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Understanding and quantifying the rates of change in the mitochondrial
genome is a major component of many areas of biological inquiry, from phy-
logenetics to human health. A critical parameter in understanding rates of
change is estimating the mitochondrial mutation rate (mtDNA MR).
Although the first direct estimates of mtDNA MRs were reported almost
20 years ago, the number of estimates has not grown markedly since that
time. This is largely owing to the challenges associated with time- and
labour-intensive mutation accumulation (MA) experiments. But even MA
experiments do not solve a major problem with estimating mtDNA
MRs—the challenge of disentangling the role of mutation from other evol-
utionary forces acting within the cell. Now that it is widely understood
that any newly generated mutant allele in the mitochondria will initially
be at very low frequency (1/N, where N is the number of mtDNA molecules
in the cell), the importance of understanding the effective population size
(Ne) of the mtDNA and the size of genetic bottlenecks during gametogenesis
and development has come into the spotlight. In addition to these factors
regulating the role of genetic drift, advances in our understanding of
mitochondrial replication and turnover allow us to more easily envision
how natural selection within the cell might favour or purge mutations in
multi-copy organellar genomes. Here, we review the unique features of
the mitochondrial genome that pose a challenge for accurate MR estimation
and discuss ways to overcome those challenges. Estimates of mtDNA
MRs remain one of the most widely used parameters in biology, thus
accurate quantification and a deeper understanding of how and why they
may vary within and between individuals, populations and species is an
important goal.

This article is part of the theme issue ‘Linking the mitochondrial
genotype to phenotype: a complex endeavour’.
1. The importance of estimating mtDNA mutation rates
and our current state of knowledge

Knowing the rate of mutation in the mitochondrial genome (mtDNA) of eukar-
yotes is a key parameter in biological research, for a range of basic and applied
questions. On one end of the spectrum, mtDNA mutation rates (MRs) are, for
example, essential components of efforts to investigate patterns of molecular
evolution (e.g. calibrating molecular clocks; [1]). On the other end of the spec-
trum, mtDNA MRs are important for estimating disease risk, rates of ageing
and the likelihood of rapid adaptation to a changing climate [2–4]. Regardless
of the question to which rates are applied, the general idea is that knowing the
rate of mutation can provide some insight into the amount of genetic variation
being introduced into a population, upon which evolutionary forces might then
act. Without an estimate of the MR, larger questions about rates of
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Figure 1. (a) Photo of a human fibroblast. The nucleus (blue) is surrounded
by the mitochondrial matrix (red) which contains the numerous mtDNA
nucleoids (stained green, but appear yellow because of the overlay). Hetero-
plasmy (more than one version of the mtDNA in a particular cell) can be the
result of mutation (faulty DNA replication or unrepaired DNA damage) or
biparental inheritance of mtDNA. Photo credit: Amanda Bess/Joel Meyer.
(b) Mutation rate estimates, which can differ among genotypes, populations
and species, are based on sequencing the genome and counting the fre-
quency of new, mutant mtDNA alleles in either mutation accumulation
lines or parent-offspring trios. (c) While apparent differences in mtDNA
MRs illustrated in (b) could be explained by differences in MRs (top circle;
blue), changes in mtDNA allele frequencies over time can also be the
result of genetic drift and intracellular selection—two inversely correlated
evolutionary forces (bottom circle; red and green)—which also can shape
allele frequencies in heteroplasmic lineages and obscure the estimation of
the MR.
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diversification, the significance of highly conserved regions of
the genome and the evolution of populations are difficult to
pursue.

Most estimates of mtDNA MRs are based on the so-called
indirect or phylogenetic methods, where the number of
nucleotide differences in (putatively) neutral regions of the
genome is counted in two lineages with a known divergence
time. The number of changes observed is then divided by the
number of possible loci and time (either absolute time or
number of generations) in order to calculate a rate. This is
not, in fact, an estimate of the MR, but is instead an estimate
of the substitution rate—but the distinction is rarely made in
the general scientific literature. While the substitution rate
can be a good approximation of the MR if substitutions are
neutral, perhaps unsurprisingly, the substitution rate can be
much different than the MR depending on the impact selec-
tion on the mutations generated by faulty polymerase
function or unrepaired DNA damage. In cases where substi-
tution rates and MRs have both been estimated for the same
species, substitution rates tend to be far lower than MRs, pre-
sumably because the number of mutations lost to natural
selection is not accounted for by indirect methods [5].

In contrast to indirect methods, direct methods of MR
estimation depend on either mutation accumulation (MA)
studies or trio sequencing [6,7]. The difference between esti-
mates from indirect and direct methods is the emphasis on
eliminating selection. Both methods assume selection has
been minimized somehow—in MA studies, for example,
this is achieved by propagating lineages from a known ances-
tor via single-progeny descent in non-stressful laboratory
conditions. Minimizing selection with a genetic bottleneck
of one individual every generation means that, even if
mutations that occur are deleterious, they can be passed on
to the next generation and can be part of a tally used to esti-
mate the MR. In taxa where MA studies and indirect methods
have both been used, for example, Caenorhabditis elegans,
the differences in the rate estimates are at least an order of
magnitude higher when directly observed [8].

Since the first direct estimates of mitochondrial MRs were
reported, only a few other species have been studied (see [9]
for a recent review). This paucity of mtDNA MR estimates is
owing, in large part, to the practical and ethical constraints on
which taxa can be subject to MA and whole-genome sequen-
cing, but there will probably be a surge in the data available
as the price of sequencing continues to drop. It appears, then,
that we now have a golden opportunity to perform these
kinds of studies and gain deeper insight into this critical par-
ameter. However, a puzzle remains unsolved. Unfortunately,
even the so-called direct estimates of mtDNA MRs fail to
minimize selection within the cell (reviewed in [10]). This is
because the mtDNA exists in multiple copies per mitochon-
drion and there are multiple mitochondria per cell
(figure 1a). As a result, estimates of mtDNA MR are not dis-
entangled from the impact of genetic drift and natural
selection acting on mutations that occur, initially appearing
in only a single copy of the mtDNA (frequency of 1/N,
where N is the number of mtDNA genomes that will be
passed on to the next generation, in the case of germline
MRs and to the next cell in the case of somatic MRs). Thus,
if two taxa appear to have different MRs (figure 1b), this
could simply be the result of a different size genetic bottle-
neck between species or different intracellular selection
regimes (figure 1c).
2. Rules and exceptions: unique features of the
mtDNA and its pattern of inheritance

Despite the cartoon depictions in textbooks of mitochondria
as isolated ovals, the dynamic structure of this organelle as
a network and its capacity to undergo fission and fusion
are much more well understood today than even a decade
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Figure 2. Simplified cartoon of cells ( purple) depicting shifting levels of
mtDNA heteroplasmy (illustrated by the presence of different colour rings)
at several stages. (a) Heteroplasmy in a germ cell in a parent organism (rep-
resented by blue and yellow rings) can be owing to mutation or biparental
inheritance of the mtDNA from the previous generation. (b) During gameto-
genesis (illustrated by the solid arrow), allele frequencies can shift owing to
mutation (orange ring), intracellular selection among variants, or chance
(genetic drift) owing to the genetic bottleneck that occurs when gametes
are formed. (c) During development (illustrated by the dashed arrow),
allele frequencies in germline ( purple) or somatic (blue) cells can also
shift as a result of mutation (green ring), intracellular selection or chance.
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ago [11]. Studies not only in yeast, but in both plants [11] and
animals [12], have served to expand our understanding of the
morphology of not only the mitochondrion, but the mtDNA
it contains [13]. One or more copies of the mtDNA genomes
are now known to be complexed with proteins and scattered
throughout the matrix (in structures called nucleoids) which
serve as sites of DNA replication and transcription for the
organelle. Although the number of mtDNA genomes per
nucleoid and nucleoid number has been quantified in a
few model systems and cell lines (reviewed in [14]), the
number of studies is extremely small and the level of vari-
ation among cells, tissue types, individuals, populations
and species has yet to be characterized. Often, the same few
estimates are used repeatedly in the literature (without cita-
tion) for back-of-the-envelope calculations, but as we shall
discuss below, the actual number of mtDNA in the cell and
their tendency to form clusters is of critical importance for
understanding how the relative strength of selection and
drift act on new mutations when they occur.

The replication of mtDNA is not tied to the replication of
nDNA and is not limited to one copy per genome. In addition,
it is now known that cells can target certain mtDNA chromo-
somes for destruction if they do not function properly
(‘mitophagy’ [14]). Thus, the number of mtDNA genomes
may not only vary from cell to cell but within a given cell
can vary over time. While we are debunking common
myths, it is worth mentioning that mtDNA genomes can
and do recombine (despite dogma to the contrary; [15–17])
and that their capacity for DNA repair is not minimal, as pre-
viously thought [18,19]. Overturning these erroneous pillars of
the conventional wisdom among biologists is important in
general, but especially for the issue of MR estimation in the
mtDNA given that recombination and DNA repair represent
mechanisms by which mutations may be countered. Another
relevant myth about mtDNA is a strict uniparental inheritance.
Although uniparental inheritance is, indeed, typical in some
systems, episodes of paternal leakage (e.g. [20,21]) and the dis-
covery of doubly uniparental inheritance (reviewed in [22]) are
now reported. If one considers the possibility of (even
occasional) biparental inheritance as akin to the impact of
migration for gene flow between populations, then cases of
regular paternal leakage may have a non-trivial impact on
the genetic variation in the ‘population’ of mtDNA in the
cell. While all heteroplasmy (the presence of more than one
allele (or version) of the mitochondrial genome in a given
cell or individual) is initially owing to mutation, fluctuations
in heteroplasmy level can be explained by not only mutation,
but migration, selection and drift acting within the cell as well.
3. Why estimating mtDNA ‘mutation rates’ is
such a challenge

The existence of mtDNA genomes in multiple copies within
each cell (heteroplasmy) means that estimating ‘MRs’ in the
mtDNA requires calculating the rates of occurrence of very
low frequency (1/N ) new mutant alleles. The subsequent
changes in the frequency of these mutant alleles in the cell
over time, which are thought of as part of the MR, actually
depend on other evolutionary forces, not mutation. Thus,
measuring a ‘MR’ without the influential effects of migration
(leakage, discussed above), selection and drift is a challenge,
and partitioning the portion of the ‘MR’ that is observed to
these various forces has rarely been discussed, no less
tackled. The effective population size (Ne) of mtDNA deter-
mines the efficacy of selection within the cell (figure 2a),
and the size of the genetic bottleneck during gametogenesis
and development regulates the power of drift (figure 2b).
Subsequent to the genetic bottleneck that occurs during
gametogenesis, other genetic bottlenecks can occur in somatic
tissues, influencing the number and composition of the
mtDNA population in cells later on during development as
well (figure 2c).

The advent of short read/high coverage sequencing plat-
forms has made it possible to sequence the mtDNA to
sufficient depth to detect even low-frequency variants, but
given the number of mtDNA per nucleoid, the number of
nucleoids per cell, and the number of cells per individual,
our ability to actually detect new mutations is still extremely
limited. This makes it difficult to distinguish between
low-frequency variants that might already exist in the ‘popu-
lation’ and new mutant alleles. Technological advances that
result in even more affordable deep sequencing may make
this problem tractable, but given that it is not possible to
bottleneck the number of mtDNA genomes in the cell
completely (to n = 1), we cannot eliminate intracellular
selection and maximize drift. Thus, estimates of the
mtDNA MR will never reflect the ‘true’ rates of mutation
owing to unrepaired polymerase faults and DNA damage
but are relegated to reflecting the combined interactive
nature of multiple evolutionary forces.

In lieu of being able to measure the rate of mutation in
mtDNA, let us consider the possibility of measuring the
other factors contributing to variation in this composite
metric (leakage is discussed above, so the focus will be on
selection and drift, hereon). Given the growing body of
knowledge about the structure and function of the mitochon-
drial matrix, it may be possible to empirically estimate factors
that contribute to variation in the strength and efficacy of
selection, including mtDNA copy number, turnover rates
owing to autophagy or recombination rates [23,24]. Indeed,
the clustering of mutant alleles in the mitochondrion has
been invoked as a mechanism for strengthening the
power of selection within the cell (i.e. nucleoids containing
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mutations could be easily targeted for destruction [25]).
Alternatively, cell lines with different mtDNA copy number
could be used to establish MA lines or it may be possible
to perform selection experiments to generate lineages that
vary in mtDNA copy number (and little else). Comparisons
of MR differences in lineages with different mtDNA copy
number could shed light on the variable selective pressures
faced by new mutant alleles within cells. It still will not be
easy to quantify the role of selection on mtDNA MRs, but it
might be possible to investigate empirically.

Of the evolutionary forces combining to determine the per-
ceived rate of mutation, the impact of drift is probably the most
readily quantifiable; however, there are two quantities of inter-
est to measure that are often not distinguished in the literature.
The first is the effective population size (Ne) of the mtDNA,
which depends not only on the number of copies of the
genome in the cell, but also on levels of allelic diversity
(when present) and the effects of selection on tightly linked
loci. The second feature of the cell that regulates the power of
genetic drift is the genetic bottlenecks that occur during cell
division (either in the germline (figure 2b) or the soma
(figure 2c)). Whereas the Ne of the mtDNA determines the effi-
cacy of selection during most of the cell cycle, the size of the
genetic bottleneck determines the likelihood of fixation or
loss of new mutations between generations or from one cell
to the next. The Ne of the mtDNA in a mature cell and the
size of the genetic bottleneck during cell division are often con-
flated and are rarely measured directly, although they could be
using deep sequencing methods (with normalization protocols
to determine copy number) for the former and cell imaging
techniques for the latter.

Even though complete genetic bottlenecking at the level
of the mtDNA (n = 1) is not possible, experiments comparing
the MRs among lineages experiencing different size bottle-
necks at the organismal level (Ne = 1, 10 and 100) show a
trend towards higher frequency of mtDNA mutations with
reduced effective population size [26]. Studies of cytoplasmic
selfish genetic elements (SGEs), in particular, have shown an
increase in the frequency of SGEs when selection at the orga-
nismal is reduced via small population sizes, but selection
within the cell among mtDNA molecules remains (i.e. [27]).
In these studies, the authors are able to conclude something
about the relative selective impact of various mutations,
given their frequency of occurrence—another essential par-
ameter for understanding the impact of drift and selection
on mtDNA MRs. The distribution of fitness effects of new
mutations has been measured empirically in the mtDNA
[28] but is difficult to parse because of tight linkage among
mutations and the presence of coding and non-coding
regions in plant mtDNAs [29]. The problem of disentangling
mutation, selection and drift for estimating mtDNAMRs may
thus be relegated to the world of modelling and simulations
for the time being (e.g. [30]), while empiricists settle for com-
posite estimates that do not isolate the MR, per se, but do
provide a more accurate estimate than classical substitution
rates calculated based on sequence comparisons alone.
4. Is it possible to more accurately estimate
mtDNA mutation rates?

Although MA experiments can provide us with MR estimates
for nDNA in diploid eukaryotes without worrying about
variable levels of influence of intracellular selection and
drift, they cannot overcome the challenges outlined above
for mtDNA MRs. How can we overcome these obstacles?
Haag-Liautard et al. [31] outlined a method using the allele fre-
quency distribution (AFD) of new mutant alleles to estimate
Ne; however the method is limited at the outset by the sensi-
tivity of the techniques used to detect such mutations (even
with deep sequencing, it is difficult to detect mutant alleles
when they first occur and are at 1/N frequency). The basic
idea is to use AFD to quantify the degree of heteroplasmy
and, in turn, to estimate the Ne of the mtDNA. These authors
only use data from lines where new mutations were detected,
but in principle, any fluctuation in heteroplasmic allele fre-
quencies (even in cases where no new mutations occur)
could be used to help estimate Ne. The problem, however, is
that changes in the AFD over time could be owing to forces
other than mutation. For example, consider the case of an
organism in which a newmutation has occurred at a particular
position that was, initially, observed to be G in all copies of the
mtDNA, but now one copy has a T. If, after three generations,
the frequency of the mutant T-bearing allele is higher, it is
impossible to know if this is because of paternal leakage,
genetic drift, intracellular selection or because there were
additional G→ T mutation events at this locus. Gene conver-
sion events also have the potential to counter the effects of
mutation, and this is especially true in the mitochondrion.
The advantages of multi-copy genomes in (i) buffering against
the selective impact of mutations, (ii) lowering the chance of
fixation of new mutations and (iii) providing more templates
for recombination or gene conversion have yet to be fully
explored, theoretically or empirically. These issues, combined
with the sensitivity issue mentioned above, makes current
estimates of Ne based solely on shifts in AFD hard to rely on.

Simulations would be a useful first step to model the rela-
tive importance of these factors influencing mtDNA MRs
(e.g. [30,32]). One could test a range of mtDNA copy num-
bers, selective coefficients for new mtDNA mutations,
bottleneck sizes and even incorporate practical parameters,
such as depth of sequencing to detect new variants and
sequencing error rates. A comparative genomics approach
might also be useful for testing predictions about patterns
of mtDNA MR variation across lineages and species (e.g.
[7,33–35]). The widely known MR differences among
animal and plant mtDNA [36], for example, are based on esti-
mates from only a few studies of plants which probably
painted a misleading picture of mtDNA mutation dynamics
that discouraged follow-up studies (but see [37]). Additional
intraspecific comparisons could shed light on persistent ques-
tions, such as do mtDNA rates vary between sexual and
asexual lineages of the same species or among different
ploidy levels? In theory, the reproductive mode should
have little impact on the mutation dynamics of organellar
DNA, but this has yet to be tested empirically with deep
sequencing techniques (but see [38]). Given the growing
number of exceptions to the previously accepted ‘rules’ of
mtDNA inheritance, it may be possible to identify cases
where mutation pressures favour or disfavour the evolution
of certain features of the mtDNA genome, such as its size,
genome content and the evolution of the size of the genetic
bottleneck that occurs between generations (e.g. [39]).

Another useful area of inquiry would be to examine
differences in mtDNA rates among somatic cells sampled
from tissue types with known differences in mean mtDNA
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number or bottleneck size (e.g. [30,40,41]). Advances in
single-cell sequencing and cell biology techniques to isolate
organellar components could make this an affordable strat-
egy for deep sequencing mtDNA genomes (while excluding
nuclear genomes) for replicate cells with various mtDNA
content and/or differential bottleneck sizes during cell div-
ision [42]. Because the differentiation of germline and
somatic tissues is distinctive among eukaryotic lineages
(most obviously between plants and animals, but there are
also remarkable differences within these major groups), com-
parative studies of germline and somatic mtDNA mutation
could be very revealing. Investigating MRs in other types of
organellar genomes (e.g. the chloroplast genome) would
also be illuminating, given that the few extant studies suggest
wild variation exists in the mutation profiles of, for example,
mitochondrial genomes and those in the chloroplast based on
substitution rates [43,44]. Additional empirical estimates of
not only mtDNA ‘MRs’, but mtDNA copy number and vari-
ation in the size of the genetic bottlenecks during cell
division, will be critical for disentangling the interactive
effects of mutation, selection and drift on rates of change in
the mitochondrial genome [45].
90173
5. Conclusion
The rate of mutation in the mtDNA is a foundational par-
ameter in biology. Although, in principle, mtDNA MRs
depend only on the rate of replication mistakes and unre-
paired DNA damage, the fact that there are multiple copies
of the mtDNA genome per mitochondrion and multiple
mitochondria per cell means that the fate of a given mutation
in the cell also depends on its selective coefficient and the effi-
cacy of selection to act upon that mutation, relative to the
likelihood that it will be lost or fixed by genetic drift. Thus,
in order to accurately measure mtDNA rates, one must take
a synthetic view of this parameter and meet the challenge
of estimating its component parts. In addition, it is essential
that we obtain not only estimates just for a single genotype
from a few model species, but expand our empirical assays
to include non-model organisms and multiple genotypes
per taxon, in order to understand how mtDNA MRs
evolve. Finally, investigating both germline and somatic
mtDNA MRs represents a current frontier in the field.
While the advent of high-throughput sequencing made
direct estimates of nDNA MRs using MA an attainable
goal, single-cell sequencing (and even single mitochondrion
sequencing [42]) technologies should extend this power to
mtDNA MR estimation. Knowing the rate of change in the
mtDNA genome is not only a critical component for under-
standing the function and dysfunction of the mitochondrion
[46], it has a wide array of other consequences. In an applied
sense, rates of mtDNA change may be correlated with cancer
risk and the probability of other mitochondrial diseases
[2,47,48]. In terms of basic biology, knowing such rates can
inform our understanding of evolution at many levels: the
coevolutionary dynamics between proteins encoded in differ-
ent compartments of the cell [49], the evolution of cell types
(including germline and somatic differences; [39]), and the
evolution of species differences in life history [50], reproductive
mode [51] or patterns of inheritance [52,53].

Data accessibility. This article has no additional data.

Authors’ contributions. S.S., E.K.H.H. and F.M. contributed to the con-
ception, drafting and editing of the manuscript.
Competing interests. The authors declare that they have no competing
interests.
Funding. We would like to gratefully acknowledge our funding
sources, which include a sabbatical support from Reed College and
the Evolutionary Think Tank at the University of Muenster and
research funding from the M.J. Murdock Charitable Trust, NIH
Award 1R15GM132861-01, and NSF Award MCB-1150213 (S.S.).
Acknowledgements. We would like to thank Dieter Ebert, Peter Fields,
Francesco Catania, Valerio Vitali, Franz Goller and Susann Wicke
for discussions on the challenges of estimating mtDNA MRs.
References
1. dos Reis M, Donoghue PCJ, Yang Z. 2016 Bayesian
molecular clock dating of species divergences in the
genomics era. Nat. Rev. Genet. 17, 71–80. (doi:10.
1038/nrg.2015.8)

2. Zhu Z, Wang X. 2017 Significance of mitochondria
DNA mutations in diseases. In Mitochondrial DNA
and diseases (eds H Sun, X Wang), pp. 219–230.
Singapore: Springer Singapore.

3. DeBalsi KL, Hoff KE, Copeland WC. 2017 Role of the
mitochondrial DNA replication machinery in
mitochondrial DNA mutagenesis, aging and age-
related diseases. Ageing Res. Rev. 33, 89–104.
(doi:10.1016/j.arr.2016.04.006)

4. Hoffmann AA, Sgrò CM. 2011 Climate change and
evolutionary adaptation. Nature 470, 479–485.
(doi:10.1038/nature09670)

5. Parsons TJ et al. 1997 A high observed substitution
rate in the human mitochondrial DNA control region.
Nat. Genet. 15, 363. (doi:10.1038/ng0497-363)

6. Halligan DL, Keightley PD. 2009 Spontaneous
mutation accumulation studies in evolutionary
genetics. Annu. Rev. Ecol. Evol. Syst. 40, 151–172.
(doi:10.1146/annurev.ecolsys.39.110707.173437)

7. Conrad DF et al. 2011 Variation in genome-wide
mutation rates within and between human families.
Nat. Genet. 43, 712–714. (doi:10.1038/ng.862)

8. Denver DR, Morris K, Lynch M, Vassilieva LL,
Thomas WK. 2000 High direct estimate of the
mutation rate in the mitochondrial genome of
Caenorhabditis elegans. Science 289, 2342–2344.
(doi:10.1126/science.289.5488.2342)

9. Katju V, Bergthorsson U. 2019 Old trade, new tricks:
insights into the spontaneous mutation process
from the partnering of classical mutation
accumulation experiments with high-throughput
genomic approaches. Genome Biol Evol. 11,
136–165. (doi:10.1093/gbe/evy252)

10. Rand DM. 2001 The units of selection on mitochondrial
DNA. Annu. Rev. Ecol. Syst. 32, 415–448. (doi:10.1146/
annurev.ecolsys.32.081501.114109)

11. Gualberto JM, Newton KJ. 2017 Plant mitochondrial
genomes: dynamics and mechanisms of mutation.
Annu. Rev. Plant Biol. 68, 225–252. (doi:10.1146/
annurev-arplant-043015-112232)

12. Chan DC. 2012 Fusion and fission: interlinked
processes critical for mitochondrial health. Annu.
Rev. Genet. 46, 265–287. (doi:10.1146/annurev-
genet-110410-132529)

13. Falkenberg M, Larsson N-G, Gustafsson CM. 2007
DNA replication and transcription in mammalian
mitochondria. Annu. Rev. Biochem. 76, 679–699.
(doi:10.1146/annurev.biochem.76.060305.152028)

14. Carelli V, Maresca A, Caporali L, Trifunov S, Zanna C,
Rugolo M. 2015 Mitochondria: biogenesis
and mitophagy balance in segregation and
clonal expansion of mitochondrial DNA
mutations. Int. J. Biochem. Cell Biol. 63, 21–24.
(doi:10.1016/j.biocel.2015.01.023)

15. Barr CM, Neiman M, Taylor DR. 2005
Inheritance and recombination of
mitochondrial genomes in plants, fungi and
animals. New Phytol. 168, 39–50. (doi:10.1111/j.
1469-8137.2005.01492.x)

http://dx.doi.org/10.1038/nrg.2015.8
http://dx.doi.org/10.1038/nrg.2015.8
http://dx.doi.org/10.1016/j.arr.2016.04.006
http://dx.doi.org/10.1038/nature09670
http://dx.doi.org/10.1038/ng0497-363
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173437
http://dx.doi.org/10.1038/ng.862
http://dx.doi.org/10.1126/science.289.5488.2342
http://dx.doi.org/10.1093/gbe/evy252
http://dx.doi.org/10.1146/annurev.ecolsys.32.081501.114109
http://dx.doi.org/10.1146/annurev.ecolsys.32.081501.114109
http://dx.doi.org/10.1146/annurev-arplant-043015-112232
http://dx.doi.org/10.1146/annurev-arplant-043015-112232
http://dx.doi.org/10.1146/annurev-genet-110410-132529
http://dx.doi.org/10.1146/annurev-genet-110410-132529
http://dx.doi.org/10.1146/annurev.biochem.76.060305.152028
http://dx.doi.org/10.1016/j.biocel.2015.01.023
http://dx.doi.org/10.1111/j.1469-8137.2005.01492.x
http://dx.doi.org/10.1111/j.1469-8137.2005.01492.x


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190173

6
16. Blomme J et al. 2017 The mitochondrial DNA-
associated protein SWIB5 influences mtDNA
architecture and homologous recombination. Plant
Cell 29, 1137–1156. (doi:10.1105/tpc.16.00899)

17. Dahal S, Dubey S, Raghavan SC. 2018 Homologous
recombination-mediated repair of DNA double-
strand breaks operates in mammalian mitochondria.
Cell. Mol. Life Sci. 75, 1641–1655. (doi:10.1007/
s00018-017-2702-y)

18. Christensen AC. 2013 Plant mitochondrial genome
evolution can be explained by DNA repair
mechanisms. Genome Biol. Evol. 5, 1079–1086.
(doi:10.1093/gbe/evt069)

19. Kazak L, Reyes A, Holt IJ. 2012 Minimizing the
damage: repair pathways keep mitochondrial DNA
intact. Nat. Rev. Mol. Cell Biol. 13, 659–671.
(doi:10.1038/nrm3439)

20. McCauley DE. 2013 Paternal leakage, heteroplasmy,
and the evolution of plant mitochondrial genomes.
New Phytol. 200, 966–977. (doi:10.1111/nph.12431)

21. Ross JA, Howe DK, Coleman-Hulbert A, Denver DR,
Estes S. 2016 Paternal mitochondrial transmission in
intra-species Caenorhabditis briggsae hybrids. Mol. Biol.
Evol. 33, 3158–3160. (doi:10.1093/molbev/msw192)

22. Passamonti M, Ghiselli F. 2009 Doubly uniparental
inheritance: two mitochondrial genomes, one
precious model for organelle DNA inheritance and
evolution. DNA Cell Biol. 28, 79–89. (doi:10.1089/
dna.2008.0807)

23. Hedrick PW. 2007 Sex: differences in mutation,
recombination, selection, gene flow, and genetic
drift. Evolution 61, 2750–2771. (doi:10.1111/j.1558-
5646.2007.00250.x)

24. Rokas A, Ladoukakis E, Zouros E. 2003 Animal
mitochondrial DNA recombination revisited. Trends
Ecol. Evol. 18, 411–417. (doi:10.1016/S0169-
5347(03)00125-3)

25. Bergstrom CT, Pritchard J. 1998 Germline
bottlenecks and the evolutionary maintenance of
mitochondrial genomes. Genetics 149, 2135–2146.

26. Konrad A, Thompson O, Waterston RH, Moerman
DG, Keightley PD, Bergthorsson U, Katju V. 2017
Mitochondrial mutation rate, spectrum and
heteroplasmy in Caenorhabditis elegans
spontaneous mutation accumulation lines of
differing population size. Mol. Biol. Evol. 34,
1319–1334. (doi:10.1093/molbev/msx051)

27. Phillips WS, Coleman-Hulbert AL, Weiss ES, Howe
DK, Ping S, Wernick RI, Estes S, Denver DR. 2015
Selfish mitochondrial DNA proliferates and
diversifies in small, but not large, experimental
populations of Caenorhabditis briggsae.
Genome Biol. Evol. 7, 2023–2037. (doi:10.1093/
gbe/evv116)

28. James JE, Piganeau G, Eyre-Walker A. 2016
The rate of adaptive evolution in animal
mitochondria. Mol. Ecol. 25, 67–78. (doi:10.1111/
mec.13475)

29. Wynn EL, Christensen AC. 2015 Are synonymous
substitutions in flowering plant mitochondria
neutral? J. Mol. Evol. 81, 131–135. (doi:10.1007/
s00239-015-9704-x)

30. Wilton PR, Zaidi A, Makova K, Nielsen R. 2018 A
population phylogenetic view of mitochondrial
heteroplasmy. Genetics 208, 1261–1274. (doi:10.
1534/genetics.118.300711)

31. Haag-Liautard C, Coffey N, Houle D, Lynch M,
Charlesworth B, Keightley PD. 2008 Direct
estimation of the mitochondrial DNA mutation rate
in Drosophila melanogaster. PLoS Biol. 6, e204.
(doi:10.1371/journal.pbio.0060204)

32. Radzvilavicius AL. 2016 Evolutionary dynamics of
cytoplasmic segregation and fusion: mitochondrial
mixing facilitated the evolution of sex at the origin
of eukaryotes. J. Theor. Biol. 404, 160–168. (doi:10.
1016/j.jtbi.2016.05.037)

33. Allio R, Donega S, Galtier N, Nabholz B. 2017 Large
variation in the ratio of mitochondrial to nuclear
mutation rate across animals: implications for
genetic diversity and the use of mitochondrial DNA
as a molecular marker. Mol. Biol. Evol. 34,
2762–2772. (doi:10.1093/molbev/msx197)

34. Gaut B, Yang L, Takuno S, Eguiarte LE. 2011 The patterns
and causes of variation in plant nucleotide substitution
rates. Annu. Rev. Ecol. Evol. Syst. 42, 245–266. (doi:10.
1146/annurev-ecolsys-102710-145119)

35. Hodgkinson A, Eyre-Walker A. 2011 Variation in the
mutation rate across mammalian genomes. Nat.
Rev. Genet. 12, 756–766. (doi:10.1038/nrg3098)

36. Lynch M, Koskella B, Schaack S. 2006 Mutation
pressure and the evolution of organelle genomic
architecture. Science 311, 1727–1730. (doi:10.1126/
science.1118884)

37. Sloan DB, Alverson AJ, Chuckalovcak JP, Wu M,
McCauley DE, Palmer JD, Taylor DR. 2012 Rapid
evolution of enormous, multichromosomal genomes
in flowering plant mitochondria with exceptionally
high mutation rates. PLoS Biol. 10, e1001241.
(doi:10.1371/journal.pbio.1001241)

38. Xu S, Schaack S, Seyfert A, Choi E, Lynch M,
Cristescu ME. 2012 High mutation rates in the
mitochondrial genomes of Daphnia pulex. Mol. Biol.
Evol. 29, 763–769. (doi:10.1093/molbev/msr243)

39. Radzvilavicius AL, Hadjivasiliou Z, Pomiankowski A,
Lane N. 2016 Selection for mitochondrial quality
drives evolution of the germline. PLoS Biol. 14,
e2000410. (doi:10.1371/journal.pbio.2000410)

40. Melvin RG, Ballard JWO. 2017 Cellular and
population level processes influence the rate,
accumulation and observed frequency of inherited
and somatic mtDNA mutations. Mutagenesis 32,
323–334. (doi:10.1093/mutage/gex004)
41. Li M, Schröder R, Ni S, Madea B, Stoneking M. 2015
Extensive tissue-related and allele-related mtDNA
heteroplasmy suggests positive selection for somatic
mutations. Proc. Natl Acad. Sci. USA 112,
2491–2496. (doi:10.1073/pnas.1419651112)

42. Morris J et al. 2017 Pervasive within-mitochondrion
single-nucleotide variant heteroplasmy as
revealed by single-mitochondrion sequencing.
Cell Rep. 21, 2706–2713. (doi:10.1016/j.celrep.
2017.11.031)

43. Palmer JD. 1990 Contrasting modes and tempos of
genome evolution in land plant organelles. Trends
Genet. 6, 115–120. (doi:10.1016/0168-
9525(90)90125-P)

44. Wolfe KH, Li WH, Sharp PM. 1987 Rates of
nucleotide substitution vary greatly among plant
mitochondrial, chloroplast, and nuclear DNAs. Proc.
Natl Acad. Sci. USA 84, 9054–9058. (doi:10.1073/
pnas.84.24.9054)

45. Zhang H, Burr SP, Chinnery PF. 2018 The
mitochondrial DNA genetic bottleneck: inheritance
and beyond. Essays Biochem. 62, 225–234. (doi:10.
1042/EBC20170096)

46. Raven JA. 2015 Implications of mutation of
organelle genomes for organelle function and
evolution. J. Exp. Bot. 66, 5639–5650. (doi:10.1093/
jxb/erv298)

47. Stewart JB, Chinnery PF. 2015 The dynamics of
mitochondrial DNA heteroplasmy: implications for
human health and disease. Nat. Rev. Genet. 16,
530–542. (doi:10.1038/nrg3966)

48. Floros VI et al. 2018 Segregation of mitochondrial
DNA heteroplasmy through a developmental
genetic bottleneck in human embryos. Nat. Cell Biol.
20, 144. (doi:10.1038/s41556-017-0017-8)

49. Yan Z, Ye G, Werren JH. 2019 Evolutionary rate
correlation between mitochondrial-encoded and
mitochondria-associated nuclear-encoded proteins
in insects. Mol. Biol. Evol. 36, 1022–1036. (doi:10.
1093/molbev/msz036)

50. Bromham L, Hua X, Lanfear R, Cowman PF. 2015
Exploring the relationships between mutation rates,
life history, genome size, environment, and species
richness in flowering plants. Am. Nat. 185,
507–524. (doi:10.1086/680052)

51. Havird JC, Fitzpatrick SW, Kronenberger J, Funk WC,
Angeloni LM, Sloan DB. 2016 Sex, mitochondria,
and genetic rescue. Trends Ecol. Evol. 31, 96–99.
(doi:10.1016/j.tree.2015.11.012)

52. Carelli V. 2015 Keeping in shape the dogma of
mitochondrial DNA maternal inheritance. PLoS
Genet. 11, e1005179. (doi:10.1371/journal.pgen.
1005179)

53. Greiner S, Sobanski J, Bock R. 2015 Why are most
organelle genomes transmitted maternally?
Bioessays 37, 80–94. (doi:10.1002/bies.201400110)

http://dx.doi.org/10.1105/tpc.16.00899
http://dx.doi.org/10.1007/s00018-017-2702-y
http://dx.doi.org/10.1007/s00018-017-2702-y
http://dx.doi.org/10.1093/gbe/evt069
http://dx.doi.org/10.1038/nrm3439
http://dx.doi.org/10.1111/nph.12431
http://dx.doi.org/10.1093/molbev/msw192
http://dx.doi.org/10.1089/dna.2008.0807
http://dx.doi.org/10.1089/dna.2008.0807
http://dx.doi.org/10.1111/j.1558-5646.2007.00250.x
http://dx.doi.org/10.1111/j.1558-5646.2007.00250.x
http://dx.doi.org/10.1016/S0169-5347(03)00125-3
http://dx.doi.org/10.1016/S0169-5347(03)00125-3
http://dx.doi.org/10.1093/molbev/msx051
http://dx.doi.org/10.1093/gbe/evv116
http://dx.doi.org/10.1093/gbe/evv116
http://dx.doi.org/10.1111/mec.13475
http://dx.doi.org/10.1111/mec.13475
http://dx.doi.org/10.1007/s00239-015-9704-x
http://dx.doi.org/10.1007/s00239-015-9704-x
http://dx.doi.org/10.1534/genetics.118.300711
http://dx.doi.org/10.1534/genetics.118.300711
http://dx.doi.org/10.1371/journal.pbio.0060204
http://dx.doi.org/10.1016/j.jtbi.2016.05.037
http://dx.doi.org/10.1016/j.jtbi.2016.05.037
http://dx.doi.org/10.1093/molbev/msx197
http://dx.doi.org/10.1146/annurev-ecolsys-102710-145119
http://dx.doi.org/10.1146/annurev-ecolsys-102710-145119
http://dx.doi.org/10.1038/nrg3098
http://dx.doi.org/10.1126/science.1118884
http://dx.doi.org/10.1126/science.1118884
http://dx.doi.org/10.1371/journal.pbio.1001241
http://dx.doi.org/10.1093/molbev/msr243
http://dx.doi.org/10.1371/journal.pbio.2000410
http://dx.doi.org/10.1093/mutage/gex004
http://dx.doi.org/10.1073/pnas.1419651112
http://dx.doi.org/10.1016/j.celrep.2017.11.031
http://dx.doi.org/10.1016/j.celrep.2017.11.031
http://dx.doi.org/10.1016/0168-9525(90)90125-P
http://dx.doi.org/10.1016/0168-9525(90)90125-P
http://dx.doi.org/10.1073/pnas.84.24.9054
http://dx.doi.org/10.1073/pnas.84.24.9054
http://dx.doi.org/10.1042/EBC20170096
http://dx.doi.org/10.1042/EBC20170096
http://dx.doi.org/10.1093/jxb/erv298
http://dx.doi.org/10.1093/jxb/erv298
http://dx.doi.org/10.1038/nrg3966
http://dx.doi.org/10.1038/s41556-017-0017-8
http://dx.doi.org/10.1093/molbev/msz036
http://dx.doi.org/10.1093/molbev/msz036
http://dx.doi.org/10.1086/680052
http://dx.doi.org/10.1016/j.tree.2015.11.012
http://dx.doi.org/10.1371/journal.pgen.1005179
http://dx.doi.org/10.1371/journal.pgen.1005179
http://dx.doi.org/10.1002/bies.201400110

	Disentangling the intertwined roles of mutation, selection and drift in the mitochondrial genome
	The importance of estimating mtDNA mutation rates and our current state of knowledge
	Rules and exceptions: unique features of the mtDNA and its pattern of inheritance
	Why estimating mtDNA ‘mutation rates’ is such a challenge
	Is it possible to more accurately estimate mtDNA mutation rates?
	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


