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ABSTRACT

Mitochondrial mutational signature is very conserved and low deviations between species have been associated
with longevity. By reconstructing species-specific mtDNA mutational spectrum for ray-finned fishes
(Actinopterygii), we observed that temperature is a strong additional factor shaping the mtDNA mutational
spectrum in ectotherms. The analysis of mammalian endotherms, with a special focus on species with
temporarily or permanently low metabolic rates (hibernators, daily torpors, naked mole rat, etc.), confirmed the
temperature effect, suggesting that two main factors shape between-species variation in mitochondrial
mutational spectra: longevity and temperature.

MAIN

High mitochondrial mutation rate provides a rich source of variants, which are extensively used in tracing the
history of species, populations, and more recently - cells in tissues (Ludwig et al. 2019). Here we propose an
extension of utility for mtDNA polymorphic data in GenBank by deriving species-specific mutational spectra
for many vertebrates. We have shown recently that mammalian mtDNA mutational spectrum, and precisely
An>Gy substitution (hereafter index 4 marks mtDNA heavy chain annotation, Methods), is associated with
different aspects of longevity, such as mammalian lifespan, human maternal age and tissue-specific turnover
time (Mikhailova et al. 2019). Here, we hypothesise that mtDNA mutation spectrum can be sensitive to species-
specific metabolic rate. Since the level of metabolism depends strongly on temperature (Gillooly et al. 2001)
and there is experimental evidence that some mtDNA mutations can be sensitive to temperature (Zheng et al.
2006) we decided to analyze mtDNA mutational spectrum of ectothermic and endothermic vertebrates.

In order to test the potential effect of temperature on mtDNA mutagenesis we first focused on ray-finned fishes
(Actinopterygii) - ectothermic animals spanning a wide range of ambient water temperatures. Using within-
species neutral mtDNA polymorphisms we derived a 12-component mutational spectrum for 128 Actinopterygii
species (Methods). The observed average mutational spectrum (Fig. 1a) demonstrates a pronounced excess of
transitions among which Cy>Ty is the most common and Ax>Gh is the second most common one, thus strongly
resembling spectra of mammals (Mikhailova et al. 2019) and human cancers (Yuan et al. 2020; Ju et al. 2014).
For each of the species we obtained mean annual water temperature (Methods) and analysed its associations
with all 12 types of substitutions. We observed two significant correlations: positive for A4>Gy and negative for
Tw>Cn (Fig. 1b, Supplementary Mat.). The combined effect of both these substitutions was summarised as the
ratio Aw>Gn /Tw>Ch which demonstrates a strong positive correlation with temperature (Fig. 1b). This ratio is
expected to be one if all mutations are caused by mtDNA polymerase, which symmetrically introduces
mutations on both chains (Supplementary Mat.). An excess of Ay>Gnrover T>Ch (Aw>GH/TH>Ch> 1)
indicates an extra mutagen asymmetrically inducing A>G predominantly on the heavy chain (An>Gn). Thus, the
increased ratio of Au>Gn/Tw>Ch in warm-water species (Fig. 1b) shows that this extra mutagen is temperature-
sensitive.

This trend is robust to phylogenetic inertia and stays qualitatively similar in two subgroups: early- and -late
maturing species (Methods, Supplementary Mat.).In mammalian species Ax>Gn is shown to positively correlate
with generation length (Mikhailova et al. 2019). To test this relationship in fishes, we used an analogous metric -
the time of maturation (Methods). We performed multiple linear models with several signatures of the mutation
spectrum (An>Gh, Tw>Crh and Au>GH/TH>Ch) being a function of both temperature and the time of maturation
(Supplementary Mat.). We observed that all of them (Au>Gn, Th>Cnand Au>GH/Tw>Ch) depend on
temperature only (Supplementary Mat.). Thus, we can conclude that the Actinopterygii mtDNA mutational
spectrum is associated with temperature.

The whole-genome nucleotide content may be affected by the mutational spectrum. For example, mutational
bias towards increased Ax>Gn and decreased Tw>Cy in warm-water fishes, in the long-term perspective, may
lead to a drop in An and rise in Gy as well as retention of relatively high fraction of Ty and low fraction of Cy,
genome-wide in neutral sites of the genome. To test this prediction, we analysed synonymous four-fold
degenerate nucleotide content in complete mitochondrial genomes of ray-finned fishes. Using pairwise rank
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correlation we observed a decrease in Anand Crand an increase in Gy and Tw in warm-water species (Fig. 1c,
Supplementary Mat.). We combined the sum of the fractions of Txand Gn (Ste) and the sum of the fractions of
Ax and Ch (Sac) into a single metric Ste-Sac (Methods) which involves all components of the temperature-
sensitive signature of the mtDNA spectrum (Fig. 1c). Regressing it on temperature, we obtained an expected
strong relationship (Fig. 1c, Supplementary Mat.). Keeping in mind the increased Ax>Gw in long- versus short-
lived mammals (Mikhaylova et al. 2019) we tested a potential association of Ste-Sac with both temperature and
the time of maturation of fishes. The result of the multiple linear regression is the following:

St6-Sac = 0.422 + 0.046*Temperature + 0.027*Time of maturation, all p-values < 9.8e-05, N=65 (equation i)

We see that both factors affect the Ste-Sac positively, but temperature has a higher impact on the Ste-Sac as
compared to the time of maturation (all coefficients are standardized, Fig. 1d). These results are robust to
phylogenetic inertia (Supplementary Mat.) and stay qualitatively similar if instead of Ste-Sac we analyze a
fraction of Ay (Supplementary Mat.). Altogether, we conclude that the mtDNA nucleotide content is affected by
two factors: a strong temperature-dependent mutagen and a weaker longevity-associated mutagen (Fig. 1c, Fig.
1d).

After describing the Actinopterygii mtDNA mutational spectrum, driven by temperature we decided to test if
there is a temperature-associated signature in other vertebrates. Comparing mtDNA mutational spectrum
between five classes of vertebrates, we observed that Aw>Gn (Fig. 2a) corresponds to the average body
temperature in these classes (similar results with An>Gn/TH>Ch, Supplementary Mat.). To investigate the
potential effect of temperature in homeotherms in greater detail we focused on mammals - the class with the
highest number of species with data available for both mutational spectrum and life-history traits. Mammalian
body temperature, although more uniform, demonstrates some variation (Supplementary Mat.) which might
shape the mtDNA spectrum. Previously we demonstrated an increase in Au>Gn in long-lived mammals which
makes their genomes Ay poor and Gy rich (Mikhaylova et al. 2019). Here in order to deconvolute the effects of
temperature and lifespan on mtDNA mutational spectrum we analysed mammalian species with known
complete mitochondrial genomes, generation lengths and body temperatures (Methods). Running analyses
analogues to equation i we observed qualitatively similar results:

St6-Sac = 0.506 + 0.012*Temperature + 0.028*Generation Length, all p-values < 0.000225, except
Temperature (p= 0.053679), N = 224 (equation ii)

The effect of temperature was marginally significant and more than two times weaker than the effect of the
generation length (all coefficients are standardised, Supplementary Mat.). Phylogenetically independent
contrasts confirmed significance of generation length only (Supplementary Mat.). Taking into account the low
number of species with known temperature we decided to split all mammalian species into two groups -
“colder” and “warmer”, using not only temperature but also deep life-history annotation such as hibernation,
daily torpor, etc. (Methods). We observed that Ste-Sac depends on both generation length and the temperature
group (Fig. 2b, Supplementary Mat.). Results are qualitatively similar if instead of Ste-Sac skew we analyze
fraction of Ay (Supplementary Mat.). Thus, mammalian nucleotide content is sensitive to both factors:
temperature- and longevity- associated mutagens, where longevity component is stronger.

We have shown that mtDNA mutational spectrum within Chordata species is shaped by two main factors:
temperature- and longevity-associated mutagens, temperature being the strongest among ectotherms and
longevity among endotherms (Fig. 2c). Interestingly, in the integral model with both Actinopterygii and
Mammals (Fig. 2¢) we observe that Sre-Sac depends on temperature and longevity, but not on the class
(Supplementary Mat.). This confirms that mtDNA mutagenesis of different vertebrate classes follows very
similar universal rules, defined stronger by temperature and longevity than by belonging to a specific
phylogenetic group.

In this study we assumed that the vast majority of fourfold degenerate synonymous substitutions is effectively
neutral, but we cannot rule out some yet unknown selection forces. To our best knowledge there is no evidence
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of selection acting on synonymous codons in mtDNA of vertebrates, in turn there is strong mutational effect
shaping synonymous codon usage of the human mtDNA (Ju et al. 2014). Until now, the biggest collection of
mitochondrial mutations was derived from human cancers, which showed high similarity in spectra (Yuan et al.
2020; Ju et al. 2014). An evolutionary approach allows us to compare mutational spectra between species with
contrasting life-history and physiological traits. The existence of between-species variation in mtDNA
mutational spectrum has been shown before, but left without explanation (Belle et al. 2005); our large-scale
study uncovered relationships, which can shed light on mtDNA mutagens.

Polymerase-introduced mutations are expected to be enriched in Ax>Gx and Ty>Cyand symmetrical (Lee and
Johnson 2006). Asymmetric nature of mutations observed in our study (Ax>GrH/Tw>Cn > 1) and its relationship
with temperature and longevity requires a special explanation. The temperature effect might be explained by the
increased level of aerobic metabolism, which in turn leads to increased level of molecular oxygen. High
sensitivity of the adenine deamination to the level of molecular oxygen ((Shin and Turker 2002)) may result in
higher deamination (Ax>Gg) in species with increased temperature due to their higher level of oxidative
metabolism. The longevity effect demonstrates relatively lower deamination (decreased Ax>Gn and
Ar>GH/Te>Ch) in short-lived species. Taking into account the generation time and the metabolic rate effects
(Martin and Palumbi 1993) we assume that short-lived species per unit of time have an excess of replication-
driven mutations, which are expected to be symmetrical in case of mMtDNA (Ax>Gn ~ Tu>Ch, Supplementary
Mat.). This replication-driven input increases the overall symmetry of spectra diminishing the relative effect of
asymmetrical chemically-induced mutations (making Au>Gn/TH>Cn lower in short-lived species). In other
words, relatively increased asymmetrical component of spectra in long-lived species can be driven mainly by
the decreased fraction of their symmetrical replication-based component, rather than by increased asymmetrical
chemically-induced component (Supplementary Mat.).

A sensitivity of mtDNA mutational spectrum to environmental and life-history traits opens a possibility to use
this metric in ecological, evolutionary and genomic studies.

METHODS:

The widely accepted annotation of mitochondrial genomes is based on the light chain, however it is known that
the majority of mitochondrial mutations occur on a heavy chain (Faith and Pollock 2003). In order to emphasize
the chemical nature of observed mutations, we presented all substitutions with heavy-chain notation.

The mutational spectrum (a probability of one nucleotide to mutate into any other nucleotide) for each
Vertebrate species was derived from all available intraspecies sequences (as of April 2018) of mitochondrial
protein-coding genes. Using this database with intraspecies polymorphisms and developed pipeline we
reconstructed the intraspecies phylogeny using an outgroup sequence (closest species for analyzed one),
reconstructed ancestral states spectra in all positions at all inner tree nodes and finally got the list of single-
nucleotide substitutions for each gene of each species. Using species with at least 15 single-nucleotide
synonymous mutations at four-fold degenerate sites we estimated the mutational spectrum for more than a
thousand chordata species. We normalized observed frequencies by nucleotide content in the third position of
four-fold degenerative synonymous sites of a given gene.

All statistical analyses were performed in R using Spearman rank correlations and multiple models (for
mammalian analyses dummy variables for each group were used). PGLS method (package “caper”, version
1.0.1) was used for the analysis of phylogenetic inertia.

The annual mean environmental (water) temperature in Celsius and time of maturation in years (mean or median
age at first maturity, at which 50% of a cohort spawn for the first time) for fishes were downloaded from
https://www.fishbase.se/ (at September 2019).

Ste-Sac was calculated as a difference between sums of pairs of relative nucleotide frequencies: (sum(FrA+FrC)
- sum(FrT+FrG))/(sum(FrA+FrC) + sum(FrT+FrG)), where (sum(FrA+FrC) + sum(FrT+FrG) = 1.
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Generation length in days (as the average age of parents of the current cohort, reflecting the turnover rate of
breeding individuals in a population) for mammals was downloaded from
https://datadryad.org/stash/dataset/doi:10.5061/dryad.gdOm3 (at April 2018). Mammalian body temperatures
and life-history traits, associated with the level of metabolism, were collected from AnAge (Tacutu et al. 2018)
with manual annotation of missing data.
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FIGURES

Fig. 1 mtDNA mutational spectrum of Actinopterygii (mtDNA heavy chain notation). (a) average mutational
spectrum of all Actinopterygii; (b) mutational spectrum is associated with temperature; (c) whole-genome
neutral nucleotide content is associated with ambient temperature; (d) Ste-Sac is sensitive to both temperature
and the time of maturation, temperature being the strongest factor.
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Fig. 2 mtDNA mutational spectrum of all Vertebrates and mammals (mtDNA heavy chain notation). (a)
Between-class comparison shows an excess of Ax>Gy in homeothermic versus poikilothermic animals. (b) Ste-
Sac among mammalian species is sensitive to both the generation length and temperature, generation length

being the strongest factor. (d) Ste-Sac is sensitive to both temperature and lifespan in ectotherms and
endotherms.
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