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The mitochondrial theory of aging is widely popular but con-
fronted by several apparent inconsistencies. On the one hand,
mitochondrial energy production is of central importance to the
health and proper functioning of cells, and single-cell studies have
shown that mtDNA deletion mutants accumulate in a clonal
fashion in various mammalian species, displacing the wild-type
mtDNAs. On the other hand, no explanation exists yet for the
clonal expansion of mtDNA mutants that is compatible with exper-
imental observations. We present here a new idea based on the
distinctive connection between transcription and replication of meta-
zoan mtDNA. Bioinformatic analysis of mtDNA deletion spectra
strongly supports the predictions of this hypothesis and identifies
specific candidates for proteins involved in transcriptional control
of mtDNA replication. Computer simulations show the mechanism to
be compatible with the available data from short- and long-lived
mammalian species.

mitochondrial mutations | mathematical model

Mitochondria play central roles in health and disease and
have long been implicated in aging (1–3). Point mutations

and deletions of mtDNA have the capacity to impair mito-
chondrial ATP production with negative consequences for all
aspects of cellular metabolism and viability. However, the exact
role of acquired mitochondrial DNA (mtDNA) mutations
remains unclear (4, 5). The possibility of a common underlying
basis for mitochondrial diseases and intrinsic aging is intriguing
(6). However, fundamental questions remain unanswered; re-
solving these will be necessary before the relevance of mtDNA
mutations in aging and disease, including cancer, can be confirmed.
Single-cell studies have shown convincingly that tissue sections

of old individuals display a mosaic pattern of healthy and af-
fected cells, coexisting side by side. In the compromised cells of
various mammalian species such as mice, rats, monkeys, and
humans, mitochondrial mutants accumulate with age (7–13).
Furthermore, within individual cells the mitochondrial pop-
ulation is frequently overtaken by a single mutant type via some
form of “clonal expansion.”
The dynamics that lie behind such clonal expansion must be

rooted in the biology of mtDNA replication and removal through
turnover (autophagy). These processes have their origins in the
genesis of the animal mitochondrion as a bacterially derived
endosymbiont which, during the course of evolution, has un-
dergone a complex coevolution with the host cell, when most of
the original mitochondrial genome has transferred to the host
cell nucleus. In this article, we examine core challenges in un-
derstanding the dynamics of clonal expansion of mtDNA muta-
tions and present evidence in support of a novel hypothesis to
explain the clonal expansion particularly of mtDNA deletions,
which also has deep relevance for the role of mtDNA mutations
in aging and disease. We infer that there is a feedback mecha-
nism regulating mtDNA replication, which is compromised in
those mtDNA deletions that have been reported to undergo
clonal expansion in aged animal tissues. The significance of such
a mechanism is that it not only explains much that is puzzling

about the connection between mtDNA mutations and aging but
also offers potential new targets for intervention.
Current ideas to explain expansion of mtDNA mutations fall

into two groups: those that involve some sort of selection ad-
vantage and those that do not. The nonselection ideas comprise:
(i) the “vicious cycle” hypothesis, which suggests that defective
mitochondria generate more radicals, and thereby more muta-
tions, through a self-amplifying feedback mechanism (14, 15), or
(ii) the suggestion that expansion occurs simply by random drift
(16, 17). The problem with the vicious cycle is that this is unlikely
to lead to the expansion of a single mutant; rather, one should
expect a plethora of different mtDNA mutants in a single cell,
which is the opposite of what has been observed. As for random
drift, although early computer simulations showed that such a pro-
cess might conceivably work for long-lived species such as humans
(16), recent studies reveal that in short-lived animals such as
rodents, drift predicts an extremely high degree of mtDNA het-
erogeneity that is again incompatible with experimental results (18).
Thus, it seems that a selection advantage is necessary to ach-

ieve clonal expansion of mtDNA mutations with the observed
low-mtDNA heterogeneity in short-lived species. Here again
there have been several alternative suggestions. The survival-of-
the-slowest hypothesis identifies such a selection advantage by
proposing that defective mitochondria are degraded less fre-
quently than wild-type organelles (19). However, the proposed
mechanism is incompatible with mitochondrial dynamics (20)
and furthermore it has been shown that dysfunctional mito-
chondria are preferentially degraded (21–23), instead of being
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spared. It has also been proposed that reactive oxygen species
(ROS) signal a deficiency of respiratory chain complexes back
to the local mtDNA, which replicates in response (24). In this
scenario mitochondrial mutants that produce more ROS would
be selectively amplified. Although feasible, this idea does not
readily explain the predominance of mtDNA deletions over
point mutations and it predicts a central involvement of ROS in
the aging process, which has been questioned by several recent
reports (25–27). Most straightforwardly, the reduced genome
size of deletion mutants has been suggested to provide a direct
selection advantage through faster replication (28, 29). Because
deletions inside the major arc lead to a juxtaposition of the heavy
and light strand origins, the effects on replication time are even
more severe than the pure size difference would suggest. As a
consequence, a mutant with a complete deletion of the major arc
should replicate 4.3 times faster than wild type and not 2.6 times
as may be expected (30). This idea has been questioned, how-
ever, because the time required for the replication of the mtDNA
is only 1–2 h (31, 32), whereas the half-life of mtDNA is on the
order of 1–3 wk (33–35). It is therefore difficult to see how
mtDNA replication could be a rate-limiting step for mitochon-
drial growth. This problem has been confirmed by simulations,
which show that the large discrepancy between half-life and re-
plication time diminishes the resulting selection advantage so
much that it leads to unrealistically slow accumulation times (36).
Thus, this mechanism might work for extremely long-lived species,
but cannot be a general explanation for the accumulation of de-
letion mutants in species with a shorter lifespan.
The intriguing challenge is therefore that no current hypothesis

satisfactorily explains the clearly demonstrable clonal expansion
of mitochondrial deletion mutants in both long- and short-lived
species. We here present evidence to resolve this enigma.

Results
Transcription Primes Replication. Metazoan mitochondrial DNA
replicates via the strand-displacement model with two unidirec-
tional origins of replication, OH for the heavy strand and OL for
the replication of the light strand (31, 37) [although evidence
also exists hinting at a bidirectional mechanism (38, 39)]. All
known DNA polymerases require an RNA primer with a free
3′-OH group to begin DNA synthesis. This is also true for mi-
tochondrial DNA polymerase-γ. The primer for the heavy strand
is provided by processing mRNA transcripts of the L-strand pro-
moter (37). This promoter normally produces a huge poly-cistronic
mRNA, transcribing all of the light strand genes. Similarly, another
large poly-cistronic mRNA is generated from the H-strand pro-
moter, transcribing all heavy strand genes (40).
Based on this tight linkage of transcription and replication we

assume, following Shadel and Clayton (37), that initiation of
replication is positively correlated with the transcription rate. We
further propose the existence of a product inhibition loop that
down-regulates the transcription rate when sufficient proteins
are available. Such a mechanism, however, presents a specific
threat. If a deletion removes the genes coding for protein
products involved in this feedback, transcription will fail to be
down-regulated in these mutants and consequently such mutants
will have a higher initiation rate of replication than wild-type
mtDNA. We suggest that this is the basis for the selection ad-
vantage that drives the observed clonal expansion of deletion
mutants. This requires that an individual mtDNA molecule
should be sensitive to the amount of protein produced from this
specific mtDNA. Such a feat might seem implausible if mtDNA
and proteins mix freely during the mitochondrial life cycle, which
includes frequent fission and fusion. However, it is precisely
because there must be some coupling between genotype and
phenotype, to maintain mitochondrial integrity by selection, that
we recently suggested how the link between mtDNA molecules
and their gene products might be maintained during fusion and

fission processes (20). The hypothesis proposes a physical connection
between mitochondrial nucleoids and respiratory chain complexes,
for which there exists considerable evidence. Furthermore, recent
evidence suggests that most mammalian mitochondria contain only
a single copy of mtDNA per nucleoid, which facilitates the pres-
ervation of a clear genotype–phenotype association (41).

Identification of Candidate Feedback Proteins. If this proposed
product-inhibition mechanism is correct, examination of pub-
lished data on clonally amplified mitochondrial deletions causing
a COX-deficient phenotype should be revealing. Suitable data
sets are available for rats (7), rhesus monkeys (10), and humans
(42, 43), where PCR has been used to amplify mtDNA deletions
in single cells of skeletal muscle fibers and neurons.
Fig. 1 shows thepositionsof thedeletions in relation to schematic

maps of the mitochondrial genomes for the three species. These
reveal that all (rat, human neurons) or almost all (rhesus, human
muscle) deletions overlap the NADH dehydrogenase subunit
(ND)4 gene. For all studies that looked at muscle fibers the deletions
overlap the two genes ND4 and ND5, two subunits of complex I.
In the case of humanneurons the deletions overlapND3andND4.
It is tempting to speculate, therefore, that the gene ND4 (and

possibly ND3/5) is involved in the feedback mechanism we pro-
pose. However, it has been suggested that mitochondrial deletions
are a consequence of slippage replication (44) involving repeats or
the hybridization of longer stretches of mtDNA (45–47). Thus, it
could be that the overlapping deletion areas are simply a conse-
quence of appropriately placed DNA sequences. To exclude this
possibility we used the software package UNAFold 3.8 (48) to
calculate the free energies ΔG of the mitochondrial deletions
based on an assumed hybridization length of 100 bp (Materials and
Methods as well as SI Text). Next we calculated the free energies of
all possible 100-bp hybridizations that result by stepping through
the large arc of the mtDNA [like Guo et al. (47)]. From the
resulting 5,565 possible deletions in theHomo sapiensmtDNA, we
omitted all those whose free energy was above the mean of the
free energy calculated for the 48 deletions that were found in
muscle fibers (−16.91 kcal/mol). From the remaining 1,070 dele-
tions, 544 contained the shared deletion area, whereas 526 did not.
After this correction for ΔG, we calculated the probability that the
presence of the shared deletion area in 46 of the 48 observed
deletions was caused by pure chance to be

X48
i=46

�
48
i

��
544
1;070

�i�1;070− 544
1;070

�48−i
= 8:7 ×  10−12:

Equivalent calculations for the human data set based on neurons
resulted in a probability of 2.1 × 10−38, the rhesus data gave 4.7 ×
10−17, and the deletions in rats yielded a probability of 5 × 10−14.
Thus, the existence of the shared deletion area in rat, rhesus
monkey, and humans is statistically highly significant and not
explicable by free-energy considerations. We therefore suggest
that the subunit ND4 and possibly subunits ND3 and ND5 of
complex I of the electron transport chain are involved in the
proposed transcriptional feedback mechanism.

Kinetics of Clonal Expansion. To examine whether the kinetics of
the proposed clonal-expansion mechanism are compatible with
observations, we ran computer simulations based on a system of
ordinary differential equations (ODE) that describe the time
course of wild-type and mutant mtDNA molecules as well as the
amount of ATP. The first terms in Eqs. 1 and 2 describe the
synthesis of mtDNAs, whereas the second terms describe their
degradation. Synthesis is proportional to the synthesis parame-
ters swt and smt, and negatively regulated by the ATP level. If
the ATP is equal to the constant c, the synthesis rate drops to 50%
of its maximal value. Degradation is controlled by the half-life
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parameter, halfL, and assumed to be identical for wild type and
mutant.

dWT
dt

=
swt ·WTðtÞ

1+ATPðtÞ=c−
ln 2
halfL

·WTðtÞ; [1]

dMT
dt

=
smt ·MTðtÞ

1+ATPðtÞ=c−
ln 2
halfL

·MTðtÞ; [2]

dATP
dt

= f ·WTðtÞ− v2ðWTðtÞ+MTðtÞÞ− v1 ·ATPðtÞ: [3]

The equation for ATP comprises three terms, the first describing
the production by wild-type mtDNA and the other two de-
scribing its consumption. The second term reflects our assump-
tion that the mere existence of mtDNA molecules imposes some
energetic costs: because mRNA and proteins are synthesized
from it, new membrane has to be synthesized to accommodate
the proteins, and all these components also have to be degraded
again. ATP is also consumed by many other processes in the cell,
which is represented as an aggregate by the last term. In total the
model contains seven parameters that are summarized in Table 1
with their standard values.
Fig. 2 shows the time course of the system using standard

parameters, which means a half-life of 10 d and a 50% increased

replication rate for mutant mtDNAs that have lost the transcrip-
tional feedback. Furthermore, for all our simulations we adjusted
the parameter “c” such that in the absence of any mutants the
steady-state level of wild-type mtDNAs would be 1,000 (this is
possible because the equation system can be solved analytically for
steady-state conditions). The simulation was initiated with 1,000
wild-type and a single molecule of mutant mtDNA.
Because of the constant turnover, and driven by its selection

advantage, the amount of mutant increases exponentially with
time. This imposes increasing energetic costs and, although the
system tries to compensate this by an increase of the total
number of mtDNA molecules, it leads to the gradual decline of
the ATP steady-state level. Eventually, the unlimited accumu-
lation of mutant mtDNA causes the system to collapse through
ATP exhaustion.
Using the standard set of parameters, the system breaks down

after approximately 250 d, with the amount of wild-type mtDNA
changing only slowly until the very end of the simulation. At the
moment of collapse the mutant is present in roughly ninefold
excess over the wild type. This resembles very closely what has
been observed experimentally by Herbst et al. (11).
Two parameters influence the timespan until collapse: the

half-life of mtDNA, and the ratio of replication rates, sm/sw. A long
half-life prolongs the time, because fewer mtDNAs are degraded

Table 1. Parameters and standard values used for the simulations

Name Value Description

halfL 240 h Half-life of mtDNA in hours. Based on data by Gross et al. (36), Huemer et al. (34), and Korr et al. (35),
we chose a half-life of 10 d as standard value.

swt 1 h−1 Parameter controlling the synthesis rate of wild-type mtDNA based on a replication time of 1 h (31, 32).
smt 1.5 h−1 Parameter controlling the synthesis rate of mutant mtDNA.
c 1,000 · ðf− v2Þ · ln 2

v1 · ðhalfL · sw − ln 2Þ Carry capacity of ATP. Calculated such that without mutants the steady state of wild-type mtDNA is equal to 1,000.
f 0.1 h−1 Parameter describing how much ATP is produced by wild-type mtDNAs. Free parameter.
v1 0.2 h−1 Parameter controlling how much ATP is consumed by cellular processes. Free parameter.
v2 0.01 h−1 Parameter controlling how much ATP is consumed as maintenance cost per existing mtDNA. Free parameter.

Fig. 1. Locations of mitochondrial deletions found in rat (7) (Upper Left), rhesus monkey (10) (Upper Right), and humans (42, 43) (Lower). The highlighted
area indicates a stretch of mtDNA that is overlapped by all 30 deletions in rat, 38 of 39 deletions in rhesus monkey, all 89 deletions in human neurons, and 46
of 48 deletions in human muscle. The mtDNA maps are based on GenBank entries X14848 (rat), AY612638 (rhesus monkey), and 251831106 (human).
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and, other things being equal, the total synthesis rate of new
mtDNAs will be diminished, which slows down the accumulation
rate of the mutant.
The simulations show that (i) the proposed mechanism can

explain the accumulation of mutant mtDNA within a time frame
that is compatible with the lifespan of short-lived mammals and
(ii) the levels of mutant and wild-type mtDNA after breakdown
are compatible with experimental observations.

Predictions for Aged Tissue. Although a system of ODEs can give
a deterministic description of the competition between the wild
type and a mutant within a single cell, it is not sufficient to un-
derstand what consequences the hypothesis will have at the tis-
sue level for a given mutation rate. In muscle tissue of old
organisms, single cells can be found that display a COX-negative
phenotype, a commonly used marker for abnormalities of the
electron transport chain (7). As in earlier studies (16, 18), we
assumed for our simulations that COX-negative cells contain at
least 60% mutant mtDNA, and we developed a Java program
that performs stochastic simulations based on the reactions de-
scribed by the ODEs. In contrast with the single-cell simulations,

the system was initiated containing exclusively wild-type mole-
cules and allowed mutations to arise by chance. We assumed that
mitochondrial deletions appear with a probability Pmut during
replication, caused by slippage replication at perfect and im-
perfect direct repeats (44, 47). The simulation was performed for
a certain number of virtual years during which degradation and
replication were calculated on an hourly basis. To get statistical
insight into the results we performed 1,000 repetitions of each
single simulation and calculated average values.
Clonally expanded deletions have been observed in species

with a 30-fold difference in life expectancy (rodents vs. humans)
and a critical test for each hypothesis is hence to demonstrate its
applicability across such a range of time scales. We therefore
performed simulations for 3, 10, 40, and 80 y and adjusted the
mutation rate such that at the end of the simulation, 10 ± 0.5%
of the cells belonged to the COX-negative phenotype. The results
are shown in Fig. 3A, together with corresponding simulations
from earlier studies modeling random drift (18) and the effects of
a smaller genome size (36). In principle, all ideas can generate the
required level of COX-negative cells after the various simulation
times if the mutation rate is adjusted accordingly.
Another critical test relates to the resulting degree of hetero-

plasmy. In all experimental systems, ranging from rat to man, it
was almost always found that a single mutant accumulated in the
affected cell, i.e., the observed degree of heteroplasmy among
different mutant types is extremely low. Earlier studies have shown
that this is the main problem of the random drift as well as
the smaller genome hypothesis, which predict a high degree of
heteroplasmy for short-lived species (18, 36). Fig. 3B shows that
this is not the case for the transcription-based mechanism. The
low mutation rate, together with the selection advantage, results
in a very low level of heteroplasmy even for short-lived species.
For rats our hypothesis results on average in only 1.26 different
types of mtDNA mutants per COX-negative cell, whereas the
alternative mechanisms generate around 30 different types.
Thus, the tissue-based simulations show that a transcription-

based replication advantage of mitochondrial deletion mutants
predicts, for a wide range of animal lifespans, a degree of het-
eroplasmy that is fully compatible with experimental findings.

Discussion
The accumulation of mitochondrial deletion mutants in single
cells of aged organisms is a hallmark of aging that has been
observed in several mammalian species. Although these species
display a 30-fold difference in life expectancy, they exhibit similar

Fig. 2. Typical time course of a single-cell simulation with the standard
parameters given in Table 1. The simulation was started with 1,000 wild-type
mtDNAs and 1 mutant mtDNA. The mutant accumulates exponentially until
the system collapses after approximately 250 d.

Fig. 3. Comparison of different mechanisms that might explain the accumulation of mitochondrial mutant mtDNAs. “Random drift” indicates data taken
from Kowald and Kirkwood (18), “reduced genome size” specifies simulation results from Kowald et al. (36), and “replication via transcription” labels the
simulation outcomes of the mechanism presented in the current work. (A) Mutation rates required to achieve 10% COX-negative cells at the end of the
indicated lifespan and (B) degree of resulting heteroplasmy given by the number of different mtDNA mutants per COX negative.
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proportions of COX-negative cells at the end of their respective
lifespans and the population of mutant mtDNAs is in each case
clonal, i.e., it shows a very low level of heterogeneity. Clearly,
a better understanding of how this occurs will help to judge its
relevance for the aging process and to design strategies for its
prevention or reversal. However, the current hypotheses are in-
compatible with the data.
We propose here a new mechanism based on the intimate

connection of transcription and replication found in mitochon-
dria of metazoans. We suggest that the transcription rate is
controlled by a negative feedback loop that decreases tran-
scription if there is a surplus of product. We further suggest that
a higher transcription rate leads to a higher initiation rate of
replication, because the RNA primer necessary for replication is
generated from messenger transcripts (37, 40). This creates the
potential vulnerability that if deletion events remove the genes
for the proteins that are involved in this product inhibition, then
mtDNA molecules harboring such deletions will have a higher
effective replication rate than wild-type mtDNAs.
We used single-cell simulations to show that a few months are

sufficient for a single mutant to outgrow the wild-type population
giving rise to a COX-negative phenotype (Fig. 2). The simulation
results agree with findings of Herbst et al. (11), who showed that
the phenotype is caused by a runaway accumulation of mutant
mtDNAs and not by the disappearance of wild-type mtDNAs.
Next we performed stochastic simulations of many cells to in-
vestigate the consequences of our proposal at the tissue level. In
contrast with other ideas, such as random drift or a reduced
genome size, the transcription-based mechanism leads to an
extremely low level of heterogeneity, for lifespans ranging from
3 to 80 y (Fig. 3).
Analysis of single-cell data for rat, rhesus monkey, and human

(7, 10, 42, 43) found, in all three species, that a shared area of
mtDNA was overlapped by all or almost all deletions. In the
three studies using muscle cells this area affects the genes ND4
and ND5, whereas in the work investigating substantia nigra
neurons the genes ND3, ND4L, and ND4 were affected. The
probability that the deletions overlap this area by coincidence is
vanishingly small, even after correcting for possible effects of
DNA hybridization energies. Furthermore, data from mice are
also consistent with our idea. Although single-cell data based on
COX-negative cells are clearly most suitable for our analysis,
there exists a tissue-based study in mice which also shows that
deletions overlapped the genes ND4 and ND5 (49) (see also SI
Text). The most parsimonious explanation is, therefore, that the
subunit ND4 of complex I of the respiratory chain is part of the
proposed transcriptional feedback system. However, if the feed-
back is modified in a tissue-specific manner (muscle vs. neurons),
numerous combinations are possible involving ND3, ND4, or ND5.
The proposed mechanism would not work for tRNAs, because
they can diffuse throughout the mitochondrial matrix and there-
fore do not provide a feedback of the local protein requirements.
The RNA primer for the heavy strand origin of replication OH

is created from the transcript of the L promoter (40). However,
because ND6 is the only protein encoded on the light strand, one
might argue that only ND6 has the potential to act as feedback
protein. However, the subunits of the respiratory chain com-
plexes are needed in stoichiometric ratios and thus it is likely that
the transcription rates of the L and H2 promoters are regulated
in a coordinated fashion. In birds and amphibians, for instance,
this is automatically assured through the existence of a bi-
directional promoter (50, 51). We therefore propose that the
feedback protein(s) influence the regulation of both mitochon-
drial promoters. This idea also requires that mtDNA molecules
can sense the amount of protein that has been synthesized from
individual molecules, a capacity that is supported by strong
arguments in favor of a physical link between mtDNAs and the
synthesized proteins (20).

The proposed selection mechanism for mitochondrial mutants
immediately leads to several interesting predictions. All dele-
tions that damage the genes for the feedback proteins destroy
transcriptional control and thus gain a selection advantage.
However, the size of the deletion is not likely to matter. Thus, we
would predict that there is no correlation between the deletion
size and the resulting selection advantage. Fukui and Moraes
(52) generated transgenic mice with a large spectrum of deletion
mutants using an inducible restriction enzyme targeted to mito-
chondria. They used PCR to quantify the ratio of short (3.8 kb)
to long (10 kb) deletions and found a preference of long dele-
tions. However, because it is unknown if all sizes are generated in
equal quantities, these results need verification. Investigating the
correlation between deletion size and the length of the COX-
negative segment of skeletal muscle fibers might be a better
approach that does not require genetic manipulations. In rare
cases where the deletion removes only a part of the feedback
protein it might be that the feedback is not completely destroyed,
but in general we would not expect to see a correlation between
deletion size and the length of the COX-negative area.
A further prediction of the proposed mechanism is that not only

deletions but also certain point mutations, if they occur in the
feedback proteins, could affect transcriptional control and cause
amplification. Payne et al. (53) studied mtDNA mutations in COX-
negative muscle fibers of patients treated with antiretroviral drugs,
which are known to inhibit polymerase-γ. Most of the fibers con-
tained large-scale mtDNA deletions which spanned ND4, but sev-
eral instead harbored point mutations, which were located all over
the mitochondrial genome. Whereas such dispersed point mutations
are not predicted by the specific mechanism we propose, our
mechanism does not preclude that there may also, in long-lived
humans, be scope for clonal expansion by random drift processes,
especially if these are exacerbated by the action of the antiviral
drugs. The authors themselves suggest that the observed in-
creased frequency of COX-deficient fibers is caused via an ac-
celerated mtDNA turnover. A reduced mtDNA half-life would
indeed speed up the accumulation of mtDNA deletions via
transcriptional priming, but also accumulation of point mutations
via random drift.
Our proposed mechanism depends on the tight connection

between transcription and priming of replication seen in meta-
zoan mitochondria. Plant mtDNA, however, is much larger,
reaching more than 11 mega base pairs in Silene conica (54), and
replication is primed by a specialized primase (55). Because this
decouples the connection between transcription and replication,
deletions can no longer influence the initiation of replication and
hence there should be no accumulation of deletion mutants
in plants.
In summary, we present here a specific mechanism that can

provide the biochemical basis for the observed clonal amplifi-
cation of mitochondrial deletion mutants in animals with a wide
range of lifespans and that also explains the existence of the
overlapping deletion area found in the data sets of rats, rhesus
monkeys, and humans. Hopefully this new idea will motivate
further experiments and lead to better understanding of the role
of mitochondrial mutations in aging and disease.

Materials and Methods
Calculating Hybridization Energies. To calculate the free energy ΔG for various
DNA hybridizations we used the hybrid-min program of the software
package UNAFold 3.8 (48) under default parameters regarding temperature
and salt concentrations. We performed several tests to access the influence
of different conditions and found that whereas the absolute values of free
energy change considerably, the relative ranking (which is important for our
conclusions) is hardly affected at all. Further details are provided in SI Text.

Computer Simulations of mtDNA Competition. Deterministic simulations of the
competition between wild-type and mutant mtDNA were performed by
solving the system of differential equations represented by Eqs. 1–3. For this
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purpose we used the software tool Mathematica (56). To compute the effects
of the competition between wild-type and mutant mtDNA at the tissue
level, we developed a Java program that iterates through the mitochondrial
lifecycle in steps of 1 h, stochastically performing degradation, replication,
mutation, and ATP production according to the rules laid out by the system
of ODEs. The program can be obtained from the authors.
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