochondrial within-species tree
by the nearest neighbor sequence from another species, (iv)
reconstructed the ancestral sequences in each inner node,
(v) obtained a list of polarized single-nucleotide substitu-
tions and (vi) normalized them by the frequency of ances-
tral nucleotides. Focusing on the most neutral 70,053 sub-
stitutions, located within the 4-fold degenerate synonymous
sites, we reconstructed the neutral mutational spectrum for
611 mammalian species (Supplementary Material S2.2 and
Supplementary Figure S4). The average mutational spec-
trum of all mammalian species (Figure 2A) demonstrates
strong excess of Cy > Ty and Ay > Gy substitutions which
have been shown in previous studies (4,5).

To focus on the species-specific variation in mutational
spectra, we analysed in detail the CYTB gene, which was the
most common in our database: it contained 56% of all ex-
tracted substitutions (39 112 out of 70 053 used to draw Fig-
ure 2A). Comparing the CYTB-derived spectrum between
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species allowed us to eliminate the effect of the gradient
(Figure 1) and focus on a potential effect of the life-history
traits. As the simplest metric of the mutational spectrum, for
each species, we calculated first the Transition/Transversion
ratio (Ts/Tv) as the sum of frequencies of all transitions
divided by the sum of frequencies of all transversions.
For 424 mammalian species with reconstructed Ts/Tv and
known generation length, we observed a positive correla-
tion between them (Supplementary Material S2.3, Supple-
mentary Figure S5). Several additional analyses proved the
robustness of this correlation: (i) we repeated the same trend
splitting all species into several groups by quartiles of the
generation length (Supplementary Figure S6), by a median
of the generation length (Supplementary Figure S7) and by
families (Supplementary Figure S8, Table S4); (ii) we ob-
tained the same trend with phylogenetic aware approach
(Supplementary Material S2.4, Supplementary Table S5)
and finally (iii) we confirmed the robustness of the results
to the total number of polymorphisms used to calculate the
mutational spectrum in different species.

To understand further which substitution type(s) pre-
dominantly shaped the observed correlation between Ts/Tv
and the generation length we performed twelve pairwise
rank correlation analyses between each type of substitution
and generation length. We observed that only Ay > Gy
frequency positively correlated with the generation length
(Spearman’s rho = 0.252, nominal P-value = 1.188e—07)
(Figure 2B), while several rare transversions showed a weak
and negative correlation (Ty > Ay, Ty > Gy, Cy > Ay
and Gy > Ty: all Spearman’s rhos < —0.17, all nominal P-
values are < 0.0003). Including all five types of these sub-
stitutions into a multiple linear model we showed Ay > Gy
being the strongest component associated with generation
length (Supplementary Material S2.5). The observed effect
was robust to phylogenetic inertia and the number of poly-
morphisms analyzed in each species (Supplementary Ta-
ble S6). A wide range of thresholds in the number of poly-
morphisms used to reconstruct species-specific mutational
spectra (from 36 to 156 mutations per species), robustly
demonstrated a positive association between Ay > Gy fre-
quency and generation length, despite the significantly dif-
ferent sample size (Supplementary Material S2.6, Supple-
mentary Tables S7 and S8).

To analyze the mtDNA mutational spectra of mammals
in an unsupervised way, we performed a dimensionality re-
duction by reconstructing principal components of muta-
tional spectra of the 424 mammalian species. We observed
that the first component is mainly driven by the most com-
mon Cy > Ty substitutions, whereas the second is driven
mainly by Ay > Gy substitutions (Figure 2C, left panel).
We assessed if the first ten principal components were corre-
lated with the generation length and observed that only the
second one was significantly correlated with it (Figure 2C
right panel, Supplementary Material S2.7). Interestingly,
the correlation of the second principal component with gen-
eration length was stronger than the sole effect of Ay > Gy
frequency, suggesting that the second component could re-
flect a complex nature of a longevity-associated mutational
signature (Supplementary Material S2.5). Additional anal-
yses which take into account the effects of the total number
of substitutions (Supplementary Material S2.5), potential

sequencing errors (Supplementary Material S2.8, Supple-
mentary Table S9) and nucleotide content (Supplementary
Material S2.9, Supplementary Table S10) confirmed the ro-
bustness of our results. Altogether, our analyses of within-
species four-fold degenerate synonymous polymorphisms in
hundreds of mammalian species demonstrated a robust as-
sociation of mtDNA mutational spectrum (mainly the fre-
quency of Ay > Gy) with the species-specific generation
length.

MtDNA of mammals with high generation length are more
Ay poor and Gy rich due to intensive Ay > Gy mutagenesis

Mutational bias, if stronger than selection, in the long-
term perspective is expected to change the genome-wide nu-
cleotide content. Below we test this assumption.

Firstly, to model the possible effect of the mutation bias
on the nucleotide composition, we used a computational
simulation that derived the expected neutral nucleotide
composition based on an input 12-component mutational
spectrum. We run this simulation separately for mammals
with very short (less than the lower decile: 554 days, N = 27)
and very long (higher than the upper decile: 5221 days,
N = 25) generation lengths (Supplementary Table S11, Fig-
ure S9); an average mutational spectrum of mammals with
very long generation length was characterized by almost
two-fold increased frequency of Ay > Gy. The results of
these simulations demonstrated that an expected nucleotide
composition of mammals with a high generation length
is characterized by the decreased frequency of Ayp. The
results of these simulations were confirmed by our ana-
lytic solution (Supplementary Material S3.2, Supplemen-
tary Material S6). Both approaches (simulations and an-
alytic solution) also confirmed that expected neutral nu-
cleotide composition at equilibrium depends exclusively on
the mutational spectrum and doesn’t depend on initial con-
ditions (Supplementary Material S3.4; Supplementary Fig-
ures S11-S12; Supplementary Material S6). To estimate
how close the mammals are to their compositional nu-
cleotide equilibrium we compared the expected nucleotide
composition with the observed ones, which was derived us-
ing synonymous four-fold degenerate nucleotide content of
twelve (all except ND6) protein-coding genes from the same
species with very short and very long generations length
(Figure 3A) (see similar figure for Cytb gene: Supplemen-
tary Figure S10). We found that the observed nucleotide
composition is rather similar to the expected one, which
means that the analyzed species are close enough to the
compositional equilibrium and continue to converge to the
equilibrium (Supplementary Material S3.3). Moreover, we
observed that species with short generation length tend to
be closer to the expected equilibrium (see the horizontal
dotted lines in Figure 3A) as compared to species with high
generation length, probably because species with short gen-
eration length have an increased mutational rate (increased
number of mtDNA replications per unit of time) and thus
approach an equilibrium faster. Altogether, we observed
that the synonymous fourfold degenerate nucleotide com-
position of mammals is close to their neutral equilibrium
and thus we expect to observe an effect of the mutation bias
on the nucleotide content of mammalian mtDNA.
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Figure 3. The long-term effect of the mutational bias: neutral nucleotide content in mammalian species. (A) A correlation between the expected (obtained
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substitutions in long-lived mammals (marked by red circles) they are more Ay poor and Gy rich for both expected and observed values. A location of
all data points (red and blue circles) near the diagonal shows that mtDNA of mammals is close enough to a neutral equilibrium. However, short-lived
species (marked by blue circles) are even closer to the diagonal (horizontal dotted blue line towards the diagonal are shorter than the red dotted lines),
suggesting that they are evolving faster towards the neutral equilibrium. (B) Nucleotide frequencies in neutral sites of all 13 protein-coding genes as a
function of generation length—fraction of Ay is decreasing while fraction of Gy is increasing (N = 650). (C) Structure of mtDNA of two mammalian
species with extreme generation lengths: a honey possum and a whale. Upper panel: frequencies of Ay (red) and Gy (grey) nucleotides along the major
arc of mtDNA of the most short-lived (honey possum) and the most long-lived (whale) mammalian species from our dataset. Each bar represents the
nucleotide frequency in a 20-nucleotide window. In both mammals, Ay is decreasing and G is increasing along the major arc of mtDNA: from the
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by the age-related Tr > Cr (Ay > Gp) substitutions. Heatmaps of both species are equally contrasted in terms of an asymmetry driven by G > Ap
(Cy > Tq) substitutions, which have high and similar (not age related) substitution rate in both species.
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Secondly, we tested if the increased Ay > Gpy (Figure
2) in species with high generation length would decrease
Apg’s frequencies and increase Gy’s frequencies in the corre-
sponding reference sequences. Since generation length cor-
relates with the strength of the Ay > Gy (Figure 2) we ex-
pect that generation length should demonstrate a positive
correlation with Gy and a negative one with Ay. Testing
all four pairwise correlations between the species-specific
generation length and the nucleotide content (Ay, Ty, Gy,
Cy) we observed two strongest correlations: negative with
Ay and positive with Gy (Figure 3B; Supplementary Table
S12). Including all four types of nucleotide frequencies in
the multiple linear model confirmed the importance of Ay
and Gy only, the effect of which was also robust to the phy-
logenetic inertia (Supplementary Table S13). Thus, we con-
cluded that mtDNA of mammals with long- versus short-
generation length is more Ay poor and Gy rich (Figure 3B),
which is in line with the more intensive Ay > Gy mutagen-
esis in the former (Figure 2).

Third, we tested whether an excess of Gy and deficit
of Ap in long-lived species determines the positive GpAn
nucleotide skew. The Gy Ay nucleotide skew approximates
the level of asymmetry in the distribution of these two
nucleotides and is calculated as (Gy — An)/(Gy + Ap).
Based on four-fold degenerate synonymous positions of 12
genes (all except ND6) we estimated the GyAy skew for
each mammalian species and correlated it with the genera-
tion length. As expected, we obtained a positive correlation
(phylogenetic generalized least squares: coefficient = (.13,
P-value = 2.9 x 10%; see also Figure 3C). To visualize
a contrast in GyAp skew between the shortest- and the
longest-lived species in our dataset we plotted Ay and Gy
fractions along the major arc of mtDNA for honey possum
(generation length 341 days) and whale (generation length
18980 days) (Figure 3C). It is evident that on average honey
possum mtDNA has an excess of Ay (red color in Figure
3C) while whale has an excess of Gy (gray color in Figure
30).

Fourth, we analyzed how Ay > Gy mutagenesis affects
asymmetry in codon usage. If Ay > Gy is a strong and
uniform mutational force, we expect that most amino acids
would demonstrate a deficit of XXApy and excess of XXGy
codons. Because the light strand of mtDNA is equivalent
to mRNA of 12 protein-coding genes (all except ND6) we
analyze codon usage in terms of the light strand notation
and thus, Ay > Gy substitutions are expected to decrease
the frequency of XXT| codons (because Ty is complemen-
tary to Ap) and increase the frequency of XXCp codons (be-
cause Cy is complementary to Gy). Similarly, Cy > Ty mu-
tations are expected to increase frequencies of XXA| and
decrease frequencies of XXGy codons. To visualize this ef-
fect we plotted heatmaps of the codon usage of honey pos-
sum and whale (based on 12 genes, all except ND6) (Figure
3C, bottom panels). We observed that XXCp asymmetry
(see Methods) is indeed stronger in a whale (0.70) as com-
pared to a honey possum (0.52). Interestingly, XX Ay, asym-
metry (see Methods) is similarly high in both these species
(whale: 0.93, honey possum: 0.95). Quantifying the XXCp
asymmetry and XXA| asymmetry across all mammalian
species with complete mitochondrial genomes, we observed
that (i) both XXCy and XXA| are significantly higher than

the null expectation of 0.5 (Supplementary Figure S13); (ii)
XXAp asymmetry is much stronger as compared to XXCp
asymmetry (Supplementary Table S14), supporting that the
Cy > Ty substitution rate is much higher as compared
to Ay > Gy (see also Figure 2A) and (iii) XXCp asym-
metry correlates strongly and positively with the genera-
tion length of mammals, while XXA| demonstrates weak
negative correlation, which is not supported by the phy-
logeny aware statistics (Supplementary Table S15), sup-
porting that only Ay > Gy substitutions (those which af-
fect XXCp asymmetry) are associated with the generation
length.

Altogether we demonstrated that Ay > Gy mutagene-
sis, which is more pronounced in long-lived species, strongly
shapes its reference sequences: nucleotide content (low Ay
and high Gy frequency), nucleotide skew (strong positive
GyApy skew) and the codon usage (positive XXC asym-
metry).

GpApn nucleotide skew is a function of both time spent single-
stranded (TSSS) and the generation length

It has been shown that the frequency of Ay > Gy sub-
stitutions depends on how much Time the parental heavy
strand Spent in a Single-Stranded (TSSS) condition during
asynchronous mtDNA replication. Genes, located close to
the origin of light strand replication (Oy), such as COX1,
spend minimal time being single-stranded and demon-
strate the low frequency of Ay > Gy, while genes lo-
cated far away from Op spend more time being single-
stranded and demonstrate correspondingly higher frequen-
cies of Ay > Gy (Figure 1). Thus, we expect that the effec-
tively neutral nucleotide composition of mtDNA is a func-
tion of both: gene-specific TSSS and species-specific gener-
ation length. To test this, we derived for each gene of each
species the GyAy skew and split all mammalian species
into species with short and long generation length accord-
ing to the median (median = 2190 days, N short = 325,
N long = 319). Next, we plotted GgAy skew of mammals
with short and long generation lengths for each gene, rank-
ing them along the major arc from COXI (rank equals 1)
to CYTB (rank equals 10), corresponding to the increas-
ing TSSS. As expected, we observed that GgAy skew in-
creases with both gene-specific TSSS and species-specific
generation length (Figure 4A). Performing multiple linear
models, where GyAp skew is a function of both TSSS and
generation length, we confirmed that both factors affected
the skew, moreover, to a very similar degree (Supplemen-
tary Table S16). Genes, located close to the origin of light
strand replication (O ), such as COX1, spend minimal time
being single-stranded and demonstrate the low frequency of
Ap > Gy, while genes located far away from Oy spend more
time being single-stranded and demonstrate correspond-
ingly higher frequencies of Ay > Gy (Figure 1) (19,22).
Thus, we expect that effectively neutral nucleotide compo-
sition of mtDNA is a function of both: gene-specific TSSS
and species-specific generation length. To test this, we de-
rived for each gene of each species the GyAy skew and
split all mammalian species into species with short and long
generation length according to the median (median = 2190
days, N short =325, Nlong = 319). Next, we plotted GyAy
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Figure 4. (A) Changes in nucleotide content along mtDNA of short- and long-lived mammals (N = 650). All genes (except for ND6) located in the major
arc are ranked according to the time spent single stranded: from COX1 to CYTB. Pairs of boxplots for each gene represent GyAp skew for short- and
long-lived mammals splitted by the median generation length. G Ay is increasing with both gene-specific TSSS and the species-specific generation length.
(B) A visual summary of the main finding: Ay > Gp substitution rate (marked as red gradient) is increasing with both gene-specific TSSS and the species-
specific generation length. The effect size of the G is comparable with the effect size of TSSS. Cy > Ty substitution rate (marked as grey gradient) is

sensitive to TSSS only.

skew of mammals with short and long generation length for
each gene, ranking them along the major arc from COX/
(rank equals 1) to CYTB (rank equals 10), corresponding to
the increasing TSSS. As expected, we observed that GyAy
skew increases with both gene-specific TSSS and species-
specific generation length (Figure 4A). Performing multi-
ple linear models, where GyAy skew is a function of both
TSSS and generation length, we confirmed that both fac-
tors affected the skew, moreover, the effect sizes of TSSS
and generation length were very similar (Supplementary
Table S17).

In the linear models, we did not observe a significant
interaction between TSSS and the generation length, sug-

gesting that either these factors affect nucleotide compo-
sition independently of each other (Supplementary Mate-
rial S4.1) or the interaction signal is too weak to be signif-
icant with our sample size. Our specific analyses, which fo-
cused on uncovering a potential interaction between TSSS
and generation length indeed showed a positive trend, sug-
gesting that mammals with high generation length demon-
strate a faster decrease in Ay and increase in Gy along the
genome (Supplementary Figure S14, the same effect is visi-
ble on Figure 3B). Faster changes (stronger gradients) in Ay
and Gy along the major arc of mtDNA in long-lived mam-
mals can be interpreted as an interaction between TSSS and
generation length as if the substitution rate Ay > Gy in-
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creases faster as a function of TSSS in case of high gener-
ation length. Altogether, our results demonstrate that the
nucleotide content, shaped by the mutational bias from Ay
to Gy, positively and strongly depends on both TSSS and
the generation length.

DISCUSSION

We observed that Ay > Gpy substitution rate and its con-
sequences such as nucleotide frequencies, GyAy skew, and
codon usage asymmetry increase with organismal longevity.
This finding was repeated on three rather different time
scales: (1) months and years for somatic and de novo
germline mutations (Figure 1); (ii) dozens or hundreds of
thousands of years for neutral within-species mtDNA poly-
morphisms (which is the average time of segregation of neu-
tral within-species mtDNA polymorphisms (40)) (Figure 2);
(ii1) millions of years for neutral mtDNA substitutions fixed
between species (Figures 3 and 4). This trend, universal in
time and across all mammalian species, requires a special
explanation.

We consider that a process of mtDNA mutagenesis,
rather than selection, is primarily responsible for our find-
ings. Firstly, we expect no effect of selection in case of ex-
tremely rare, with variant allele frequency less than 1%,
mtDNA mutations, called in duplex sequencing approach
(19) (Figure 1). Secondly, due to little or no evidence
of selection on synonymous four-fold degenerate sites in
mtDNA of mammals (22,23) we consider the polymorphic
variants (Figure 2) as well as the variants fixed between
mammalian species (Figures 3 and 4) as effectively neutral.

The mitochondrial mutational spectrum, and particu-
larly Ay > Gy substitutions, can be affected by both er-
rors of DNA polymerase gamma and damage associated
with the mitochondrial microenvironment. A recent ele-
gant experiment with mice homozygous for exonuclease de-
ficient gamma DNA polymerase showed that Ay > Gy
and Cy > Ty gradients are mainly shaped by an exogenous
mutagen associated with asynchronous replication of DNA
rather than by DNA polymerase mistakes (19). Consider-
ing that reactive oxygen species are the main deleterious by-
product of aerobic metabolism, we hypothesize that our key
findings can be attributed to the effects of oxidative damage.

Our hypothesis is based on the high sensitivity of
A > G to TSSS: single-stranded DNA is more vulnera-
ble to DNA damaging agents (41). DNA exists in single-
stranded form during the process of replication, transcrip-
tion, and DNA repair (41). A mutational gradient along the
major and minor arcs of mtDNA (19) suggests that TSSS
during replication is more mutagenic in the case of mtDNA
than the TSSS during transcription and reparation. How-
ever, non-zero intercepts observed for both common tran-
sitions when replication-driven TSSS equals zero (19) (see
also Figure 1) suggest that background mutagenesis, proba-
bly associated with transcription or reparation-driven TSSS
can play some role.

Aging is associated with multiple changes in cellular
metabolism. For instance, tissues of aged mice produce less
ATP and have lower NAD+ levels than the correspond-
ing young mice tissues (42). Given that mitochondria is
a central hub of energy metabolism, its functioning also

changes with age (43). However, it is still unclear if there
is a universal pattern of metabolic changes during aging.
Here we showed that mtDNA mutagenesis depends on or-
ganism age and species-specific generation length imply-
ing some common changes in the mitochondrial microen-
vironment. We suggest that oxidative damage can be a uni-
versal factor that aggravates with age. Indeed, the protein
carbonylation level is higher in the fibroblasts of old than
young people (44), and lipid peroxidation is associated with
many age-related diseases (45). Moreover, it is assumed that
the mitochondria is a major source of age-related oxidative
damage: expression of mitochondria-targeted antioxidant
enzyme—catalase—increases murine lifespan (46).

It is important to emphasize, that our discovered substi-
tution differs from the well-documented signature of the re-
active oxygen species (ROS): G > T transversions which
are results of ROS-induced guanosine modification 7,8-
dihydro-8-0x0-20-deoxyguanosine (8-oxodG). It has been
shown before that this expected hallmark of oxidative dam-
age, namely G > T substitutions, does not occur in mtDNA:
it is very rare, age-independent and demonstrates weak if
any association with oxidative damage (4,10,12,21). Inter-
estingly, G > T transversions (Gy > Ty and Cy > Ay) in
our work, despite the rareness and weak effect, demonstrate
an opposite to Ay > Gy trend (Figure 2C, left panel), which
may reflect the classical oxidative damage signature (ROS-
induced 8-0xodG) more pronounced in short-lived species
due to their higher relative basal metabolic rate. However,
its effect indeed is weak.

Here, instead of G > T substitutions, we propose that
the deamination of adenosine, which is the main source of
Ay > Gy substitutions, is associated with oxidative dam-
age of a single-stranded mtDNA. We propose that A > G
is a novel mtDNA marker of oxidative damage typical for
single-stranded DNA. Our results (Figures 1-4) and earlier
publications (discussed below) support our hypothesis:

1. Recent deep sequencing of de novo mtDNA muta-
tions in aged versus young mice oocytes confirmed that
an increased fraction of Ay > Gy substitutions is the
best mtDNA hallmark of oocyte aging (31). This discov-
ery also suggests that continuous mtDNA turnover within
the dormant oocytes can be a universal trait of all mam-
malian species (31)—and thus variation in mtDNA muta-
tional spectra between different species can reflect the age-
associated processes in different mammalian species.

2. An excess of A:T > G:C substitutions has been ob-
served recently in aerobically versus anaerobically grown
Escherichia coli. 1t is important to emphasize that the ef-
fect was driven by the lagging strand, spending more time
in single-stranded conditions (47). These experiment results
are compatible with our hypothesis that A > G transitions
are associated with oxidative damage of single-stranded
DNA.

3. Evidence that oxidative stress can cause A:T > G:C
mutations comes from eukaryotes, i.e. yeast (48) and mice
(49). In both studies apparent reduction of oxidative stress
(by imposing aerobic conditions or use of antioxidants, re-
spectively) resulted in a specific reduction of the A:T > G:C
rates, implying that a portion of these mutations results
from oxidative damage. Interestingly, both studies used mis-
match repair deficient systems, which resulted in the marked



increase of A:T > G:C mutations compared to MMR-
proficient ones. A large proportion of this MMR-dependent
increase should be oxidative-stress dependent. This poten-
tially implies MMR, in addition to its traditional role in
repairing replication errors, in repairing oxidative lesions.
This is consistent with a growing body of evidence from
other studies (reviewed in (50)). This intriguing area re-
mains controversial and requires more research.

4. It has been shown that A > G is the most asymmetric
substitution in the human nuclear genome, which is a hall-
mark of a mutagen acting via strand-specific DNA damage
(51). Even though the key mutagen still has not been deter-
mined, we suggest that it can be associated with oxidative
damage in the case of mtDNA.

5. It has been shown that the fraction of Ay > Gy
substitutions in mtDNA positively correlates with the am-
bient temperature of Actinopterygii species (52). Because
higher temperature is associated with increased aerobic
metabolism (53), we assume that Ay > Gy is a marker of
oxidative damage.

6. A > G substitutions, associated with oxidative dam-
age, can be a key process, explaining a long-standing evolu-
tionary puzzle of the increased GC content of aerobic ver-
sus anaerobic bacteria (54-56). According to the conven-
tional knowledge, G > T is expected to be higher in aero-
bic versus anaerobic bacteria, making genomes of the for-
mer more GC poor and AT rich. However, numerous pieces
of empirical evidence show the opposite: aerobic bacteria
have an increased GC content as compared to the anaero-
bic ones (54-56). Assuming that oxidative damage has sim-
ilar mutagenic effects on both mitochondrial and bacterial
genomes, we hypothesize that an extensive A > G substitu-
tion rate in aerobic bacteria can make their genomes more
G-rich.

An excess of Gy in mtDNA of long-lived mammals has
been previously shown by Lehmann et al.(1). They pro-
posed a selection-based explanation of this observation as-
suming increased stability of the Gy-rich genomes which
may confer an advantage to long-lived mammals. Our find-
ings demonstrate that an excess of Gy in long-lived mam-
mals may be a neutral consequence of Ay > Gy mutage-
nesis, not a result of selection-driven mechanism (Figures
3 and 4). Additionally, the low effective population size
of long-lived mammals increases the strength of the ran-
dom genetic drift’s strength and the fixation rate of slightly-
deleterious variants in their mtDNA (57-59) making the ex-
planation based on selection even less probable. However,
to evaluate the selection-based argument additionally, we
analysed the correlations of the nucleotide content (A, T,
G, C) with generation length for each of three nucleotide
positions in codons separately. We observed that Ay and
Gy nucleotide frequencies at the third - the most neutral
position of codons show the strongest correlations (neg-
ative for Ay and positive for Gy) with generation length
(Supplementary Material S5.1, Supplementary Table S18).
Although we cannot rule out the selection-based argu-
ment (if selection acts on overall nucleotide composition
to increase GC content, we can expect the strongest ef-
fect at the 3rd codon positions being the least constrained
and further research is needed to deconvolute the muta-
genesis and selection, our result suggests that mutagenesis
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can also explain the observed excess of Gy in long-lived
mammals.

Overall, our results offer a valuable possibility to expand
the usability of mtDNA mutational spectra in a consider-
able way. For example, low-heteroplasmy somatic mtDNA
mutations from a merely neutral marker used to trace cel-
lular lineages (60) can be transformed to a metric, asso-
ciated with a cell-specific aging state which can be espe-
cially important in highly heterogeneous tissues such as can-
cers. Low-heteroplasmy de novo germline mtDNA muta-
tions (31) can predict the biological age of human oocytes,
which can be used in IVF (In Vitro Fertilization) techniques.
MtDNA mutational spectra, reconstructed for non-model
chordate species, may help to approximate their average
generation length - a metric that is not always straightfor-
ward to estimate empirically.

In the current work we cannot prove unambiguously that
An > Gy substitutions are driven by oxidative damage (in-
stead it can be another age-related mutagen). By putting to-
gether several observations that collectively corroborate our
assertions, we are proposing the working hypothesis, which
is testable and can be evaluated by the scientific community
in the future. There is no well established experimental link
between oxidative damage and A— G yet, so we would like
to offer a plausible speculation. Interestingly, the product
of oxidative (or hydrolytic) ssDNA-specific deamination of
adenosine is inosine, which preferentially pairs with C and
therefore induces A > G/T > C mutations (61). Steady state
levels of inosine in DNA were reported on the order of 1
per 1 000 000 nucleotides (62). Intriguingly, this level is not
incompatible with the observed A > G/T > C mutational
fractions in aged tissues, which is reported to be about 1
mutation per 100 000 nucleotides (10). Of note, with 10°°
steady state level of inosine, we are expecting mutational
rate of 10°% per DNA duplication (i.e. 10~ per 10 duplica-
tions), which is more than enough to account for the ob-
served mutant fractions, as cell lineages in aged tissues go
through >40 duplications. In reality, mutation rates are af-
fected by many unknowns such as levels of damage specifi-
cally in the replicating pool of mtDNAs. Also the above lev-
els of inosine were reported for nuclear, not mitochondrial,
DNA. Nevertheless, these rough estimates imply that ino-
sine may be considered a promising candidate for the link
between oxidative stress and asymmetric A > G/T > C mu-
tations. We hope that our study will prompt further research
in this field. Direct experimental investigation of the effect
of different mutagens (9) and especially an effect of oxida-
tive damage (63) and chemical modifications of nucleotides
(64,65) on single-stranded mtDNA will significantly im-
prove our understanding of mtDNA mutagenesis.

Altogether, we demonstrated that A > G substitutions
depend on both TSSS and generation length and this rela-
tionship can be mediated by the sensitivity of this type of
substitution to the oxidative damage of the single-stranded
DNA (Figure 4B).
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