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The peculiar biology of mitochondrial DNA (mtDNA) potentially has
detrimental consequences for organismal health and lifespan. Typically,
eukaryotic cells contain multiple mitochondria, each with multiple mtDNA
genomes. The high copy number of mtDNA implies that selection on
mtDNA functionality is relaxed. Furthermore, because mtDNA replication
is not strictly regulated, within-cell selection may favour mtDNA variants
with a replication advantage, but a deleterious effect on cell fitness. The
opportunities for selfish mtDNA mutations to spread are restricted by various
organism-level adaptations, such as uniparental transmission, germline
mtDNA bottlenecks, germline selection and, during somatic growth, regular
alternation between fusion and fission of mitochondria. These mechanisms
are all hypothesized to maintain functional mtDNA. However, the strength
of selection for maintenance of functional mtDNA progressively declines
with age, resulting in age-related diseases. Furthermore, organismal adap-
tations that most probably evolved to restrict the opportunities for selfish
mtDNA create secondary problems. Owing to predominantly maternal
mtDNA transmission, recombination among mtDNA from different individ-
uals is highly restricted or absent, reducing the scope for repair. Moreover,
maternal inheritance precludes selection against mtDNA variants with
male-specific effects. We finish by discussing the consequences of life-history
differences among taxa with respect to mtDNA evolution and make a case for
the use of microorganisms to experimentally manipulate levels of selection.

1. Introduction

Mitochondria are membrane-enclosed organelles, responsible for bioenergy
(adenosine triphosphate; ATP) production of eukaryotic cells. Because mitochon-
dria cannot be synthesized de novo, they must originate from pre-existing ones,
and they must be passed on from one generation to the next [1]. Ultimately,
all extant mitochondrial lineages go back to an ancient endosymbiosis of an
a-protobacterium into an archaebacterial host [2,3]. A small mitochondrial
genome separate from the nuclear genome still testifies to the endosymbiotic
origin of mitochondria. During the course of evolution, particularly in animals,
most of the original a-protobacterial genes have either been lost, because their
function was also coded for by nuclear genes, or transferred to the nucleus [4].
In animals, the only remaining subset of the genes on the circular mitochondrial
genome (the mtDNA) encode core protein subunits of the oxidative phosphoryl-
ation system plus the ribosomal RNAs and tRNAs needed for the translation
of the corresponding mRNAs [4]. The conventional view therefore is that the
ancestor of the mitochondrion has been enslaved by its host cell and that
the two genomes, that of the mitochondrion and that of the cell’s nucleus,
work in perfect harmony.
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The reduction of the mitochondrial genome is consistent
with the view that mitochondria are enslaved entities whose
presence is only beneficial to the cell. But this argument can
also be turned around. Given that each cell contains multiple
copies of mitochondrial DNA (mtDNA) and mtDNA repli-
cates independent of the cell cycle, it seems probably that
shorter mtDNA molecules have a replication advantage.
One could thus see the transmission of large parts of the mito-
chondrial genome into the nucleus as a strategy of selfish
mtDNA to increase its ability to copy itself. Furthermore,
under some circumstances, the multi-copy mtDNA molecules
pursue their short-term selfish interests, at the cost of cell fit-
ness. One of the best-characterized examples is the petite
mutant found in yeast [5,6]. With a frequency of about 1%,
yeast cells mutate to form mini colonies containing far fewer
cells than the wild-type. The petite phenotype is caused by
mtDNA mutations, giving a replication benefit to the mutated
mtDNA, so that the mutated mtDNA molecules increase in
frequency within the cell. Although yeast can meet their ener-
getic needs by fermentation alone, respiration yields more
energy. Therefore, mutated mtDNA molecules impose a cost
to cell fitness and petite strains are selected against in compe-
tition with wild-type cells. Similarly, in animals in particular,
including humans, selection at the level of mtDNA within cells
can be detrimental to organismal fitness and contribute to
ageing and several diseases [7]. Furthermore, mtDNA has a
high mutation rate, possibly owing to its close proximity to
the respiratory chains, which are the main cellular source of
reactive oxygen species (ROS), which are highly mutagenic
[8]. ROS production is particularly high during fatty acid
metabolism, leading Speijer et al. [9] to hypothesize that pro-
tection against ROS-induced damage has been a major factor
driving the evolution of peroxisomes. Lastly, because
mtDNA is haploid and often non-recombining, the scope for
repair is limited.

Negative effects caused by selection on mtDNA at the
same time select for mechanisms at the level of the host
cell to prevent or circumvent such effects. What are the
mechanisms that maintain functional harmony between mito-
chondrial and nuclear genomes [10]? Here, we give a short
overview of the levels of selection affecting mtDNA, identify
potential conflicts between different levels of selection, and
determine how conflicts are resolved or prevented. This article
serves as the introduction to the special issue called “What cost
mitochondria?” in which these and other topics are discussed
in greater detail. This issue broadly focuses on three aspects of
mitochondrial biology: (i) mechanisms of mitochondrial func-
tioning; (ii) theoretical and empirical studies on the evolution
of mitochondria; and (iii) the application of evolutionary
insights on the effect of mitochondria on health and disease.
We hope that the combination of evolutionary biology and
medical science will lead to better predictions regarding the
role mitochondria play in certain diseases and ageing.

2. Mitochondrial DNA is exposed to natural
selection at multiple hierarchical levels

Eukaryotic cells typically contain multiple mitochondria, and
each mitochondrion contains multiple copies of mtDNA. For
example, most human cell types contain 10°-10* copies of
mtDNA per cell, organized in a dynamic network of hun-
dreds of fusing and dividing mitochondria [11,12]. The

high copy number of mtDNA has two consequences. First, [ 2 |

the efficiency of selection against mutations that negatively
affect mitochondrial function is reduced [7]. As long as
there are functional mtDNA copies, deleterious mtDNA
mutations are sheltered from purifying selection. Typically,
only when the copy number of mtDNA with deleterious
mutations passes a critical threshold, and this threshold
may differ between mutations and tissue type, will the cell
suffer a fitness cost. Second, because mtDNA replication is
not linked to cell division, competition between mtDNAs
within a cell may favour those that have a within-cell replica-
tion or survival advantage, even if such variants reduce cell
fitness [6,13,14].

The organization of mtDNA into dynamic networks
within which they exchange proteins, lipids and mtDNA
through regular fusion and fission, has profound effects on
the way selection acts on mtDNA [15,16]. Fusion is thought
to maintain homeostasis and to equilibrate nuclear- and
mtDNA-encoded mitochondrial proteins [16,17]. An impli-
cation of frequent fusion is the possible loss of a direct link
between mitochondrial genotype (mtDNA mutations) and
phenotype (mitochondrion-specific energy and proton-
gradient deficiencies) because each mitochondrion contains
multiple mitochondrial genomes [18]. Thus, while there is
competition among individual mtDNA to replicate faster,
by reducing genome size, at a higher level the mitochondrion
itself is the unit of selection with respect to functionality.
However, to qualify as a unit of selection regular fission is
required, followed by selective degradation or delayed
fusion of non-functional mitochondria, to counteract the
accumulation of fast-replicating mitochondrial genomes
[16]. To establish a link between mitochondrial genotype
and phenotype for selection to act on, Kowald & Kirkwood
[16] suggested a physical attachment between mtDNA gen-
omes and the oxidative phosphorylation complexes they
encode [16,18].

3. Mitochondrial evolution: soma versus
germline

In single-celled organisms, such as protists, yeast and some
algae, the cell and the individual are the same, reducing
selection on mtDNA to three levels: among individuals,
among mitochondria within the cell and among mtDNA
molecules within mitochondria (figure 1). In multicellular
individuals, an extra level of selection is added: selection
within a multicellular individual, i.e. among cells of the
same individual. Importantly, only a small fraction of the
cells, and the mtDNAs they contain, form the gametes,
while the rest contributes only to somatic functions. This div-
ision of labour between the germline and soma creates the
potential for reproductive conflict if cells are not genetically
identical. A mutant mtDNA molecule that gains preferential
access to the germline can increase in frequency even if this
variant reduces the overall success of the individual [19].
One way to prevent such selfish lineages from arising is to
enforce a germ-soma split early in development [20]. Now
nuclear and mtDNA genomes of somatic cells can no
longer be transmitted to the next generation so that these gen-
omes can only increase their fitness indirectly, by helping
copies of themselves present in germ cells [21] (figure 1).
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Figure 1. Levels of selection affecting mitochondrial evolution. (a) In the vast majority of sexually reproducing eukaryotes, mtDNA is inherited uniparentally, usually
maternally. (b) Selection on mtDNA acts on two time scales: among generations, when mtDNA mutations in the germline are passed on to offspring, and within an
individual, when mtDNA mutations accumulate during somatic growth. Thus, natural selection acts on mtDNA at four levels of selection: among individuals, among

cells, among mitochondria within cells and among mtDNAs within mitochondria.

The lack of direct selection on somatic cells and the mito-
chondria they contain does not mean that the variation in
mtDNA within and between somatic cells that arises through
mutation, drift and among- and within-cell selection is unim-
portant. Selection still acts on mitochondria within the soma
to ensure proper functioning of the organism, at least until
reproductive age (‘disposable soma’ [22]). As the probability
to reach high age is limited due to external mortality, the
force of natural selection decreases with age [23]. Owing to
the disposable soma, organismal adaptations to suppress
the accumulation of deleterious mtDNA mutations during
somatic growth may only be sufficient up to a certain age,
depending on the life history of a species. As a result, the
accumulation of mtDNA variants within the soma will
increase with increasing age. Indeed, the accumulation of

malfunctioning mitochondria contributes to diseases such
as Alzheimer’s and Parkinson’s, the two most common age-
related neurodegenerative diseases [24], and to diabetes and
various cancers [25,26].

4, Transmission of mitochondrial DNA across
generations

The distribution of allelic variants of nuclear genes among
gametes is strictly regulated during gamete formation: a
‘fair’ meiosis guarantees that each allele has a 50% chance
to enter a gamete [27]. Not so for mtDNA. During gamete
formation, some variants may have an increased probability
to be transmitted to the gametes, for example because they

SEV0EL07 ‘69€ § 905 'y Subi] iyg  BorBuysignd/saposiedorquss H



replicate faster. This is where genome size becomes impor-
tant because mtDNA variants with reduced genome size
can have a replication advantage [28]. However, genome
size is not the only way by which mtDNA can gain a replica-
tion advantage; in yeast, petite mutants are not caused by
small genome size but by tandem repeats of a fragment of
the mitochondrial genome [29].

Within-cell competition will be more severe when the
competing mtDNA molecules are non-clonal, simply because
there will then be more variation for selection to act on. Thus,
the mixing of two genetically different cytoplasms during
sexual reproduction opens the door to the spread of selfish
mtDNA variants [30—33]. More generally, the mixing of cyto-
plasm and the organelles it contains may incur a cost to the
cell and thus to the organism. Such costs may be due to inter-
actions between organelle lineages [31]. For example, the
fitness of the cell may be reduced due to the destruction of
genetically different cytoplasmic organelles, or because the
presence of multiple organelle lineages triggers diversion of
resources towards competition between them.

(a) Uniparental transmission

In the vast majority of sexually reproducing organisms,
mtDNA is inherited almost exclusively via one parent, usually
the mother, although some level of paternal leakage has been
demonstrated in many organisms [34]. Uniparental trans-
mission not only reduces the scope for selection for selfish
mtDNA variants, but it also prevents their spread if they do
arise because the fate of the mtDNA is now coupled with
that of the transmitting sex. Selfish mtDNA variants can
then be selected against via among-host selection if their pres-
ence negatively affects the host lineage they are in. Even if
mutations are not deleterious, uniparental inheritance will
prevent their spread, thus maintaining cells that contain only
one mtDNA lineage [35]. Several theoretical studies have
mathematically analysed the exact conditions under which
uniparental transmission is expected to evolve [36—-40]. An
important question is if uniparental transmission provides a
selected (long-term) benefit, or an immediate benefit by avoid-
ing cytoplasmic mixing [31,32]. Most models explaining the
evolution of uniparental inheritance assume that it increases
the variance in mtDNA among individuals, while it decreases
variation within individuals. Thus, uniparental inheritance
provides the among-individual variation natural selection
can act on, but it seems likely that many generations are
necessary before this transmission mode goes to fixation. If,
on the other hand, there are immediate benefits to restricting
cytoplasmic mixing, the evolution of uniparental transmission
becomes much easier to understand [31,32,36]. A recent study
by Sharpley et al. [41] on mice, which contained either one or
two types of mtDNA (originating from two different individ-
uals), showed that those carrying mtDNA from two
individuals suffered a severe reduction in fitness, thus provid-
ing experimental support for the hypothesis that carrying
different types of mtDNA is costly.

(b) Mitochondrial DNA bottlenecks

Uniparental transmission alone is insufficient to completely
remove the scope for selection within cells. The high copy
number of mtDNA per cell and the high mutation rate of
mtDNA leave ample opportunity for selection within cells
[42]. Thus, additional mechanisms are necessary to reduce

conflict among mitochondrial genomes. Probably the most [ 4]

important mechanism is the genetic bottleneck during egg-
cell formation when only a subset of mtDNA genomes is trans-
mitted to the oocyte [43—45]. Because of this bottleneck genetic
variation among mtDNAs within oocytes is reduced, but not
necessarily among oocytes. Owing to uniparental inheritance,
competition on mtDNA will therefore take place at the level
of the individual and not so much within the individual, facil-
itating the removal of deleterious mtDNA variants. Theoretical
models support the idea that a germline bottleneck in mtDNA
is important for the long-term maintenance of functional
mtDNA [35].

(c) Germline selection of mitochondrial DNA

Both maternal transmission and a strong bottleneck during
egg-cell formation facilitate selection at the level of the indi-
vidual. However, uniparental clonal transmission creates a
secondary problem. Owing to uniparental transmission and
haploidy, mtDNA has a much smaller effective population
size than nuclear DNA (nDNA; a quarter of that of nDNA;
[46]), reducing the efficiency of natural selection at the level
of the individual. Perhaps a counter mechanism is found
in strong purifying selection that has recently been shown
to occur within the female germline [4]. The exact timing
of selection is unknown; selection could occur at the level
of zygotes, primordial germ cells, or earlier at the level of
mitochondria or mtDNA [47]. Germline selection of egg
cells or zygotes with functional mtDNA could be an example
of a ‘selection arena”: an individual produces an excess
number of offspring and invests only in the most promising
ones [48].

5. Uniparental transmission sets the stage for a
new set of problems

Uniparental transmission, in combination with an mtDNA
copy number bottleneck and germline selection, allows the
selection of functional mtDNA molecules. But biology
would not be so interesting if some of these organism-level
adaptations did not set the stage for new problems. First, uni-
parental transmission implies the absence of recombination
between genetically different mtDNA variants. The absence
of recombination, in combination with the high mutation
rate of mtDNA, leads to the accumulation of deleterious
mutations in a ‘Muller’s ratchet’ [49]. Germline selection
against deleterious mtDNA mutations will counteract or at
least slow down this process. Second, if cytoplasmic elements
are transmitted by only one sex, all that matters for their evol-
ution is their effect on the fitness of that sex. Thus, if
transmission occurs only via females, mutations harmful to
males will not be selected against, if they are neutral to
females, or even be selected for if they are beneficial
to females (‘Mother’s Curse’; [50,51]). Empirical evidence
for ‘Mother’s Curse’ comes from fruit flies in which
mtDNA mutations have a disproportional effect on gene
expression of males compared with females [52] leading to
faster ageing of male flies [53]. In humans, a relatively
common mitochondprial haplotype is associated with reduced
sperm motility (asthenozoospermia) [54]. As females do not
produce sperm, there is no equivalent trait in females for
selection to act on. Similar detrimental consequences of
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uniparental inheritance are found in flowering plants, includ-
ing many agricultural crops (reviewed in [55]) and fungi [56].
Often, mutations that are only detrimental to one sex are
hidden, as natural selection will favour compensatory
mutations in the nuclear genome [51,57-59].

6. Coevolution between nuclear and
mitochondrial DNA

So far, we have treated mtDNA and nDNA as two genomes
engaged in a tug of war. Whereas natural selection is
predicted to favour mtDNA variants with increased trans-
mission rates even if they impose a cost to the cell and
organism, nuclear genes will be selected to counteract the
negative consequences of selfish mtDNA. It is therefore unli-
kely that nDNA is a passive bystander, allowing mtDNA to
pursue its selfish interests. In addition, cell function requires
a high level of cooperation between the two genomes. The
transfer of most of the mitochondrial genes to the nuclear
genome means that mitochondrial function (ATP production
via oxidative phosphorylation) depends on the concerted
interaction between these two genomes. Thus, even though
mtDNA mutations with deleterious effects on the organism
can rise to high frequencies, these deleterious mtDNA
mutations will exert strong selection for compensatory
mutations at interacting nuclear loci. Nuclear genes most
probably contribute to adaptive compensatory mutations
that maintain co-adapted states between mtDNA and
nDNA [57-59]. In addition to avoiding selection for selfish
mtDNA, uniparental inheritance of mitochondria facilitates
coevolution between mtDNA and nDNA [60]. A myriad
of studies have shown adverse effects of the break-up of
co-evolved mtDNA and nDNA lineages (reviewed in [61]),
indicating that the two genomes indeed co-evolve despite
experiencing divergent selection pressures.

7. Mitochondrial DNA in health and disease

The year 1988 saw the first discovery of disease-associated
mtDNA mutations [62-64]. This discovery not only paved
the way for the identification of numerous additional
mtDNA disease mutations, and more widely to diseases
associated with oxidative phosphorylation defects, it also
spearheaded the study of mtDNA genetics. These studies
were, and still are, driven by two main aims: the desire to
understand mtDNA inheritance, somatic segregation and
tissue specificity of the effects of mtDNA mutations, and
the prospect of ultimately being able to predict levels of
mutant mtDNA and the prevention of disease.

Levels of selection are essential in understanding mtDNA
disease genetics. For heritable mitochondrial diseases, we
need to understand how selection within the germline affects
the transmission of mtDNA mutations from one generation
to the next. For functional decline linked to the accumulation
of faulty mitochondria in somatic cells (e.g. in ageing), we
need to understand how selection within mitochondrial fis-
sion—fusion networks and among somatic cells can act
against mtDNA mutations. Here, we will highlight a few
recent advances in our understanding of mtDNA genetics
in relation to human disease and ageing, linking where
possible to some of the papers in this special issue.

In many instances, deleterious mtDNA mutations are
selected against during germline development and, as a
result, are poorly transmitted to the next generation. Point
mutations, such as the MELAS 3243 tRNA"UUR) A _G tran-
sition [65—67] and the MERFF 8344 tRNA™® A-G [68,69] are
transmitted maternally, as predicted. This is not necessarily
the case for single large-scale deletions [67,70,71]. In addition,
deleterious mtDNA variants can be selected against during
oocyte development, at least in mice [4,72]. Interestingly
both in mice and humans, disease-causing tRNA mutations
are frequently transmitted from mother to offspring indicating
that they often escape a putative selective sieve (as discussed in
[4]). By contrast, missense mutations (non-synonymous point
mutations) in the 13 protein-coding mitochondrial genes are
less frequently transmitted to offspring, suggesting the selec-
tive sieve is effective against certain mutations but not
others. The nature and mechanism of the selective sieve is cur-
rently unknown. It could be that selection acts on properties of
mtDNA molecules that carry the mutation, for example, via
selective replication or segregation. However, it is more prob-
ably that selection acts on the phenotypic expression of the
mutants during germline development.

In this issue, Bush et al. [18] suggest a possible expla-
nation for the difference in transmission between mutations
in tRNA and missense mutations in protein coding genes.
They suggest, in the context of somatic mtDNA mutations,
that tRNA molecules are more mobile thus allowing wild-
type and mutant tRNAs to mix resulting in wild-type
tRNAs functionally complementing mutant tRNAs. By con-
trast, missense mtDNA mutations might result in local
respiratory defects within the mitochondrial network and
elicit a degradation response that in the process also destroys
the mutant mtDNA [18].

In general, both mitochondrial disease and ageing are
linked to the accumulation of mutations in mtDNA. To com-
plicate matters, the accumulation of mutations is not uniform
across tissues. Different tissues within an organism can con-
tain multiple mtDNA variants (heteroplasmy), and different
variants can be transmitted from one generation to the next
[73-76]. In order to understand the causes of mtDNA-related
diseases and ageing, we thus need to know what determines
the accumulation and segregation of mutations in the soma.
Why do some mutations accumulate with age, often in a
mosaic- and tissue-specific pattern, while others do not?
Long-lived (e.g. postmitotic) cells that undergo few divisions
and/or cells with high energetic demands that require large
numbers of mitochondria are predicted to be most sensitive
to accumulating deleterious mitochondrial mutations [77].
In line with this, mtDNA abnormalities are most frequently
found in tissues, such as brain, heart and muscle [78,79].

8. Life-history, organism-level adaptations and
the scope for selfish mitochondrial DNA

What causes the dramatic variation among organisms, tissues
and cell types, in their propensity to accumulate deleterious
mtDNA mutations during somatic growth? Organisms with
indeterminate growth, such as single-celled organisms, or
filamentous fungi, appear to be highly resilient to the
accumulation of deleterious mtDNA mutations. By contrast,
such accumulation is common in organisms with determinate
growth, such as animals. This difference most probably can
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be attributed to differences in the degree of competition
between cells: in organisms with indeterminate growth,
there is continuous selection at the level of the cell, and any
mtDNA variant that reduces cell performance will be selected
against [6,14]. Such cell-level competition usually does not
occur in organisms with determinate growth, where cell com-
petition is disfavoured in order to restrict opportunities for
the emergence of cancer [80].

There is a striking difference in genome architecture of
mtDNA among plants, animals and fungi [81,82]. Animals
typically have highly streamlined genomes, i.e. small gen-
omes encoding few proteins and rDNA and with few
intergenic sequences. By contrast, plant genomes are large
and encode a higher number of proteins, and have introns
and larger intergenic sequences. Fungi are intermediate
between these extremes [81]. Lynch [82] attributed these
differences to differences in the mutation rate between these
groups, with the mutation rate of animal mtDNA being
two orders of magnitude higher than that of plants [82].
Introns increase the mutational target of their host genomes,
which must maintain specific nucleotide sequences for splice-
site recognition during mRNA processing. A high mutation
rate in mtDNA thus would favour intron-free genes, and
this is indeed observed in animal mtDNAs. Kowald &
Kirkwood [16] proposed a different explanation for the differ-
ence in mtDNA genome size. They argue that mtDNA
genome architecture is a consequence of the presence of
mtDNA recombination in plants and fungi, and its absence
in animals. In the presence of mtDNA recombination, del-
etion mutants can be repaired via recombination, making
deletion mutants potentially short lived. Thus, animal
mtDNA genomes have been reduced due to the accumulation
of deletion mutations in the absence of repair mechanisms.

We propose yet another alternative hypothesis for the
differences in genome architecture between plants, animals
and fungi. In contrast to plants and fungi, most animals
have an early sequestration of the germline, thus removing
direct selection on somatic mtDNA mutations. In the absence
of early sequestration of the germline, mtDNA mutations are
continuously exposed to selection at the level of the organism.
This would thus generate stronger selection in modular
organisms against selfish genetic elements arising in the
soma. It might follow then that strategies to restrict such
elements, such as mtDNA genome streamlining by transfer-
ring mitochondrial genes to the nuclear genome, is relaxed.
However, this novel hypothesis is not mutually exclusive
with the two other hypotheses and it remains to be estab-
lished how other differences among plant, animal and
fungal mtDNA, such as a different mutation rate and the pres-
ence of mtDNA recombination and fusion—fission cycles, are
related to mtDNA genome architecture.

9. Experimental studies with microorganisms:
playing with the levels of selection

In this introduction, we have argued that mtDNA is exposed
to different levels of selection. We used a levels-of-selection
approach to outline under what conditions selection on
mtDNA can cause detrimental effects on host fitness, health
and ageing. We also discussed mechanisms that allow the
host to counterbalance selection on mtDNA when such selec-
tion would negatively affect the nuclear genome and, by

extension, the organism. In many instances, the predicted n

outcomes of such conflicts are hypothetical. Has uniparental
inheritance evolved to minimize conflict among mtDNA
lineages? If so, as theoretical studies have made clear, we
would expect immediate costs of the mixing of mtDNA
from different individuals [31,32,36]. However, an alternative
hypothesis that uniparental inheritance selects for cytonuc-
lear compatibility also predicts a direct cost of the mixing
of genomic lineages. Both hypotheses are supported by
theoretical models (conflict hypothesis: [36—40]; ‘cytonuclear
cooperation” hypothesis: [60]) but they are difficult to tease
apart experimentally simply because organisms in which
the basic assumptions can be tested are hard to find.

So far the only experimental support for the notion that
within-cell selection selects for variants that have a replication
advantage comes from baker’s yeast [6,33] and from filamen-
tous fungi [14]. By experimentally relaxing among-cell
selection, Taylor et al. [6] showed that the change from
among-cell selection to within-cell selection results in the
accumulation of mtDNA variants that are detrimental to the
host. Yeast is an important model organism not only because
one can manipulate the levels of selection, but also because,
contrary to the general rule, mitochondria are inherited
biparentally [34]. A recent study empirically demonstrated
that the mixing of mtDNA lineages in yeast indeed selects
for fast-replicating variants [33]. Under natural conditions,
such ‘cheating’ mtDNA variants are not likely to occur
because yeast is highly inbred, resulting in mtDNA lineages
that are closely related. Furthermore, following sex, yeast
mtDNAs quickly segregate during vegetative growth, result-
ing in largely homoplasmic individual cells and high
variation between cells, facilitating efficient selection against
deleterious mtDNA. Thus, despite biparental inheritance,
the scope for selection on cheater genotypes is reduced.
When forced to outbreed, however, thereby increasing the
variation among mtDNA lineages, cheating mtDNA variants
rapidly emerged.

As with yeast, Bastiaans et al. [14] showed experimentally
that in species of the ascomycete fungus Neurospora within-
cell relatedness among mtDNA is essential to prevent selection
for dysfunctional mtDNA variants. They varied mtDNA relat-
edness by manipulating the size of the genetic somatic
bottleneck and the opportunities for somatic fusion between
individuals. A different study, also in this issue, using the
fungus Podospora anserina, a multicellular model organism for
ageing studies and mitochondrial deterioration, describes a
link between dietary restriction and autophagy [83]. Both
carbon and nitrogen restriction extended lifespan in P. anserina,
and the size of this effect varied with the amount and type of
restricted nutrient. Those two studies nicely illustrate the use-
fulness of filamentous fungi as model organisms to study
mtDNA evolution.

10. This issue

“What cost mitochondria?” may seem an unusual title. Our aim
for this special issue was to bring together researchers from
diverse fields who are united in their interest in the evolution
and function of mitochondria and their effects on ageing and
diseases. While an understanding of the clinical aspects of
ageing and diseases linked to mitochondria requires an inti-
mate knowledge of the molecular processes that occur within
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cells, the appreciation of the causes of such processes should be
found in evolutionary biology. In this issue, we focus on both
aspects, allowing us to answer not only how mitochondria

are costly but also why we expect them to be.
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