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Mitonuclear match: Optimizing fitness
and fertility over generations drives
ageing within generations
Nick Lane
Many conserved eukaryotic traits, including apoptosis,
two sexes, speciation and ageing, can be causally linked
to a bioenergetic requirement for mitochondrial genes.
Mitochondrial genes encode proteins involved in cell
respiration, which interact closely with proteins encoded
by nuclear genes. Functional respiration requires the
coadaptation of mitochondrial and nuclear genes,
despite divergent tempi and modes of evolution. Freeradical signals emerge directly from the biophysics of
mosaic respiratory chains encoded by two genomes
prone to mismatch, with apoptosis being the default
penalty for compromised respiration. Selection for
genomic matching is facilitated by two sexes, and optimizes fitness, adaptability and fertility in youth.
Mismatches cause infertility, low fitness, hybrid breakdown, and potentially speciation. The dynamics of selection for mitonuclear function optimize fitness over
generations, but the same selective processes also
operate within generations, driving ageing and agerelated diseases. This coherent view of eukaryotic energetics offers striking insights into infertility and agerelated diseases.

.

Keywords:
apoptosis; free-radical leak; mitochondria; mitonuclear
coadaptation; respiratory chain

DOI 10.1002/bies.201100051
Department of Genetics, Evolution and Environment, University College
London, London, UK
*Corresponding author:
Nick Lane
E-mail: nick.lane@ucl.ac.uk

860

www.bioessays-journal.com

Introduction: Mitochondria are essential to
complex life. . .
All complex life on Earth is composed of eukaryotic cells. All
eukaryotes either possess mitochondria, or once did and later
lost them via reductive evolution to hydrogenosomes or mitosomes [1, 2]. The acquisition of mitochondria and the origin of
the eukaryotic cell were, therefore, plausibly the same event
[3], an interpretation corroborated by genomic studies, which
indicate that the eukaryotic cell originated as a genomic
chimera between an archaeon and a bacterial endosymbiont,
the ancestor of mitochondria [4–7]. Why mitochondria made
the critical difference has long been unclear. It was not aerobic
respiration, protection against oxygen toxicity, or compartmentalization, as prokaryotes are adept at all three. Instead
the key to complexity resides, for bioenergetic reasons, in the
mitochondria themselves, specifically the tiny but mighty
mitochondrial genome [8, 9].
All eukaryotes capable of oxidative phosphorylation independently retained a remarkably similar core mitochondrial
genome, invariably encoding respiratory chain subunits. This
evolutionary conservation leaves little doubt that these few
remaining mitochondrial genes are strictly required for
the maintenance of inner membrane potential [10, 11].
Mitochondrial membrane potential is no trivial force, having
a field strength of 30 million V/m, equal to that discharged by
a bolt of lightning. This distinguishes mitochondria from other
endomembrane systems, such as the endoplasmic reticulum.
Endosymbiosis has a unique ability to place the right genes in
the right place to maintain membrane potential, while at once
eliminating superfluous genes by reductive evolution and
gene transfer to the nucleus.
Protein synthesis is energetically expensive [8]. The total
amount of protein-coding DNA lost from all the endosymbionts combined equates to the amount of protein-coding
DNA that could be supported, energetically, in the nucleus.
In other words, only the streamlining and specialization of
mitochondrial DNA (mtDNA) enabled the evolution, maintenance and expression of many thousands of new genes in the
nucleus [8, 9]. This massively expanded genome capacity was
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. . .but mitochondria demand genomic
matching
This energetic dependence of eukaryotes on tiny mitochondrial genomes dictates two conditions of overriding importance to their physiology and evolution. First, eukaryotic
respiration is made possible only by the retention of multiple
copies of this core genome. Second, these core genomes,
because of their minimal nature, must interact with genes
in the nucleus for respiration to work. This gives rise to the
obligate mosaic character of all eukaryotic respiratory chains,
in which subunits encoded by mitochondrial genes interact
directly with subunits encoded in the nucleus. Despite this
requirement for mosaic respiratory chains, the mitochondrial
and nuclear genomes evolve in quite different ways (sexual
versus asexual), and at different speeds. Even the evolution
rate of mtDNA (after purging by selection) is around 10–30
times faster than nuclear genes in most animals, and the
mutation rate (before selection) can be several orders of magnitude faster: 10,000–100,000 times faster in Saccharomyces
[12]. In plants, where the nucleotide substitution rate is
usually much lower, aberrant recombinations nevertheless
give rise to high mutation rates [13]. In the face of such
divergent tempi and modes of evolution, the mitochondrial
and nuclear genomes must adapt to each other, or respiration
will not work.
There is compelling evidence across eukaryotic orders
from fungi and plants to invertebrates and mammals that the
mitochondrial and nuclear genomes have indeed adapted to
each other over evolutionary time [14, 15]. This evidence
includes a high proportion of neutral mutations in nuclear
and mitochondrial genes encoding respiratory-chain subunits [16]; a concordance in evolutionary rates of these mitochondrial and nuclear genes [17–19]; a decline in respiratory
function in nuclear cytoplasmic hybrids (cybrids) [20–22];
and hybrid breakdown in introgressed populations, caused
by mitonuclear incompatibilities [23]. In plants, hybrid
breakdown also frequently involves mitonuclear incompatibilities [24].
I propose here that selection for genomic match has played
a defining role in the evolution of eukaryotes, potentially
explaining not only the requirement for two sexes, but also
playing an ongoing and critical role in fitness, fertility, adaptability, speciation, ageing and age-related disease. I argue that
free-radical signalling is inescapably central to selection for
genomic match.
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Selection for optimal mitonuclear function
depends on free-radical leak
Oxidative phosphorylation involves the transfer of electrons
through a succession of redox centres in respiratory chains,
from an electron donor such as NADH, to a terminal acceptor
such as oxygen. A slowing of electron transfer means that
respiratory complexes become more highly reduced, which
increases their reactivity with oxygen, corresponding to a rise
in free-radical leak [25]. A slowing of electron transfer is the
most likely outcome of any mismatch between mitochondrial
and nuclear genomes. The reason relates to the mechanism of
electron transfer. If the gap between adjacent redox centres in
respiratory chains is increased by just 1 Å, electron transfer by
quantum tunnelling slows down by an order of magnitude [26]
and free-radical leak should rise accordingly. Given that
hydrogen bonds and Van der Waal’s forces act over distances
in the range of 1–2 Å, it is likely that any changes to optimal
subunit interactions would disrupt the distance between
redox centres by more than 1 Å, slowing electron flow and
increasing free-radical leak. Thus, a rise in free-radical leak is
the predicted outcome of virtually any subunit mismatch, and
indeed has been reported [27, 28].
Free radicals oxidize membrane lipids, notably cardiolipin,
releasing cytochrome c [29]. Disruptions in electron flow impair
ATP synthesis, so without compensation ATP levels fall. This
triumvirate (high free-radical leak, cytochrome c release and
low ATP levels) is the classic trigger for apoptosis, reported to
‘general stupefaction’ [30] in the mid 1990s. In fact, the combination emerges naturally from the biophysics of respiratory
chains [31] – apoptosis can be seen as an intrinsic form of
functional selection against cells with compromised respiration.
But genomic mismatch is not the only cause of respiratory
insufficiency. Stoichiometry is important too (Fig. 1). If respiratory capacity is low relative to supply and demand, electrons
back up in the respiratory chains (because they enter faster
than they can exit), making the complexes more highly
reduced, and increasing free-radical leak. This reduction state
is equivalent to that arising from genomic mismatch, but in
this case (low capacity), apoptosis would be the ‘wrong’ outcome. In principle, electron flow could be improved by raising
capacity: expressing more respiratory complexes. This is
achieved simply if mtDNA transcription is controlled by
redox-sensitive transcription factors within mitochondria.
While there is as yet little indication of the mechanism,
intra-mitochondrial glutathione depletion does increase the
transcript abundance of mtDNA-encoded proteins such as ND1
and COX1 [32], as would be predicted. Likewise, the mtDNA
topoisomerase I is redox sensitive, with the oxidation of
critical cysteine residues increasing rates of transcription
and replication [33]. Mild chronic inhibition of complex III
with antimycin A produces a modest rise in free-radical leak,
which roughly doubles mitochondrial mass and transcript
abundance via inactivation of mt Topo I (Fritz Boege, personal
communication). These postulated free-radical signals are
intra-mitochondrial, up-regulating mtDNA transcription
locally, and potentially not affecting the redox state of the
cell as a whole, or retrograde signalling to the nucleus. Such
modulation of mtDNA transcription without changes in
nuclear gene expression has been reported [34].
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central to the evolution of multicellular organisms, and was
strictly dependent on the reductive evolution of mitochondria,
such that they retained only the minimum number of genes
needed for respiration within individual mitochondria.
Possessing thousands of mitochondria enabled eukaryotic
cells to generate thousands of times the energy of a bacterium
at a fraction of their total running costs – the consequence of
bioenergetic specialization. The essential difference between
prokaryotes and eukaryotes, the basis of all complex life, is not
the nucleus alone but the extreme genomic polarization of
eukaryotic cells, with giant nuclear genomes supported energetically by multiple necessarily tiny mitochondrial genomes.
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protein stability, phosphorylation and supercomplex assembly all modulate respiratory
rate; but these mechanisms ultimately
revolve around transcriptional control, as
demonstrated by the near-linear correlation
between mtDNA copy number and respiratory rate [35]. This system enables respiratory
stoichiometry to be calibrated locally to
need, tailoring supply to demand. Such a
system could only work if the transcription
of mtDNA controls the rate of assembly of
new respiratory complexes; and this is
indeed the case [36–38]. Thus, free-radical
leak signals respiratory insufficiency, activating mtDNA transcription factors, and culminating in the expression of new respiratory
complexes exactly where needed. Because
mitochondrial fusion and fission blurs the
distinction between individual mitochondria, and because transcription and replication of mtDNA are frequently linked [36], a
rise in mtDNA transcription rate equates to mitochondrial biogenesis, termed here reactive biogenesis. In essence, reactive
biogenesis is stimulated by intra-mitochondrial free-radical
leak, and works to optimize respiration. Such optimization of
respiration by free-radical leak has been demonstrated in mouse
cybrids [28], cultured cells and whole animals [39].

Figure 1. Free-radical leak depends on reduction state of respiratory chain. A: Normal
ATP synthesis. Flow of electrons down respiratory chain to oxygen (black arrow) powers
proton pumping across the membrane (blue arrows). The reverse flow of protons through
the ATP synthase powers ATP synthesis (yellow arrow). Respiratory complexes are blue,
depicting oxidized redox state and low free-radical leak. Inner circles depict subunits
encoded by mtDNA, which are adapted to outer circles of nuclear-encoded subunits
(hence same colour). B: Mitonuclear mismatch. Black inner circles depict core subunits
encoded by mtDNA, which are not adapted to outer (nuclear-encoded) subunits. This
slows electron flow (dashed black line). Respiratory complexes are shown in red, depicting reduced redox state, with high free-radical leak (miniature explosions). ATP synthesis
(yellow arrow) is low as a result of slow electron flow and proton pumping (dashed blue
lines). C: Low capacity relative to demand. Flow of electrons into respiratory chain outstrips capacity to transfer them to oxygen (thick black arrow). Respiratory complexes are
red, depicting reduced redox state, with high free-radical leak (miniature explosions). ATP
synthesis (yellow arrow) is equivalent to that in (A) but not sufficient to meet higher
demand. Inner and outer circles (depicting mtDNA and nuclear-encoded subunits,
respectively) are well adapted (hence same colour). D: Age-related heteroplasmy.
Mutations in mtDNA give rise to mitonuclear mismatch, in which some mtDNA-encoded
subunits (black inner circle) are not matched to nuclear background (hence different colour). This slows electron flow (dashed black arrow) and proton pumping (dashed blue
arrows), renders the respiratory chain reduced (red circles) and increases free-radical leak
(red explosions). ATP synthesis (yellow arrow) falls.

As noted, maintaining membrane potential over a wide area of
internal bioenergetic membranes is the most plausible reason
for mitochondria to retain genes at all [10, 11]. In essence, the
reduction state of the inner membrane is the signal giver and
output sensor for the reactive (as opposed to proactive) expression of mitochondrial genes. Certainly, translational regulation,
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This brings us to the central postulate. The two conditions
necessary for the existence of eukaryotic cells – the need for
multiple cytoplasmic genomes to keep control of respiration,
and the need for these minimal genomes to interact with
nuclear genes – both give rise to the same type of free-radical
signal, which derives inescapably from the biophysics of the
respiratory chain. Presumably there is a threshold. Below the
threshold, free-radical leak stimulates the expression of new
respiratory complexes (reactive biogenesis, Fig. 2A); above it,
apoptosis (Fig. 2B). So free-radical leak signals a problem. If
the problem can be fixed by reactive biogenesis, good; if not,
the cell dies. The major proposal here is that the dynamics of
this system optimize fitness, fertility and adaptability over
generations, but at the cost of ageing and age-related disease
within each generation.

N. Lane

Freeradical
leak

A)

Time

B)

The origin of species and evolution
of sexes
Consider what happens when individuals from reproductively
isolated populations are crossed. The best example is the
marine copepod Tigriopus californicus. Introgression between
individuals from nearby but isolated populations causes
hybrid breakdown by the F2 generation: ATP synthesis is
reduced by about 40%, as is larval production, time to metamorphosis and survival [23]. Back-crossing to the maternal
population restores wild-type fitness: hybrid breakdown is
attributable to the mismatch of mitochondrial and nuclear
genes [40]. Given the fast mutation rate of mitochondrial
genes, and the requirement for coadaptation with nuclear
genes, mitonuclear mismatch might well contribute to reproductive isolation and speciation [41, 42], most notably in
species with faster mtDNA mutation rates [43]. Mitonuclear
incompatibilities cause reproductive isolation in yeast
[44, 45], and varying degrees of hybrid breakdown in
Drosophila [46, 47] Nasonia wasps [48], centrarchid fishes
[49], beetles [50], and various plants, including sunflower
[51], partridge pea [52], Arabidopsis, maize and rice [24, 53].
The penalty for serious mitonuclear mismatch – a reduction
in fitness of 40% or more – is a significant evolutionary cost.
This cost is incurred because compromised electron flow translates into low ATP, high free-radical leak, and a greater probability of apoptosis, which in turn compromises fertility,
embryonic development and adult survival. There is presumably a scale between individuals with good mitonuclear match
and those with serious mismatch. Hybrid breakdown is offset
by, but ultimately outweighs, the well-known genetic advantages of hybrid vigour (heterosis). The greater the evolutionary
distance, the greater the likelihood of hybrid breakdown, hence
the relationships with mtDNA mutation rate, duration of reproductive isolation, and geographical distance. Hybrid breakdown in the partridge pea Chamaecrista fasciculate, for
example, depends on geographical distance, with outbreeding
depression only occurring in crosses between populations more
than 1,000 km distant [51].
But outcrossing between populations is not the only way to
generate mitonuclear mismatch: uncontrolled mitochondrial
heteroplasmy (where there are no safeguards against additive
mixing of different mtDNA haplotypes in the same cell) should
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Figure 2. Free-radicals signal mitochondrial biogenesis, increasing
capacity or triggering apoptosis. A: Reactive biogenesis. Below a
threshold, free-radical signals optimize respiration by stimulating
mitochondrial biogenesis. Deficient mitochondria (with low respiratory
capacity relative to demand) are reduced (depicted in red) and leak
free radicals. These activate redox-sensitive transcription factors, upregulating the expression of mtDNA and nuclear genes (equating to
biogenesis), thereby improving respiratory capacity and redox poise
(blue mitochondria). Mitochondrial populations decline with falling
demand, thus balancing ATP production and mitochondrial density
over time. Red line depicts fluctuations in free-radical leak over time;
yellow arrow depicts ATP synthesis. Dotted line depicts the apoptotic threshold. B: Reactive biogenesis with a mismatch between
mtDNA and the nuclear background. The mismatch results in small
misalignments of respiratory chain subunits, which slow electron
transfer, thus decreasing respiratory capacity and increasing freeradical leak. As in (A) high free-radical leak induces the biogenesis of
deficient mitochondria, but this does not solve the problem, as in this
case respiratory deficiency is caused by genetic mismatch. In fact,
free-radical leak preferentially amplifies the most mismatched (i.e.
most deficient) mitochondria. Free-radical leak rises above the
threshold, leading to apoptosis. C: Proactive biogenesis. A signal
from outside the cell (e.g. calorie restriction; blue arrow) stimulates
‘proactive’ mitochondrial biogenesis without respect to local redox
conditions or demand; the entire population is amplified, without
selection for deficient mitochondria, reducing demand per mitochondrion, so improving both respiratory capacity and redox poise
(blue mitochondria). This situation remains stable as long as the
external signal persists (e.g. duration of calorie restriction) lowering
free-radical leak and extending lifespan.
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also lead to fitness loss. Heteroplasmy could result from the
biparental inheritance of mitochondria (mitochondria inherited
from both gametes), or the absence of a maternal mitochondrial
bottleneck (which usually generates a clonal population of
mitochondria in the oocyte) or both. In the absence of uniparental inheritance and a bottleneck, heteroplasmy is unavoidable and should generate at least a mild mismatch within a few
generations. The problem is that heteroplasmy interferes with
selection. If there are two or more different haplotypes of
mtDNA, the respiratory capacity depends on their average.
The greater the heteroplasmy, the closer this average tends
towards mismatch (the variance between cells falls, hindering
selection). Mathematical modelling suggests that uncontrolled
heteroplasmy can indeed lower fitness significantly, with
approximately 90% of homoplasmic populations achieving
95% fitness, compared with barely 50% of heteroplasmic populations (manuscript in preparation).
Uncontrolled heteroplasmy rarely occurs because there are
two sexes. Females normally pass on a clonal population of
mitochondria in the oocyte, whereas males generally do not
pass on mitochondria. Uniparental inheritance of mtDNA has
a good claim to being the deepest distinction between the two
sexes [54, 55]. Various exceptions prove this rule. Biparental
inheritance in yeast (S. cerevisiae and S. pombe) is offset by
non-random segregation of mitochondria, resulting in swift
restoration of homoplasmy [56, 57]. Protists such as
Chlamydomonas actively destroy male mtDNA after syngamy
[58], as does the slime mould Physarum polycephalum, in
dominant hierarchical order of its 13 sexes [54]. Fungi with
multiple mating types such as Schizophyllum commune do not
fuse cytoplasm, hence mitochondria are not transferred with
the nucleus [55]. Exceptions, such as the heteroplasmic mycelia in Basidiomycetes are usually homoplasmic in individual
hyphae, showing a non-random sorting of mitochondria that
depends on the nuclear background [59]. Even the doubly
uniparental inheritance in bivalve molluscs such as Mytilus
does not involve serious heteroplasmy. Males receive mitochondria from both parents, but only the male mitochondria
enter the germline; female mitochondria are restricted to
somatic tissues [60]. Thus restricted heteroplasmy equates
to local homoplasmy, and does not obscure selection for
mitonuclear match.
If the sexual barriers to heteroplasmy were removed, fitness would decline by mitonuclear mismatch alone (regardless of other potential factors like selfish conflict). This fitness
penalty may be partly responsible for the maintenance, if not
the origin, of two sexes [55]. Thus, the existence of two sexes
helps to optimize mitonuclear match by generally promoting
homoplasmy. Nonetheless, even with two sexes, limited heteroplasmy is not uncommon [13, 61]. I propose that the occurrence of heteroplasmy relates to the costs and benefits – in the
explicit, specific, and tangible currency of free-radical leak –
of optimal matching across species.

A variable apoptotic threshold optimizes
mitonuclear match
If selection for optimal mitonuclear match requires homoplasmy, the key question arises: How good does mitonuclear
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match need to be? Plainly, if a poor match slows electron flow,
then animals with high aerobic demands, such as birds and
bats, would require a good match to maximize their aerobic
capacity. Conversely, animals with lower fitness requirements
could get by with a worse match, and this would be beneficial
if there are any costs to selecting for mitonuclear match. Such
putative costs would depend on the timing and mechanism of
selection.
While severe mtDNA mutations are eliminated during
oocyte maturation [62, 63], at low cost to the organism, selection for mitonuclear match can only commence after fertilization, when the new nuclear background is established: during
embryonic development or after birth. Mismatches severe
enough to cause apoptosis compromise embryonic development. The scale, while unknown, could be substantial. In
humans, some 40% of pregnancies terminate in early occult
miscarriage [64], some of which might have a bioenergetic
basis, as ATP availability is a critical factor in embryo viability
[65]. Even in nematodes, mutations in the mitochondrial ND5
subunit reduce fecundity [66]. Mild mitonuclear mismatches
that do not compromise development may nonetheless be
unmasked as mitochondrial disease after birth, when metabolic demand can rise several-fold (in mammals).
Similar patterns are found in plants, notably cytoplasmic
male sterility (CMS). In sunflower, the CMS mutation is an
aberrant recombination of ORFB, a subunit of ATP synthase,
the effect of which is to suppress ATP synthesis [51]. This is
decisive only in tissues with high metabolic rate, notably
pollen development in the anthers, where mitochondrial
density per cell rises 20–40-fold [52]; the CMS mutation leads
to selective apoptosis of anthers, thereby sterilizing males. The
nuclear modifier gene restores ATP synthesis by breaking
down aberrant subunits [51, 52].
Selection for mitonuclear match during embryogenesis
and early life depends on calibration of free-radical leak in
relation to the threshold mentioned earlier. Below the
threshold, free-radical leak signals mitochondrial biogenesis;
above it, apoptosis. The threshold could in principle be raised
or lowered, altering sensitivity to apoptosis. A low threshold
gives good mitonuclear match with low free-radical leak; even
a slight rise in leak should trigger apoptosis and early developmental failure, eliminating any embryos with poor match.
Conversely, a high threshold equates to greater tolerance of
free-radical leak before apoptosis. The seemingly paradoxical
physiology of endogenous signalling gases such as nitric oxide
(NO) might be interpreted in these terms. NO, by binding to
cytochrome c oxidase, amplifies free-radical signals and lowers the threshold for apoptosis [67]. Such amplification of freeradical signals may be crucial during embryonic development,
enabling the selective termination of mismatched embryos
without compromising viability later in life (albeit perhaps
shedding light on the pathophysiological effects of NO in
degenerative diseases).
Alterations in the threshold setting should influence fitness, for example litter size, aerobic capacity and adaptability
(Table 1). Intriguingly, litter size correlates with oocyte loss
(atresia) during oocyte maturation across different species –
the heavier the atresia, the smaller the litter size [68]. As severe
mitochondrial mutations are eliminated during atresia
[62, 63], oocytes may be subject to some kind of quality
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Table 1. Some consequences of a moveable apoptotic threshold
High apoptotic
threshold
Rat
#
#
"
"
"
"
r strategy
"
"
"
3 years
"
"

control. The degree of atresia also corresponds to the tightness
of the mitochondrial bottleneck – the greater the atresia, the
tighter the bottleneck [68]. A tighter bottleneck generates a
more clonal population of mitochondria, enhancing selection
for mitonuclear match. Thus, litter size and fertility should
vary with mitonuclear fitness.
Theoretically, if the apoptotic threshold is high, litter size
can be high. A poor mitonuclear match is not a problem if
investment per offspring is low; the fittest offspring with the
best mitonuclear match will tend to survive. Fertility should
be correspondingly high. Another advantage of a higher
threshold is greater tolerance for heteroplasmy, which can
aid adaptation to changing environments (albeit at increased
risk of mitochondrial disease). Mitochondria are central to
both climatic and dietary adaptation, as any differences in
temperature, calorie intake or dietary balance (protein, fat or
carbohydrate source) likely require mitochondrial adaptation. Heteroplasmy provides a greater variety of mtDNA,
some of which may be better adapted to the new environment
or diet [69]. Such adaptation might even account for the
regular introgression of mitochondria between species.
Overall, then, high fertility, larger litter size and greater
adaptability arise naturally from a high apoptotic threshold.
These traits correspond to, and perhaps even dictate, a
reproductive r strategy.
Conversely, a low apoptotic threshold, in which tolerance
of free-radical leak is low, enables high aerobic capacity, as in
powered flight in birds and bats (Table 1). The incidence of
mitochondrial diseases should be lower. The costs of a lower
apoptotic threshold are lower fertility, lower litter size and
lower adaptability, corresponding to a K strategy – simply
because more embryos are sacrificed during development to
secure an optimal mitonuclear match. Interestingly, birds do
seem to be less adaptable to changing conditions than many
mammals, preferring to migrate rather than to over-winter or
hibernate. But regardless of such behavioural patterns, a clear
prediction is that sensitivity to apoptosis, measurable in vitro
or in vivo (especially during embryonic development, and
possibly linked to NO) should relate to the fertility, fitness
and adaptability of organisms.
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The idea of an apoptotic threshold is central to ageing and
lifespan, at least in animals. The reason is that lifespan across
species correlates closely with free-radical leak (but not metabolic rate) [26]. While the free-radical theory of ageing as
originally stated is at best incomplete, the relationship
between lifespan and free-radical leak persists. It is hard to
prove a causal link because dietary antioxidants do not prolong lifespan or ameliorate age-related diseases [70, 71].
Conversely, oxidative stress and free-radical signalling (produced, for example, by RNAi directed to respiratory chain
components) can actually prolong lifespan in nematode
worms [72] and Drosophila [73]. The most plausible interpretation is that physiological stress modulates lifespan around
mean longevity for a particular species; but that mean, ultimately, is set by the rate of free-radical leak. Thus, while it is
possible to double or treble the lifespan of simple organisms
such as nematodes, the differences between species, over
many orders of magnitude, cannot be bridged by physiology;
the set point (i.e. the comparative phylogenetic rate of freeradical leak) itself becomes critical.
Free-radical leak, while necessary, is nonetheless hazardous. Over a lifetime, respiration mutates mtDNA. This in turn
causes age-related heteroplasmy [74], and a slow loss of mitonuclear coadaptation. The speed at which this happens
depends on the rate of free-radical leak; and this is set by
the apoptotic threshold. A low threshold equates to a low leak,
slow accumulation of mtDNA mutations and long lifespan. A
high threshold equates to higher leak, faster accumulation of
mtDNA mutations, and shorter lifespan (Table 1). For example,
pigeons and rats are a similar size, with similar basal metabolic rates, but free-radical leak is substantially lower in
pigeons, and their lifespan much longer (30 years versus
3 years; [25]). This is predicted on the basis that selection
for tight mitonuclear match requires low free-radical leak,
which translates into long lifespan. In other words, selection
for low free-radical leak may be primarily related to mitonuclear match, and only secondarily to the rate of ageing, which
is in fact a side effect of selection for aerobic fitness. In this
regard it is notable that selection for aerobic fitness over
multiple generations does indeed lead to increases in
lifespan [75].
As an aside, these considerations bear on the aerobic
capacity hypothesis for the origin of endothermy [76].
Despite having field metabolic rates that are typically elevated
some 30-fold relative to reptiles, mammals and birds have
surprisingly similar lifespans: they are not reduced by 30-fold
as would be predicted on the basis of metabolic rate and body
size alone. Here again, selection for aerobic capacity appears
to have prolonged lifespan relative to resting metabolic rate.
This scenario – that free-radical leak optimizes fitness in
youth, with costs that are deferred to later in life – is a
variation of the theory of antagonistic pleiotropy, as developed
by Williams [77], and so is not dissimilar to standard evolutionary theories of ageing. However, the hypothesis developed here does not trade directly in genes. Specifically,
Williams argued that certain genes may have more than
one effect (pleiotropy) some beneficial, others detrimental
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Example (hypothetical)
Mitonuclear match
Aerobic capacity
Free-radical leak
Heteroplasmy
Mitochondrial diseases
Inflammation
Reproduction
Fertility
Litter size
Adaptability
Lifespan
Rate of ageing
Age-related diseases

Low apoptotic
threshold
Pigeon
"
"
#
#
#
#
K strategy
#
#
#
30 years
#
#

The apoptotic threshold dictates the rate
of ageing
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(antagonistic). Genes that enhance sexual success early in life
will tend to be selected even if they produce detrimental effects
later in life, after sexual decline, when selection is weaker.
Williams’s hypothesis works in theory, but has enjoyed little
empirical backing: very few antagonistically pleiotropic genes
have been discovered, despite several decades of searching
[78]. But free-radical leak is a different matter. The perspective
developed here shows that free-radical leak is under strong
selection early in life and indeed throughout life. Specifically,
the benefits of a high rate of free-radical leak during early life –
high fertility, high litter size and high adaptability, plus signalling benefits that optimize ATP synthesis – have costs later
in life, notably a fast rate of ageing and disease. This perspective is particularly valuable because it does more than just
predict the rate of ageing – it also predicts the spectrum of agerelated diseases, and suggests possible avenues of treatment.

Loss of mitonuclear match drives agerelated diseases
Recall that free-radical leak corrects respiratory insufficiency
by promoting the expression of mtDNA, tailoring supply to
demand by way of reactive mitochondrial biogenesis (Fig. 2A).
In youth, mtDNA is usually homoplasmic (the result of uniparental inheritance and a developmental bottleneck), which
means that reactive biogenesis is driven solely by fluctuations
in supply and demand.
The problem occurs with heteroplasmic mtDNA, which
accumulates during normal ageing. Now the alternative developmental mechanism for eliminating mismatched mitonuclear genomes comes into play. The mitochondria with the
worst match to the nuclear background leak the most free
radicals, ultimately promoting apoptosis. Beneath the apoptotic threshold, however, reactive biogenesis selectively amplifies the worst mitochondria, giving rise to a clonal takeover of
cells and tissues (Fig. 2B). There is a proviso here: autophagy
may target precisely the mitochondria with the highest
free-radical leak and lowest membrane potential [79].
Nevertheless, reactive biogenesis, as discussed here, involves
intra-mitochondrial free-radical signals, which act to maintain
mitochondrial membrane potential; so mildly compromised
mitochondria may be invisible to the autophagosome.
Regardless of autophagy, the clonal expansion of mutant
mitochondria is common in aged tissues as well as mitochondrial diseases and has never been properly explained [80, 81].
Reactive biogenesis, as advanced here, can explain it. This
mechanism also potentially accounts for the clonal expansion
of mtDNA in cancer cells [74] and following HIV treatment [82].
Because different nuclear alleles of genes encoding mitochondrial proteins are expressed in different tissues, with varying
metabolic demands, mitonuclear mismatch ought to change
from tissue to tissue, potentially explaining the selective
expansion of differing mitochondrial populations in different
tissues [83]. In short, reactive mitochondrial biogenesis, which
optimizes respiratory function in youth, inherently tends to
select the worst mitochondria with age.
If a cell depends on oxidative phosphorylation, the clonal
expansion of mutant mitochondria leads ultimately to apoptosis, as in development. During ageing, apoptosis drives
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tissue loss, notably the loss of post-mitotic cells such as
neurons; brain atrophy is one of the earliest signs of
Alzheimer’s disease [84]. Without stem cell replacement,
the surviving tissue is placed under a greater burden to match
energy supply to demand; even with replacement, mutations
in stem cell mtDNA drive the same processes more slowly in
other tissues. Deficient energy metabolism alters the NAD/
NADH, and ADP/ATP ratios, resulting in sweeping epigenetic
changes, including changes to chromatin phosphorylation,
acetylation and methylation [85]. Such global epigenetic
changes have major implications for both signalling and transcriptional regulation with ageing.
Cells able to meet their ATP demands by glycolysis, despite
dysfunctional mitochondria, undergo a glycolytic switch and
persist in a state of oxidative stress [67, 86]. This in turn
activates transcription factors such as NF-kB [87] and the
inflammasome [88], driving a pro-inflammatory transcriptional state linked with chronic low-grade inflammatory conditions, such as cardiovascular disease and Alzheimer’s
disease [87–89]. Dysfunctional mitochondria also cause chromosomal instability through perturbed pyrimidine synthesis
and changes in DNA methylation [90]. The combination of
resistance to apoptosis, glycolytic ATP synthesis, chromosomal instability and pro-inflammatory transcriptional state is
the classic pro-carcinogenic state [67, 91, 92].
Thus, the major traits of ageing are all predicted as the
outcome of free-radical signalling for mitochondrial function:
the correlation between lifespan and free-radical leak; tissue
atrophy via apoptosis, especially in postmitotic tissues with a
high metabolic demand; changes in epigenetics related to the
energy deficit; a low overall burden of mtDNA mutations, due
to apoptotic cell loss; clonal takeover of some cells by mutant
mitochondria; a generally increased mitochondrial density
and mtDNA copy number in healthier cells (which must compensate for the loss of apoptotic cells); a glycolytic switch in
apoptosis-resistant cells; a chronic low-grade inflammatory
state that promotes degenerative diseases; and an increased
risk of cancer. Moreover, the fact that dietary antioxidants do
not prolong lifespan or protect against age-related diseases
[70, 71] is predicted on the basis that the benefits of free-radical
signalling in youth (optimizing respiration, aerobic fitness,
etc.) outweigh any harm they cause with age – i.e. free radicals
are antagonistically pleiotropic. Organisms therefore regulate
intracellular antioxidant levels tightly and excrete excess antioxidants that could interfere with signalling [87], rendering
megadose antioxidant supplements worthless.
In contrast, mitochondrial biogenesis has the potential to
prolong lifespan and ameliorate disease. I have noted that there
are two ways to raise mitochondrial density: reactive and proactive biogenesis. The distinction between the two is critical.
Reactive biogenesis, as discussed above, is beneficial in
youth but ultimately selects for the worst mitochondria
(Fig. 2B). In contrast, proactive biogenesis is dictated by signals from outside the cell (e.g. falling IGF-1 levels) and can be
imposed by non-redox changes in nuclear gene transcription.
Proactive commands should not amplify the worst mitochondria (Fig. 2C) and this does seem to be the case in calorie
restriction [93, 94] and the ketogenic diet [95], although the
role of mitochondrial biogenesis in calorie restriction has been
challenged recently [96]. In theory, so long as electron flow
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Conclusions
Mitochondrial genes are necessary for the existence of cells
with large complex genomes, but must adapt to the nuclear
background in each generation. A life-and-death switch
involving mitochondrial electron transfer – efficient respiration or apoptosis – derives inescapably from the biophysics
of mosaic respiratory chains. The rate of free-radical leak is
central to this switch – high free-radical leak betrays a poor
mitonuclear match and triggers apoptosis, removing cells, and
by extension organisms, with poorly matched mitochondrial
and nuclear genomes. The threshold for apoptosis depends on
fitness requirements. High aerobic demands, such as flight in
bats and birds, require closely matched genomes, with low
free-radical leak, whereas animals with low aerobic capacity
can tolerate poor match and high free-radical leak. Selection
for optimal respiratory function involves a pleiotropic tradeoff, which predicts many aspects of eukaryotic physiology and
evolution from first principles, including two sexes, fertility,
aerobic capacity, speciation, ageing and the spectrum of agerelated diseases. The centrality of free-radical leak to these
evolutionary tradeoffs explains why dietary antioxidants do
not prolong lifespan or ameliorate age-related diseases. The
perspective developed here suggests that ‘proactive’ mitochondrial biogenesis, by increasing aerobic capacity, may
solve some of the problems associated with ageing.
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60. Doucet-Beaupré H, Breton S, Chapman EG, Blier PU, et al. 2009.
Mitochondrial phylogenomics of the Bivalvia (Mollusca): searching for
the origin and mitogenomic correlates of doubly uniparental inheritance
of mtDNA. BMC Evol Biol 10: 50.
61. Kmiec B, Woloszynska M, Janska H. 2006. Heteroplasmy as a common
state of mitochondrial genetic information in plants and animals. Curr
Genet 50: 149–59.
62. Fan W, Waymire KG, Narula N, Li P, et al. 2008. A mouse model of
mitochondrial disease reveals germline selection against severe mtDNA
mutations. Science 319: 958–62.
63. Stewart JB, Freyer C, Elson JL, Wredenberg A, et al. 2008. Strong
purifying selection in transmission of mammalian mitochondrial DNA.
PLoS Biol 6: e10.
64. Zinaman MJ, O’Connor J, Clegg ED, Selevan SG, et al. 1996. Estimates
of human fertility and pregnancy loss. Fertil Steril 65: 503–9.
65. Van Blerkom J, Davis PW, Lee J. 1995. ATP content of human oocytes
and developmental potential and outcome after in-vitro fertilization and
embryo transfer. Hum Reprod 10: 415–24.
66. Estes S, Coleman-Hulbert AL, Hicks KA, de Haan G, et al. 2011. Natural
variation in life history and aging phenotypes is associated with mitochondrial DNA deletion frequency in Caenorhabditis briggsae. BMC Evol
Biol 11: 11.
67. Bolaños JP, Almeida A, Moncada S. 2010. Glycolysis: a bioenergetic or
a survival pathway? Trends Biochem Sci 35: 145–9.
68. Krakauer DC, Mira A. 1999. Mitochondria and germ cell death. Nature
400: 125–6.
69. Wallace DC. 2010. Bioenergetics, the origins of complexity, and the
ascent of man. Proc Natl Acad Sci USA 107: 8947–53.
70. Gutteridge JMC, Halliwell B. 2010. Antioxidants: molecules, medicines,
and myths. Biochem Biophys Res Commun 393: 561–4.
71. Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, et al. 2008.
Antioxidant supplements for prevention of mortality in healthy participants
and patients with various diseases. Cochrane Database Syst Rev 16:
CD007176.
72. Rhea SL, Ventura N, Johnson TE. 2007. Relationship between mitochondrial electron transport chain dysfunction, development, and life
extension in Caenorhabditis elegans. PLoS Biol 5: e259.
73. Copeland JM, Cho J, Lo T, Jr., Hur JH, et al. 2009. Extension of
Drosophila life span by RNAi of the mitochondrial respiratory chain.
Curr Biol 19: 1591–8.
74. He Y, Wu J, Dressman DC, Iacobuzio-Donahue C, et al. 2010.
Heteroplasmic mitochondrial DNA mutations in normal and tumour cells.
Nature 464: 610–4.
75. Wisløff U, Najjar SM, Ellingsen O, Haram PM, et al. 2005.
Cardiovascular risk factors emerge after artificial selection for low aerobic
capacity. Science 307: 418–20.
76. Bennett AF, Ruben JA. 1979. Endothermy and activity in vertebrates.
Science 206: 649–54.
77. Williams GC. 1957. Pleiotropy, natural selection, and the evolution of
senescence. Evolution 11: 398–411.
78. Leroi AM, Bartke A, De Benedictis G, Franceschi C, et al. 2005. What
evidence is there for the existence of individual genes with antagonistic
pleiotropic effects? Mech Ageing Dev 126: 421–9.
79. Scherz-Shouval R, Elazar Z. 2011. Regulation of autophagy by ROS:
physiology and pathology. Trends Biochem Sci 36: 30–8.
80. Passos JF, von Zglinicki T, Kirkwood TBL. 2007. Mitochondria and
ageing: winning and losing in the numbers game. BioEssays 29: 908–17.
81. de Grey ADNJ. 2009. How is mutant mitochondrial DNA clonally amplified? Much new evidence, still no answers. Rejuvenation Res 12: 217–9.
82. Payne BAI, Wilson IJ, Hateley CA, Horvath R, et al. 2011. Mitochondrial
aging is accelerated by anti-retroviral therapy through the clonal expansion of mtDNA mutations. Nat Genet 43: 806–10.
83. Jenuth JP, Peterson AC, Shoubridge EA. 1997. Tissue-specific selection for different mtDNA genotypes in heteroplasmic mice. Nat Genet 16:
93–5.
84. Duara R, Loewenstein DA, Potter E, Appel J, et al. 2008. Medial
temporal lobe atrophy on MRI scans and the diagnosis of Alzheimer
disease. Neurology 71: 1986–92.
85. Wallace DC, Fan W. 2010. Energetics, epigenetics, mitochondrial
genetics. Mitochondrion 10: 12–31.
86. Almeida A, Bolaños JP, Moncada S. 2010. E3 ubiquitin ligase APC/CCdh1 accounts for the Warburg effect by linking glycolysis to cell proliferation. Proc Natl Acad Sci USA 107: 738–41.
87. Lane N. 2003. A unifying view of ageing and disease: the double agent
theory. J Theoret Biol 225: 531–40.
88. Zhou R, Yazdi AM, Menu P, Tschopp J. 2011. A role for mitochondria in
NLRP3 inflammasome activation. Nature 469: 221–5.

Bioessays 33: 860–869,ß 2011 WILEY Periodicals, Inc.

....

Prospects & Overviews

Bioessays 33: 860–869,ß 2011 WILEY Periodicals, Inc.

95. Bough KJ, Wetherington J, Hassel B, Pare JF, et al. 2006.
Mitochondrial biogenesis in the anticonvulsant mechanism of the ketogenic diet. Ann Neurol 60: 223–35.
96. Hancock CR, Han D-H, Higashida K, Kim SH, et al. 2011. Does calorie
restriction induce mitochondrial biogenesis? A reevaluation. FASEB J 25:
785–91.
97. Sanz A, Caro P, Ibanez J, Gomez J, et al. 2005. Dietary restriction at old
age lowers mitochondrial oxygen radical production and leak at complex I
and oxidative DNA damage in rat brain. J Bioenerg Biomembr 37: 83–90.
98. Brown JCL, McClelland GB, Faure PA, Klaiman JM, et al. 2009.
Examining the mechanisms responsible for lower ROS release rates in
liver mitochondria from the long-lived house sparrow (Passer domesticus)
and big brown bat (Eptesicus fuscus) compared to the short-lived mouse
(Mus musculus). Mech Ageing Dev 130: 467–76.
99. Walter I, Seebacher F. 2009. Endothermy in birds: underlying molecular
mechanisms. J Exp Biol 212: 2328–36.

869

Problems & Paradigms

89. Franceschi C, Bonafe M, Valensin S, Olivieri F, et al. 2000. Inflammaging: an evolutionary perspective on immunosenescence. Ann New York
Acad Sci 908: 244–54.
90. Smiraglia DJ, Kulawiec M, Bistulfi GL, Gupta SG, et al. 2008. A novel
role for mitochondria in regulating epigenetic modification in the nucleus.
Cancer Biol Ther 7: 1182–90.
91. Singh KK, Kulawiec M. 2009. Mitochondrial DNA polymorphism and risk
of cancer. Methods Mol Biol 471: 291–303.
92. Wallace DC. 2005. Mitochondria and cancer: Warburg addressed. Cold
Spring Harb Symp Quant Biol 70: 363–74.
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