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Abstract

Significance: The maintenance of mitochondrial genome integrity is a major challenge for cells to sustain energy
production by respiration. Recent Advances: Recently, mitochondrial membrane dynamics emerged as a key
process contributing to prevent mitochondrial DNA (mtDNA) alterations. Indeed, both fundamental and clinical
data suggest that disruption of mitochondrial fusion, related to mutations in the OPA1, MFN2, PINK1, and
PARK2 genes, leads to the accumulation of mutations in the mitochondrial genome. Critical Issues: We discuss
here the possibility that mitochondrial fusion acts as a direct mechanism to prevent the generation of altered
mtDNA and to eliminate mutated deleterious genomes either by trans-complementation or by mitophagy.
Future Directions: Finally, we conclude this review with a short evolutionary comparison between the mech-
anisms involved in mitochondrial and bacterial modes of genome distribution and plasticity, highlighting
possible common conserved processes required for the maintenance of their genome integrity, which should
inspire our future investigations. Antioxid. Redox Signal. 19, 379–388.

Introduction

The concept of mitochondrial network dynamics was
undermined originally when the name of ‘‘mitochon-

dria,’’ the etymological assembly of mitos (wire, string) and
chondrios (bead, grain, seed) was given to these cytoplasmic
organelles, according to their distinct morphological struc-
tures when observed by electron microscopy (36). The reality
of the dynamic features of the mitochondrial reticulum was
subsequently revealed when the processes of fusion and fis-
sion of this double membrane network was discovered in
living cells (5). Since these early descriptions, it is now well
accepted that fusion and fission events contribute to the
mitochondrial life cycle, being intimately interconnected to
mitochondrial biogenesis, turnover, and degradation (52).
Fusion and fission of mitochondrial membranes require the
combination of dynamin-related mechano-enzymes: the
dynamin-related-protein (dynamin related protein 1 [DRP1])
for the fission of the outer and inner membranes (6), the mi-
tofusins (MFN1 and MFN2) (8, 42), and the optic atrophy
(optic atrophy 1 [OPA1]) (13, 35) for the fusion of the outer

and the inner membrane, respectively. So far, a single muta-
tion in DRP1 gene has been reported in a young patient with
severe neonatal developmental neurological presentation
(54), whereas tens of mutations in both OPA1 and MFN2
genes were identified in patients with dominant optic atrophy
(DOA) (17) and Charcot-Marie-Tooth (30) neurodegenerative
diseases; importantly among them, some are leading to syn-
dromic presentations with disruption of the mitochondrial
genome integrity (2, 20, 44).

Understanding the central roles of mitochondrial mem-
brane dynamics remains an ongoing fundamental challenge,
but increasing evidence, first gathered from studies in yeast
and now ultimately collected from investigations of patient
biopsies affected by mitochondrial disease, suggests that it is
intimately associated to the maintenance of the mitochondrial
genome. How the network dynamics are related to the integrity
of mitochondrial DNA (mtDNA) remains elusive, although
emerging novel data linking these two processes deserves
consideration, opening novel routes of investigations.

In this review we will address this question by describing
first the main alterations of the mitochondrial genome and
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how they are generated, with major emphasis on those in-
duced by impairment of the mitochondrial dynamics. Sub-
sequently we will illustrate how mitochondria with altered
genomes require mitochondrial dynamics to circumvent the
consequences of the loss of mtDNA integrity. Finally, we will
discuss a possible evolutionary parallel between bacterial
mechanisms involved in genome dynamics and plasticity,
and mitochondrial mechanisms linking the membrane fusion
to the maintenance of mtDNA integrity.

Generation of Altered Mitochondrial Genome

As a relic of their bacterial origin, mitochondria possess a
small genome composed of a circular DNA molecule present
in high copy number, ranging from tens to hundred thousand
copies per cell. The mtDNA are arranged in nucleoprotein
complexes called nucleoids, evenly distributed along the mi-
tochondrial network (28). In mammals, the mitochondrial
genome encodes 13 proteins embedded in the oxidative
phosphorylation complexes I, III, IV, and V, two of the three
ribosomal RNAs and all tRNAs required for translation (22).
The mtDNA sequence bears many prokaryote features, as an
AT rich composition, the organization in two polycistronic
units of transcription, and the absence of introns and inter-
vening sequences among and inbetween genes (31). Unlike
the nuclear genome, mtDNA is strictly maternally inherited,
a process that has key consequences for the genetic diagnosis
of mitochondrial diseases and for mtDNA transmission
throughout generations. Since the discovery of the first
pathogenic mutation in the mtDNA in 1988, it is now well
established that many alterations of the 16.569 nt long se-
quence of the human mitochondrial genome lead to mito-
chondrial diseases, with an amazingly broad range of clinical
presentations. These mtDNA alterations can be uniformly
integrated in all mtDNA copies, a situation termed homo-
plasmy, or only present in a restricted proportion of the
mtDNA population, a situation referred to as heteroplasmy.
Summarizing briefly genetic and molecular investigations of
mtDNA from the last 20 years, we can enumerate four types of

alterations that can affect the mitochondrial genome (Fig. 1).
The first is the accumulation of random mutations spread all
over the mtDNA sequence, which is physiologically corre-
lated to the ageing process (53). The second is the presence of
discrete point mutations in the mtDNA sequence that can
affect either the genome stability when present in the D-loop,
the translation process when localized in the rRNA or tRNA
genes, or the protein sequence of one of the 13 peptides en-
coded by this genome (16). The third type is due to partial
deletions or duplications of mtDNA fragments, leading to the
loss or to the uneven synthesis of some oxidative phosphor-
ylation complex subunits (47). Finally, the last alteration is the
depletion of the mtDNA, which becomes pathogenic in hu-
mans when reaching a loss of 60%–70% of the normal mtDNA
abundance (45). Altogether, these deleterious events affecting
the integrity of the mitochondrial genome have dramatic
consequences on the efficiency of the mitochondrial oxidative
phosphorylation process, leading to reduced ATP production,
and to increased generation of reactive oxygen species (ROS)
(23). Importantly, as illustrated in Figure 2, this enhanced
ROS production will lead to a vicious cycle further damaging
the mtDNA, with a rate of mutagenesis that can be 50 times
higher than the one reported for the nuclear genome (55).

How alterations of mtDNA occur is a hot topic of investi-
gations involving a broad range of studies from yeast genetics
to clinical investigations on patients. It is now well established
that mtDNA alterations can occur randomly, for example as a
consequence of mistakes during mtDNA replication by the
mtDNA-polymerase c enzyme (26), or can be induced by
drugs as antiretrovirals (37). In addition, in humans these
alterations can be innate and transmitted directly by the pool
of mtDNA from the oocyte, or acquired resulting from auto-
somal mutations in genes encoding mitochondrial proteins. In
the latter situation, genetically inherited diseases involving
instability of the mitochondrial genome are mostly due to the
alteration of genes encoding proteins involved in mtDNA
metabolism, as those responsible for replicating the mtDNA
(POLG1/2, PEO) or for generating the pool of mitochondrial
nucleotides (SUCLG1, SUCLA2, RRM2B, TK2, DGUOK,

FIG. 1. The main alterations of the
mtDNA. The circular mtDNA is pre-
sented with the D-Loop (in black) re-
sponsible for mtDNA stability, and the
genes coding respiratory chain complex
I (CI, ND1, 2, 3,4, 4b, 5,and 6 in green), III
(CIII, Cytb in purple), IV (CIV, COX1, 2,
and 3 in red) and V (CV, ATPase 6, and 8
in orange) subunits, together with the
genes coding the ribosomal RNA 12S
and 16S (rRNA 12S and 16S) and the 22
tRNAs (blue arrows). Alterations of the
mtDNA are categorized in four items
with their consequences on mitochon-
drial physiology. ATPase, adenosine
triphosphate synthase; COX, cyto-
chrome oxidase; mtDNA, mitochondrial
DNA; ND, NADH dehydrogenase. To
see this illustration in color, the reader is
referred to the web version of this article
at www.liebertpub.com/ars
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TYMP, ANT1) (Table 1) (11, 46). Intuitively, it was not sur-
prising to find that when these genes are mutated the process
of mtDNA replication is affected, generating and accumulat-
ing mutations in the mitochondrial genome.

Conversely, it was quite surprising when two European
consortia simultaneously identified in patients a form of
mtDNA instability associated to alteration of the mitochon-
drial network dynamics. Indeed, mtDNA deletions were

found in the calf muscle of patients with dominant negative
mutations in the OPA1 gene (Fig. 3, left) responsible for syn-
dromic dominant optic atrophy (DOAplus), a clinical pre-
sentation combining severe neurosensorial visual and
auditory symptoms to peripheral neuropathy and myo-
pathies (2, 20). This observation has now been further ex-
tended to a single family with a similar DOAplus clinical
presentation associated to a novel dominant mutation in the
MFN2 gene (Fig. 3, right); thus, suggesting that severe alter-
ations of the mitochondrial fusion actors, and, in particular, of
their guanosine tri phosphatase domain, are responsible for
the accumulation of mtDNA deletions (44). These clinical data
can be further related to the aetiology of Parkinson disease
(PD), as mtDNA deletions were identified at autopsy in do-
paminergic midbrain neurons of patients with inherited form
of this disease (4). Some familial forms of PD are provoked by
mutations in the PINK1 and PARK2 genes, encoding the
PTEN Induced Kinase 1 (PINK1) and the E3 ubiquitin ligase
(Parkin) proteins, respectively, regulating mitochondrial dy-
namics (39, 56) and mitophagy (29). Thus, mtDNA deletions
seem to be frequent in diseases associated to impaired fusion
(Fig. 4, left column), whereas mtDNA depletion has yet never
been reported in cohorts of patients with mutations in OPA1,
MFN2, PINK1, or PARK2 gene. A single exception concerns a
patient presenting a mitochondrial cytopathy due to mtDNA
depletion, associated to a mutation in the MFN2 gene, that
remarkably affects the same amino-acid as the one reported to
generate deletions in the mtDNA (41) (Fig. 3, right). Notably,
the level of random point mutations has not yet been con-
sidered in patient biopsies, owing to the requirement of next
generation sequencing of mtDNA, a technology that only
recently became broadly accessible. It should further be con-
sidered that no severe mtDNA alteration has yet been char-
acterized so far in fibroblasts from patients with mutation in
OPA1, MFN2, PINK1, or PARK2 gene.

No mtDNA alteration has yet been reported in mice in-
validated for Pink1 or Park2 genes (12) or carrying patho-
genic mutations in Opa1 (1, 57) or Mfn2 gene (7). Only in the
case of mice with targeted deletions of both Mfn1 and Mfn2
genes in skeletal muscles, the presence of mtDNA deletions,

FIG. 2. The vicious cycle leading to progressive alter-
ations of the mtDNA. mtDNA alterations affect the effi-
ciency of the OXPHOS, which consequently leads to reduced
membrane potential (DCm) and ATP synthesis on one hand,
and to increased ROS production on the other hand. The
latter will further affect the integrity of the mitochondrial
genome, and contribute to the increment of the vicious cycle.
OXPHOS, oxidative phosphorylation reaction; ROS, reactive
oxygen species; DCm, mitochondrial membrane potential.
To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars

Table 1. Genes Involved in Mitochondrial DNA Instability

Function Gene Protein

mtDNA replication POLG1 mtDNA polymerase c
POLG2 Polymerase c accessory subunit
PEO1 Twinkle mtDNA helicase

Mitochondrial nucleotide metabolism SUCLG1 Succinate CoA ligase, a subunit
SUCLA2 Succinate CoA ligase, b subunit
RRM2B Ribonucleotide reductase, small subunit P53-inducible
TK2 Thymidine kinase 2
DGUOK Deoxyguanosine kinase
TYMP Thymidine phosphorylase
ANT1 Adenine nucleotide translocator

Mitochondrial fusion OPA1 Optic atrophy 1
MFN2 Mitofusin 2

Mitophagy PINK1 PTEN-induced kinase 1
PARK2 E3-ubiquitin ligase or Parkin

Unknown MPV17 Mitochondrial inner membrane protein

mtDNA, mitochondrial DNA.
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depletion, and point mutations was reported (9) (Fig. 4, mid-
dle left column).

In human cellular models, the combined deletion of MFN1
and MFN2 genes (9) and the silencing of the single OPA1
isoform mandatory for mitochondrial genome maintenance
and distribution (15), lead to mtDNA depletion (Fig. 4, middle
right column), while the coupling of PINK1/Parkin over-
expression with pharmacological dissipation of the mito-
chondrial membrane potential induces a drastic elimination
of mitochondria with their genome (32).

In yeast models, disruption of the mitochondrial genome
maintenance 1 (MGM1)/MGM1 in Schizosaccharomyces pombe
(Msp1) or Fuzzy onions (Fzo) gene, the orthologues of OPA1
and MFNs genes, respectively, leads to the total loss of mi-
tochondrial genome (Fig. 4, right column), and consequently
to the complete inhibition of the respiratory capacity (21, 38,
40), while orthologues of the PINK and PARK2 genes have not
been identified in lower eukaryotes.

Thus, summing up these data, in human tissues with dis-
rupted mitochondrial fusion, we observed mainly the accu-
mulation of mtDNA deletions, whereas in cultured cell,
mtDNA depletion was evidenced in cells with altered mito-
chondrial fusion, an intriguing discrepancy that confers
complexity to the study of the links associating mitochondrial
fusion to the maintenance of mtDNA integrity.

How Alterations of Mitochondrial Fusion Might
Primarily Impact on mtDNA Integrity

When considering the different hypotheses that could link
mitochondrial dynamics to mtDNA alterations, the first to
take into account is that defective mitochondrial fusion could
be primarily responsible for generating different types of
mtDNA alterations.

Generation of point mutations in relation
to mitochondrial fusion alteration

It is well established that the mitochondrial genome is a
direct target of ROS that induce nucleotide oxidation and base
damage, leading to the accumulation of point mutations (55).
Therefore, because OPA1 and MFNs mutations alter directly
membrane dynamics and affect the mitochondrial respiration
efficiency (10, 27), ROS production may increase and con-
sequently induce the accumulation of mtDNA mutations.
Although never addressed in human or mouse models re-
producing pathological conditions, it will soon become clear if
this hypothesis is relevant, and if point mutations accumulate
and contribute to the pathophysiology of OPA1 and MFN2
associated diseases.

Generation of mtDNA deletions in relation
to mitochondrial fusion alteration

How mtDNA deletions accumulate in organs from OPA1
and MFN2 patients remains an open question. In cells with
highly fragmented mitochondria, due to severe mutations in
MFN2 or OPA1 gene, the distribution of the mitochondrial
genome might be deeply affected, resulting in the accumula-
tion of many mitochondria devoid of mtDNA. In the re-
maining mitochondria, where mtDNA replication occurs, the
segregation of nucleoids could be impaired, creating super-
structures, including multiple copies of mtDNA in aggregated

FIG. 3. Mutations in OPA1 and MFN2 proteins leading to
mtDNA instability. The linear structure of the OPA1 (left)
and MFN2 (right) proteins are schematically represented. In
addition, for OPA1, the domains corresponding to the al-
ternate spliced exons 4b and 5b are shown. The regions
mutated in OPA1 in pure DOA (left) and in MFN2 in pure
CMT2A (right) patients are indicated by dotted lines,
whereas mutations responsible for mtDNA deletions are
represented by red arrow heads and the mutation responsible
for mtDNA depletion by a purple arrow head, together with
the amino-acid position and change. CC/HR, coiled coil
domains/heptad repeat; CMT2A, Charcot Marie Tooth type
2A; DOA, Dominant optic atrophy; GED, GTPase effector
domain; GTPase, guanosine tri-phosphate hydrolase do-
main; MFN1/MFN2: mitofusin 1/2; MTS, mitochondrial
targeting sequence; OPA1, optic atrophy 1; RAS, Ras binding
domain; TM, transmembrane domain. To see this illustration
in color, the reader is referred to the web version of this
article at www.liebertpub.com/ars
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nucleoids. The physical constraints on these catenated mtDNA
copies could favor recombination between homologous se-
quences, leading to the deletion or duplication of some mtDNA
regions. In this respect, the analysis of the sequences at the
edges of the mtDNA deletions in the calf muscle of DOAplus
patients revealed short stretches of sequences, around 10 nu-
cleotides long, which were repeatedly found in many other
diseases associated to mtDNA instability, suggesting that a
common mechanism is responsible for generating these dele-

tions during mtDNA replication and segregation (2). Thus,
fusion of mitochondria and proper nucleoid distribution could
be critical events required to untangle copies of mtDNA to
evenly segregate nucleoids along the reticulum and prevent
situations where illegitimate mtDNA recombinations occur.
Although never addressed in terms of pathophysiological
mechanism, this hypothesis could explain how mutations in
OPA1 or MFN2 genes generate deletions in the mtDNA from
the calf muscle of syndromic patients with myopathy.

FIG. 4. Alterations of the mtDNA in different models with disruption of genes involved in mitochondrial fusion. Data
are collected from patients with DOAplus (OPA1 and MFN2), mitochondrial cytopathy (MFN2), or Parkinson disease
(PINK1/PARK2) (left column), mouse models with Opa1 mutation, Mfn1, and Mfn2 or both knockouts, Pink1 and PARK2
mutations (middle left column), mammalian cells manipulated for the OPA1, MFN1/MFN2, and PINK1/PARK2 genes (middle
right column), and from yeasts invalidated for the MGM1/Msp1 or Fzo genes (right column). In yeasts, MFNs have a single
orthologue, whereas PINK1 and PARK2 have none. No mutation in the MFN1 gene has yet been found in humans. DOAplus,
syndromic dominant optic atrophy; Fzo, Fuzzy onions; MGM1, mitochondrial genome maintenance 1; Msp1, MGM1 in
Schizosaccharomyces pombe; PINK1, PTEN induced kinase 1. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars

FIG. 5. Alterations of the mtDNA abun-
dance and distribution in HeLa cells si-
lenced for a specific OPA1 isoform.
Fluorescent pictures of a control HeLa cell
(WT, left) or a cell silenced for OPA1-exon4b
(OPA1-4b siRNA, right), after labeling the
mitochondrial network with Mitotracker (in
red) and the mtDNA with anti-DNA anti-
bodies (in green), which mainly label the
mitochondrial nucleoids. To see this illus-
tration in color, the reader is referred to the
web version of this article at www.liebertpub
.com/ars
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Generation of mtDNA depletion in relation
to mitochondrial fusion alteration

In cellular models as well as in yeasts, altered fusion can lead
to mtDNA depletion. We have recently shown that in HeLa
cells a small peptide inferred from the cleavage of a specific
OPA1 isoform is involved in anchoring the nucleoid to the
inner mitochondrial membrane, and that its silencing induces a
major mtDNA depletion and the alteration of the distribution
of the remaining mtDNA (15) (Fig. 5). Importantly, the bio-
chemical structure of this peptide, including two transmem-
brane domains, is conserved throughout the eukaryote
kingdom, suggesting that this mechanism could be responsible
for mitochondrial genome maintenance whatever the model
considered (14). In this respect, in yeasts, MGM1/Msp1 gene
knockout or alteration of the structure of the anchoring peptide
causes complete mtDNA loss (21, 38). Thus, alteration of any
OPA1 orthologues in cellular models results in mtDNA de-
pletion that eventually can be dissociated from their involve-
ment in the network fusion. Now, how MFNs/Fzo disruption
leads to a similar phenotype remains unclear, although the
physical interaction between MFNs/Fzo and OPA1/MGM1/
Msp1, which contributes to synchronize outer and inner
membrane fusion, might affect the genome maintenance in
relation to the function of the latter protein. Altogether, these
hypotheses might explain how the disruption of the function of
mitochondrial fusion actors can generate different types of
mtDNA alterations.

How Alterations of Mitochondrial Fusion Might
Influence the Recycling of Altered mtDNA

An alternative to the previous hypotheses concerns the
involvement of mitochondrial fusion in the elimination of
altered mitochondrial genome. Although not exclusive with
the previous ones, this concept undermines that mtDNA al-
terations are generated throughout life time, but are not
properly corrected, or counterselected and eliminated, due to

the impairment of the mitochondrial fusion process. Two
mechanisms may contribute to this hypothesis. The first one is
based on transcomplementation between mitochondria (49)
(Fig. 6A). It requires the complete fusion of the outer and inner
membranes, and consequently the function of MFNs and
OPA1 proteins. In this process, fused mitochondria are able to
share and homogenize the content of all their compartments:
both the soluble ones from the inter membrane space and the
matrix, and the insoluble ones from the outer and inner
membranes. Thus, the lack of a functional component in one
mitochondrion might be complemented by the presence of the
component in the sister mitochondrion. Similarly, in cells with
a heteroplasmic mtDNA mutation, malfunctioning mito-
chondria can benefit from transcomplementation to recover a
wild-type mtDNA copy (18). This mutual exchange would
allow either for removal of the defective copy of the mtDNA
as a consequence of mitochondrial turnover, or for its repair
by using the subset of enzymes dedicated to this process and
the wild-type mtDNA copy (24).

The second mechanism is associated to the recently
reported mitochondrial transient fusion of mitochondria,
referred to as ‘‘kiss-and-run’’ (Fig. 6B) (25, 51). In this process,
mitochondria come into close apposition, transiently fuse to
exchange soluble intermembrane space and matrix proteins,
and re-separate, preserving their original morphology (51).
‘‘Kiss-and-run’’ has been shown to require the coordinate
activity of OPA1, MFN2, and DRP1, and represents an im-
portant element of the mitochondrial quality control, working
as a ‘‘pit stop’’ for mitochondria and providing an efficient
recharging mechanism for quick equilibration of small sol-
utes, mRNA, and proteins, but not integral membrane pro-
teins or mtDNA (25). Thus, when mitochondrial function is
not hampered by severe alterations of the mtDNA, complete
and transient fusion of mitochondria can provide temporary
solution to complement the defective activities and eventually
provide the enzyme required for repairing the damaged
mtDNA. Conversely, when mitochondrial functions are

FIG. 6. Mitochondrial fusion allows for trans-complementation or mitophagy of dysfunctional mitochondria. Cartoons
illustrating the two possible modes of processing of dysfunctional mitochondria. In (A), one mitochondrion with defective
genome (red ellipses) will fully fuse with a functional mitochondria to restore the wild-type mtDNA (green ellipses),
allowing for transcomplementation of the initial defect. This process requires the mitofusins MFN1/2 (blue cylinders) on the
outer mitochondrial membrane and OPA1 (orange cylinders) on the inner mitochondrial membrane to perform complete
fusion of all mitochondrial compartments. In (B), one mitochondrion with defective genome and low membrane potential
will transiently fuse with healthy mitochondria to assess its ability to be rescued. If too deficient, it will be directed to
mitophagy by the PINK1 (brown triangle) and Parkin (yellow rectangle) combined activities, leading to MFNs ubiquitiny-
lation (blue circles), followed by the autophagy and elimination (black cross) of the defective mitochondria. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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severely compromised, that is, when the membrane potential
is collapsed, the fate of malfunctioning mitochondria consists
in their delivery to lysosomes for autophagic elimination (52).
The process responsible for this mitochondrial quality control
mechanism, known as mitophagy, involves PINK1 and Par-
kin proteins (29). In the presence of mitochondrial membrane
potential, PINK1 is continuously degraded in a proteasome-
dependent manner, whereas under depolarizing conditions,
PINK1 accumulates on mitochondrial outer membrane,
where it recruits Parkin that ubiquitinylates specific proteins,
among which MFN2. This process triggers an irreversible
signal that targets mitochondria for autophagic elimination
(33). In this regard, it has been recently reported that long-
term overexpression of Parkin can eliminate mitochondria
with deleterious mtDNA mutation affecting cytochrome oxi-
dase I subunits of complex IV, enriching cells with wild-type
mtDNA, suggesting that increasing levels of Parkin expres-
sion might contribute to ameliorate certain mitochondrial
diseases related to mtDNA instability (48). In agreement with
this, a direct association of endogenous Parkin with mtDNA
and Mitochondrial Transcription Factor A has been reported
in SH-SY5Y cells, and most importantly, Parkin overexpression
has been shown to enhance mtDNA replication and tran-
scription to protect this genome from oxidative damage (43).

On the other hand, inhibition of mitophagy can impair the
efficient elimination of dysfunctional mitochondria; thus, al-
lowing for the accumulation of mutated genomes, as observed
in patients with mutations in the OPA1, MFN2, PINK1, and
PARK2 genes. Although mechanisms of DNA repair mostly
similar to those found in the nucleus have been characterized
recently in mitochondria (24), their efficiency, except for the
base excision repair counteracting the direct effects of ROS,
seems rather limited and probably cannot comply with the
multiple harmful mtDNA alterations generated permanently.
Thus, mitophagy remains an efficient solution to eliminate
mutated mtDNA and generate sustained mtDNA turnover,
even in nonproliferative cells. A critical question is how mito-
chondria are selected to be degraded, as no intramitochondrial
checkpoint sensing mtDNA alterations is yet suspected to exist.
The mechanism that was retained is based on the most pro-
minent mitochondrial bioenergetic parameter: the membrane
potential, from which depends ATP production. As membrane
fusion and the switch from long fusion competent to short fu-
sion incompetent OPA1 isoforms are governed by the mem-
brane potential and ATP concentration (3, 19), the capacity of
an individual mitochondrion to fuse or ‘‘kiss-and-run,’’ is an
excellent marker of its functional integrity, and can be moni-
tored extrinsically by cytoplasmic sensors, as PINK1 does.
Thus, by selecting mitochondria that have not retained an
adequate capacity to fuse, that is, that are fragmented, cells
can readily identify and eliminate by mitophagy the pool of
defective mitochondria with potentially altered mtDNA se-
quences. Thus, facing the large pool of mtDNA per cells, the
most proficient mechanism that was selected to favor the per-
enniality of the mitochondrial genome consists in the elimina-
tion rather than the reparation of damaged mtDNA.

Evolutionary Considerations Linking Mitochondrial
mtDNA Integrity and Network Dynamics

The data presented here on mitochondrial dynamics and
genome stability prompt an evolutionary parallel with the

mechanisms contributing to genome maintenance and plas-
ticity in bacteria. During prokaryote proliferation, it is well
documented that while genomic or large plasmid DNA is
replicated, the neosynthesized strands are segregated to the
distal cell extremities by duplicated structures embedded in
the plasma membrane, so that the replicated genetic contents
are evenly distributed in the two future daughter cells (50).
This mechanism establishes a tight coupling between bacterial
genome replication and membrane dynamics which, when
deficient, leads to chromosome instability and recombination.
In this respect, we can draw a parallel with mitochondria, in
the way that alterations in mtDNA anchoring to the inner
membrane or in its distribution along the network, by selec-
tive disruption of OPA1, MFNs, or DRP1 functions, induce
mtDNA depletion or deletions. Thus, although no dynamin-
related protein exists in bacteria, it is nonetheless meaningful
that certain aspects of the coupling between genome replica-
tion, distribution and integrity have been conserved after 3
billion years of evolutionary divergence between bacteria and
mitochondria.

FIG. 7. Summary of the roles of mitochondrial fusion in
the maintenance of the mitochondrial genome integrity.
Schematic cartoon of the three possible roles of mitochon-
drial fusion: I in generating mtDNA alterations when OPA1
or MFNs functions are disrupted; II in promoting mito-
chondrial trans-complementation; III in triggering the ‘‘kiss-
and-run’’ process before mitophagy. PINK1 and Parkin
functions lie in-between the ‘‘kiss-and-run’’ process and the
removal of depolarized mitochondria by mitophagy. Green
colors illustrate physiological processes contributing to the
maintenance of mitochondrial genome integrity, whereas
red colors highlight deleterious situations affecting the
mtDNA. To see this illustration in color, the reader is re-
ferred to the web version of this article at www.liebertpub
.com/ars
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A second parallel can be drawn from what is known on
bacterial conjugation. In this process, bacteria from opposite
mating type fuse to allow the transfer of genetic material
from the donor to the acceptor cell. The transferred genetic
material can be kept as episomal, bringing a novel set of
genes, or used to recombine with the acceptor chromosome,
thus allowing for novel genetic combinations (34). Ulti-
mately, facing stressing conditions, this process can lead to
the selection of the genomes most able to respond to novel
environmental challenges. Consequently, membrane fusion
of two cells with different genetic patterns can generate a
third cell with a novel genetic program. This mechanism is
reminiscent to the transcomplementation process that has
been demonstrated after fusion of mitochondria bearing two
different point mutations affecting different respiratory
chain subunits (49). Thus, both in mitochondria and in bac-
teria, the transfer of genetic material associated to membrane
fusion allows first to transcomplement possible genetic
defects, and second to select eventually for novel genetic
programs by homology recombination. Nevertheless, in
mammalian cells the selective constraints acting on the mi-
tochondrial genome are not subject to sudden environmen-
tal changes; thus, the need for frequent recombination of
the mitochondrial genome remained low. Altogether, it
sounds clear that mitochondria have maintained through-
out evolution some bacterial processes that link the mem-
brane dynamics to the plasticity and motility of its genome,
that ultimately are required for the maintenance of mtDNA
integrity.

Open Questions

Summarizing the topic addressed in this review (Fig. 7), we
should recognize that the number of facts supporting a direct
link between mitochondrial fusion and genome maintenance
are still scarce, leaving tremendous space for open questions.
The limited relevant data that have been gathered to date
consist in fundamental observations obtained from cell and
genetic models suggesting that mitochondrial fusion dyna-
mins are required for the quantitative maintenance of the
mtDNA, whereas clinical analysis of human biopsies bearing
mutations in the OPA1, MFN2, PINK, and PARK2 genes re-
vealed qualitative alterations of the mitochondrial genome,
mainly multiple deletions in the mtDNA, as reported in
samples from old human beings.

So questions are open! Does disruption of mitochondrial
fusion cause by itself mtDNA depletion and deletions? Or is
the process of mitochondrial fusion only required for the
elimination of pre-existing mtDNA alterations? Why only
restricted organs do present mtDNA alterations and become
pathogenic, whereas the mutated alleles of these genes are
ubiquitously expressed? Could the answer of this latter
question be linked to a difference of efficiency of the trans-
complementation and the mitophagy processes between or-
gans? Have organs differential capacities for oxidative
phosphorylation and preventing ROS production? Is the ac-
cumulation of mtDNA alterations just a matter of time, which
would be accelerated by decreasing the efficiency of mito-
chondrial fusion? Consequently, could we relate the accu-
mulation of mtDNA alterations in elders to a decrease of
fusion efficiency and conversely imagine that increased fusion
would prevent aging?

To answer these questions, we need to investigate deeper
the relevant models that are available now, and generate new
ones that reproduce what has been observed in patients with
altered fusion. Ultimately, we should find relevant evidence
proving that direct links exist between the different processes
of mitochondrial fusion, mitophagy, and maintenance of the
mitochondrial genome integrity.
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Montpellier I and II for providing institutional supports and
to the patient associations Retina France, Union Nationale des
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DCm¼mitochondrial membrane potential
ATPase¼ adenosine triphosphate synthase

CC¼ coiled coil
CMT2A¼Charcot Marie Tooth type 2A

COX¼ cytochrome oxidase
DOA¼dominant optic atrophy

DOAplus¼ syndromic dominant optic atrophy
DRP1¼dynamin related protein 1

Fzo¼ fuzzy onions
GED¼GTPase effector domain

GTPase¼ guanosine tri phosphatase
HR¼heptad repeat

MFN1/MFN2¼mitofusin 1/2
MGM1¼mitochondrial genome maintenance 1

Msp1¼MGM1 in Schizosaccharomyces pombe
mtDNA¼mitochondrial DNA

MTS¼mitochondrial targeting sequence
ND¼NADH dehydrogenase

OPA1¼ optic atrophy 1
OXPHOS¼ oxidative phosphorylation reaction

PD¼Parkinson disease
PINK1¼PTEN induced kinase 1

RAS¼Ras binding domain
ROS¼ reactive oxygen species
TM¼ trans membrane domain
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