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The problem of whether recombinant mtDNAs are created in mam-
malian cells has been controversial for many years. We show con-
vincing evidence for the very rare creation of recombinant mtDNA
haplotypes by isolating human somatic hybrid cells and by generating
mice carrying two different mtDNA haplotypes. To avoid misinter-
pretation of PCR-jumping products as recombinants, we used purified
mtDNAs for cloning and sequencing. The results showed that only
three of 318 clones of mtDNA purified from mouse tissues corre-
sponded to recombinant mtDNA haplotypes, whereas no recombi-
nants were found in human somatic hybrid cells. Such an extremely
low frequency of mtDNA recombination does not require any revision
of important concepts on human evolution that are based on its
absence. Considering the high concentration of reactive oxygen
species around the mtDNA and its frequent strand breakage, recom-
binant clones would correspond to gene conversion products created
by repair of nucleotide mismatches.

mammalian mtDNA � gene conversion � somatic hybrids � mito-mice �
PCR jumping

Extensive recombination between mtDNAs from both parental
cells has been proved in yeast (1) and plant cells (2, 3).

Moreover, the presence of recombinant mtDNA haplotypes was
reported in mussel species (4). In mammalian species, however, the
issue of mtDNA recombination has been controversial (5). Some
reports provided indirect evidence for their creation (6, 7). One
study also suggested the presence of mtDNA recombination by
using linkage disequilibrium analysis of human mtDNA haplotypes
(8), but subsequent studies did not support this idea (9–12).

This issue has to be resolved because mtDNA recombination
could be important in phylogenetic studies. If mtDNA recombi-
nants are created extensively in mammals, this case could require
reassessment of the conventional ‘‘mitochondrial eve’’ hypothesis
(13), which is based on the assumption that no extensive mtDNA
recombination occurs in mammalian species.

Our previous studies showed extensive exchanges of mtDNAs
between mitochondria in human hybrid cells (14, 15) and in mouse
tissues (16, 17), suggesting exclusion of physical barriers against
recombination between heteroplasmic mtDNAs derived from dif-
ferent individuals or even from different species. Therefore, this
issue could be resolved by precise sequence analysis of the hetero-
plasmic mtDNAs. Recently, sequence analysis of PCR products of
heteroplasmic human mtDNAs suggested the presence of recom-
bination between maternal and leaked paternal mtDNAs in skeletal
muscles of a patient with mitochondrial disease (18). However,
studies using PCR for identification of recombinant mtDNA hap-
lotypes could not completely exclude the possibility that apparent
recombinants corresponded to PCR-jumping products.

To obtain convincing evidence for creation of recombinant
mtDNA haplotypes in mammalian cells, we used two different
procedures for mtDNA cloning. One was cloning of PCR products
of mtDNAs, and the other was cloning of mtDNA purified by
EtBr-CsCl centrifugation. Because strictly maternal inheritance of

mtDNA inhibits the coexistence of mtDNAs from different indi-
viduals within the same cells in a natural population (19, 20), we
isolated somatic hybrid cells within which two human mtDNAs
possessing many different mutation sites coexisted. For further
examination of mtDNA recombination in germ cells, we generated
mice carrying different types of mouse mtDNAs by microinjection
of mitochondria into mouse zygotes.

Materials and Methods
Cells and Cell Culture. All of the cell lines and hybrid cells used in this
study were grown in normal RPMI medium 1640 with 0.1 mg/ml
pyruvate�50 �g/ml uridine�10% FBS.

Analysis of mtDNA Genotypes in Human Hybrid Cells. Total DNA
extracted from 2 � 105 human cultured cells was used for analysis
of their mtDNA genotypes. A4269G mtDNA was identified by the
PCR method by using a specific primer set [nucleotide position (np)
4,116–4,135 and np 4,299–4,270], and the A3243G mtDNA was
identified by the PCR method by using a specific primer set (np
3,153–3,174 and np 3,551–3,528) as described in ref. 15.

As the result of a gain of an ApaI site by an A3243G substitution,
ApaI digestion of PCR products from A3243G mtDNA produces
a 309-bp fragment, whereas A4269G and wild-type mtDNAs
without the mutation produce a 399-bp fragment. As the result of
the loss of an SspI site by an A4269G substitution, SspI digestion of
PCR products from A4269G mtDNA produces a 184-bp fragment,
whereas PCR of A3243G and wild-type mtDNAs without the
mutation produce a 153-bp fragment. Signal calculation was carried
out by using an NIH IMAGE program (http:��rsb.info.nih.gov�nih-
image).

Generation of Heteroplasmic Mice. Mice with heteroplasmic mtD-
NAs were generated as described in ref. 16 with slight modifica-
tions. Briefly, mitochondrial fractions were microinjected into
pronuclear stage embryos by using a Piezo micromanipulator
(PrimeTech, Tsuchiura, Japan).

Analyses of Cytochrome c Oxidase (COX) Activity. COX activity was
measured by examining the rate of cyanide-sensitive oxidation of
reduced cytochrome c (21) with modifications. Biochemical anal-
ysis was based on the procedure described in ref. 22. COX electron
micrographs were carried out as described in ref. 23 with slight
modifications.

Analysis of Mitochondrial Translation Products. Mitochondrial trans-
lation products were labeled with [35S]methionine as described in
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ref. 14 with slight modifications. Proteins in the mitochondrial
fraction were separated by 0.85% SDS�12% PAGE.

Analysis of mtDNA Genotypes in Mito-Mice and NZB�B6 Mice. For
quantification of Mus musculus domesticus �mtDNA and M. spretus
wild-type mtDNA, BglII fragments of total DNA extracted from
brain and skeletal muscle were transferred to a nylon membrane
and hybridized with alkaline phosphate-labeled mouse probe (np
1,895–2,762). Probe labeling and signal detection were carried out
as described in the protocols of the AlkPhos Direct (Amersham
Pharmacia Biotech). For quantification of B6 and NZB mtDNAs,
PCR and restriction enzyme digestion were carried out as described
in ref. 24. Signal calculation was carried out by using an NIH IMAGE
program.

PCR Amplification of mtDNA in Human Hybrid Cells for Cloning and
Sequencing. Total DNA extracted from 2 � 105 human hybrid cells
was used for amplification of mtDNA fragments, including patho-
genic mutation sites and the D loop region by using a primer set of
human mtDNA (np 15,994–16,024 and np 4,300–4,271). The
4,878-bp PCR products were ligated with pUC118 (Takara, Tokyo),
and then introduced into DH5� (Takara).

Purification of mtDNA. Mitochondria and crude mtDNA were
prepared from cultured human hybrid cells and mouse tissues as
described in ref. 25, with a modification of additionally treating
mitochondria with DNaseI to eliminate nuclear contaminants. The
mtDNAs were purified by EtBr-CsCl density-gradient centrifuga-
tion at 36,000 rpm for 40 h (SW55Ti rotor, Beckman Coulter).

Nucleotide Sequence Analysis. Sequence templates were prepared
with a TempliPhi DNA Sequencing Template Amplification Kit
(Amersham Pharmacia Biosciences) following the manufacturer’s
protocol. Sequence reactions were performed by Dye Termination
Methods (Takara PCR Thermal Cycler GP). Samples were then
sequenced on MegaBACE1000 (Amersham Pharmacia Bio-
sciences). To obtain whole-genome sequences of 11.6-kbp
�mtDNA and 16.3-kbp NZB mtDNA clones, we used 70 and 96
sequence primers, respectively.

Amplification of Recombinant Molecules by Using PCR. Primers spe-
cific for M. spretus (np 4,141–4,166, CAATTATAAACAATTAG-
GAACATGGG) and M. m. domesticus (np 4,311–4,282, CATG-
TAAGAAGAATAAGTCCTATGTGCAGT) were used for
selective amplification of recombinant molecules in mtDNA sam-
ples prepared from skeletal muscles, liver, kidney, and brain of an

F3 mito-mouse. The cycle times were 20 sec for denaturation at
95°C, and 30 sec for annealing and extension at 62°C for 30 cycles.

Supporting Information. For more information on human and
mouse mtDNA, see Supporting Materials and Methods, which is
published as supporting information on the PNAS web site.

Results
Isolation of Human Hybrid Cells Carrying Heteroplasmic mtDNAs
Within the Same Mitochondrion. First, we examined mtDNAs in
human hybrid cells, which we previously isolated by fusion of two
types of respiration-deficient parental cells caused by different
pathogenic mutations, A3243G in the tRNALeu(UUR) gene and
A4269G in the tRNAIle gene of mtDNA, derived from patients with
MELAS and cardiomyopathy, respectively (15). Accumulation of
A3243G mtDNA and A4269G mtDNA in parental cells inhibited
mitochondrial translation and respiratory function because of ab-
normal tRNALeu(UUR)and tRNAIle, respectively (see Fig. 5, which
is published as supporting information on the PNAS web site). To
allow sufficient time for recombination of parental mtDNAs in the
hybrid cells, we cultivated these hybrid cells for 9 months after
fusion.

The hybrid cells we examined possessed 36% A3243G mtDNA
and 64% A4269G mtDNA (Fig. 5A), and their coexistence restored
respiratory enzyme activity to the normal level (Fig. 5 B and C),
suggesting the presence of mitochondrial complementation by
extensive exchange of mtDNAs between the two parental mito-
chondria in the hybrid cells. This complementation indicated the
coexistence of both parental A3243G and A4269G mtDNAs within
the same mitochondrion. Therefore, physical barriers for recom-
bination between mtDNAs derived from different patients were
excluded in our hybrid cells. Genotype analysis of subclones isolated
from the hybrid cells showed that heteroplasmy of both parental
mtDNAs was maintained in all of the subclones during 9 months
cultivation after the fusion (data not shown).

Examination of mtDNA Recombination in Human Somatic Hybrid Cells.
Because many different mutation sites in parental mtDNAs were
required to demonstrate the presence of their recombinants, we
used 4,878-bp PCR products ranging from np 15,994 to 4,300 (Fig.
1). The products included both the pathogenic mutation sites and
the D loop region, in which many polymorphic mutations were
expected to exist (Fig. 1; Fig. 6, which is published as supporting
information on the PNAS web site). We carried out sequence
analyses of the 4,878-bp PCR products amplified from parental cells
carrying A3243G and A4269G mtDNAs and compared their

Fig. 1. Analysis of cloned PCR fragments from hybrid cells carrying parental A3243G and A4269G mtDNAs. Gene maps of human mtDNAs. Closed and open
green arrowheads on the maps represent the forward primer (F) and reverse primer (R), respectively, used for amplification of 4,878-bp products (arcs). The cloned
regions of 4,878-bp PCR products include the D loop and the pathogenic mutation sites of both parental A3243G and A4269G mtDNAs and are shown in pink
and blue regions, respectively, on the gene maps. The corresponding region of the CRS (26) is shown in yellow.
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sequences with Cambridge reference sequences (CRS; ref. 26). The
results showed that seven sites were specific to A3243G mtDNA
and 11 sites to A4269G mtDNA (Fig. 6A).

Then, we carried out cloning and sequence analysis of the
4,878-bp PCR products of mtDNAs in the hybrid cells. Of the 100
clones we sequenced, 64 clones (clones 16–79) possessed mutation
sites specific to parental A3243G mtDNA and to A4269G mtDNA
(Fig. 6B), suggesting that they corresponded to recombinant
mtDNA haplotypes.

For confirmation of such extensive creation of mtDNA recom-
binants in the hybrid cells (Fig. 6B), we carried out cloning of
purified mtDNA without using PCR amplification. The mtDNA of
the hybrid cells was purified by EtBr-CsCl centrifugation, and the
purified mtDNA was digested with restriction enzymes (Fig. 2).
After agarose gel electrophoresis, three fragments, fragments A, B,
and C, consisting of 4,083-, 3,556-, and 2,994-bp fragments, respec-
tively, were extracted from the gels for cloning.

Fragment A included 11 CRS sites that were specific to either
A4269G or A3243G mtDNA (see Fig. 7, which is published as
supporting information on the PNAS web site). Of 85 clones in
fragment A, 30 clones (clones 1–30) and 55 clones (clones 31–85)
possessed sequences identical to those of parental A3243G and
A4269G mtDNAs, respectively, although single somatic mutations
were observed in 9 clones (clones 25–33) (Fig. 7). Fragment B
included 10 CRS sites that were specific to either A4269G or
A3243G mtDNA. Of 101 clones in fragment B, 44 clones (clones
1–44) and 57 clones (clones 45–101) possessed sequences identical
to those of parental A3243G and A4269G mtDNA, respectively,
whereas single somatic mutations were observed in 16 clones
(clones 41–56) (Fig. 7). Fragment C included 7 CRS sites that were
specific to either parental A4269G or A3243G. Of 85 clones in
fragment C, 35 clones (clones 1–35) and 50 clones (clones 36–85)
possessed sequences identical to those of parental A3243G and
A4269G mtDNAs, respectively (Fig. 7). These observations sug-
gested that there were no recombinant mtDNAs in any of the clones
we examined. We sequenced �85 clones, which covered 60% of the
whole mitochondrial genome (Figs. 2 and 7). Thus, even if recom-
binant mtDNA haplotypes were present in the hybrid cells, their
frequency would be �2%. These observations suggested that most
apparent recombinants observed in PCR products (Fig. 6B) cor-
responded to jumping products rather than to real recombinants.

Generation of Mito-Mice Carrying Heteroplasmic mtDNAs Within the
Same Mitochondrion. In these experiments, we used human hybrid
cells isolated by the fusion of somatic cells and found no mtDNA
recombination. Therefore, it is still possible that mtDNA recom-
bination is an event that frequently occurs in tissues or in female

germ-line cells but not in cultivated somatic cells. For examination
of recombination in living mice, we have to generate mice with
heteroplasmic mtDNAs carrying different sequences. However,
most laboratory mouse strains are derived from a single female M.
m. domesticus, and their mtDNA sequences are almost identical
(27, 28). Another problem was how to obtain clear evidence for the
coexistence of both parental mtDNAs within the same mitochon-
drion, because recombinant haplotypes could not be created unless
the parental mtDNAs coexist within the same mitochondrion.

To solve these problems, we used zygotes of congenic B6mtspr
strain mice carrying wild-type mtDNA of M. spretus, which is a
different species from M. m. domesticus. Then, we generated
mito-mice by introducing respiration-deficient mitochondria carry-
ing pathogenic �mtDNA of M. m. domesticus into zygotes of
B6mtspr mice carrying wild-type mtDNA, but not wild-type
mtDNA of M. spretus. Accumulated �mtDNA progressively re-
duced COX activity in the mitochondria (16, 17) because of a
large-scale (4,696-bp) deletion mutation (Fig. 3A). Because the exo-
and endogenous mtDNAs were derived from different mouse
species, they differed at many nucleotide positions, which were
useful for identification of their recombinants.

After three generations, we obtained an F3 mito-mouse (6
months old) carrying 30.0% �mtDNA, but not wild-type mtDNA,
of M. m. domesticus and 70.0% wild-type mtDNA of M. spretus in
its tail. Southern blot analysis of BglII digests showed that mtDNA
samples purified from mito-mouse skeletal muscles and brain
contained 30.7% and 34.2% �mtDNA of M. m. domesticus, re-
spectively. COX electronmicrographs of skeletal muscles with
30.7% �mtDNA identified COX activity at the individual mito-
chondrial level and showed that all 5,160 mitochondria in sectioned
areas of 10 muscle fibers possessed COX activity. If exogenous
COX-negative mitochondria with �mtDNA and endogenous
COX-positive mitochondria with wild-type mtDNA do not fuse
with each other, 30.7% of the mitochondria should be COX
negative, but results in the F3 mito-mouse was not the case. The
presence of COX activity in all of the mitochondria suggested
mixing of exogenous �mtDNA of M. m. domesticus and endoge-
nous wild-type mtDNA of M. spretus and�or their gene products
within the same mitochondrion in mito-mice tissues.

Examination of mtDNA Recombination in Tissues from a Living Mito-
Mouse. To avoid PCR jumping artifacts, we did not use PCR
products but used mtDNA purified from mito-mouse tissues by
EtBr-CsCl centrifugation for cloning and sequencing. To exclude
the possibility of recombination between two plasmids carrying
�mtDNA and M. spretus mtDNA after cloning in E. coli cytoplasm,
we carried out exclusive cloning of �mtDNA by digestion of

Fig. 2. Analysis of purified mtDNA from hybrid cells carrying parental A3243G and A4269G mtDNAs. Gene maps of human mtDNAs indicating sequenced regions.
Cloning and sequencing were carried out by using fragments A (4,083 bp), B (3,556 bp), and C (2,994 bp) purified from the hybrid cells carrying parental A3243G and
A4269G mtDNAs (arcs). Sequenced regions corresponding to CRS, parental A3243G, and A4269G mtDNAs are shown in yellow, pink, and blue, respectively.
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purified mouse mtDNA with the restriction enzyme MluI, so that
M. spretus mtDNA could not be cloned because of the absence of
the MluI site (Fig. 3A).

After agarose gel electrophoresis, an 11.6-kbp fragment corre-
sponding to whole linear �mtDNA was extracted from the gels for
cloning. Then, we sequenced 210 and 108 clones of whole �mtDNA
purified from skeletal muscles (Fig. 3B) and brain (see Fig. 8, which
is published as supporting information on the PNAS web site),

respectively. The results showed that two clones (clones 17 and 18)
of muscle �mtDNA contained two regions, and one clone (clone
19) of muscle �mtDNA contained one region, in which the
sequences were identical to those of M. spretus mtDNA (Fig. 3 B
and C). The remaining 315 �mtDNA clones did not contain any
sequences that were specific to M. spretus mtDNA (Figs. 3B and 8).
These observations suggested that the frequency of recombinant
mtDNA haplotypes in mito-mice tissues was �1%.

Fig. 3. Sequence analysis of �mtDNA purified from skeletal muscles of an F3 mito-mouse. (A) Gene maps of wild-type mtDNA of M. spretus (green circle) and
�mtDNA of M. m. domesticus (smaller red circle). The open arc in the �mtDNA map corresponds to the deleted region expanded from tRNALys to ND5 genes
(np 7,759–12,454). No MluI site is present in wild-type mtDNA of M. spretus, whereas �mtDNA of M. m. domesticus possesses one MluI site. (B) Sequences of
the cloned �mtDNA purified from skeletal muscles of an F3 mito-mouse possessing 30.7% �mtDNA. Green and red lanes correspond to mtDNA sequences of
M. spretus and M. m. domesticus (38), respectively. Of 210 clones of �mtDNA from skeletal muscles, two clones (clones 17 and 18) possess two regions carrying
sequences specific to M. spretus mtDNA in np 3,350–3,386 (ND1 gene) and np 4,093–4,213 (ND2 gene), and one clone (clone 19) possesses a region carrying
sequences specific to M. spretus mtDNA in np 6,627–6,638 (CO1 gene). Of the remaining 207 clones, 191 possess completely identical sequences to those of M.
m. domesticus mtDNA, whereas 16 clones (clones 1–16) possess somatic mutations. (C) Gene maps of clones 17 and 18 (Left) and clone 19 (Right). Green and red
regions correspond to sequences of M. spretus and M. m. domesticus mtDNAs, respectively.
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Then, to obtain evidence for the presence of the recombinant
molecules corresponding to clones 17 and 18 in the mtDNA samples
before cloning (see Fig. 9, which is published as supporting infor-
mation on the PNAS web site), we carried out their selective
amplification by using a mismatch primer set containing sequences
specific to M. spretus and M. m. domesticus, respectively (Fig. 9A).
In 30 cycles of PCR, an expected 171-bp fragment was amplified
from the mito-mouse skeletal muscle mtDNA and not from either
parental mtDNA or from their mixture (Fig. 9B). However, 50
cycles of PCR produced the 171-bp fragment from the mixture (Fig.
9B), indicating that all of the 171-bp fragments corresponded to
PCR jumping products.

This possibility was excluded by cloning and sequencing the
171-bp fragments amplified from the mito-mouse mtDNA and
from the mixture of parental mtDNAs, respectively. The results
showed that all clones from the mito-mouse mtDNA had an
identical sequence to that of the recombinant clones 17 and 18,
whereas the clones from the mixture of mtDNAs each had different
sequences from that of recombinant clones 17 and 18 (Fig. 9C).
Therefore, the former clones corresponded to real recombinants,
whereas the latter clones corresponded to PCR jumping artifacts.
These observations provided unambiguous evidence for the rare
creation of recombinant molecules identical to clones 17 and 18 in
skeletal muscles of the mito-mouse (Fig. 3C).

The same 171-bp fragment was amplified from liver and kidney
mtDNA samples but not from a brain mtDNA sample (Fig. 9B).
The cloned 171-bp fragments from liver and kidney mtDNA had an
identical sequence to that of the recombinant clones 17 and 18,
suggesting creation of recombinants in female germ cells or during
early embryogenesis, followed by their propagation to various
tissues.

Generation of NZB�B6 Mice for Examination of mtDNA Recombinants.
However, this low frequency for creation of mtDNA recombinants
in mito-mice tissues (Fig. 3B) could be due to a large sequence
divergence (7.1%) between heteroplasmic mtDNAs from different
mouse species or to their different sizes. For resolving this issue, we
generated NZB�B6 mice carrying heteroplasmic mtDNAs with a
small sequence divergence (0.6%) from NZB and B6 strain mice,
which belong to the same mouse species, M. m. domesticus. NZB
strain mice possess mtDNA with a slightly different sequence from
mtDNAs of other inbred strain mice (24, 28) and, thus, their
recombinants could be identified by sequence analysis.

First, we introduced mitochondria carrying NZB mtDNA into
zygotes of B6 mice (Fig. 4) and obtained an F3 NZB�B6 mouse (6
months old) carrying 24.0% NZB mtDNA and 76.0% B6 mtDNA
in its skeletal muscles. Purified mtDNA from the skeletal muscles
by EtBr-CsCl centrifugation was digested with MluI and used for
cloning in E. coli. We selected colonies with NZB mtDNA by the
difference of the RsaI digestion patterns of PCR products, because

selective sequencing of colonies with NZB mtDNA would be more
effective to find recombinants due to the smaller proportion of
NZB mtDNA (24.0% NZB and 76.0% B6 mtDNA) in the NZB�B6
mouse.

On sequencing of 114 NZB mtDNA clones, no clones contained
sequences identical to those of B6 mtDNA (see Fig. 10, which is
published as supporting information on the PNAS web site). These
observations suggested that the frequency of mtDNA recombina-
tion, even if it occurred, should be �1% in mouse tissues. On the
other hand, 18 clones possessed new somatic mutations (Fig. 10),
but no clones shared the same mutations, suggesting the absence of
clonal expansion of NZB mtDNA haplotypes carrying specific
somatic mutations in NZB�B6 mouse.

Discussion
This study provided convincing evidence for the presence of an
extremely low level of recombinant mtDNA haplotypes in mouse
tissues. Then, what is the biological significance of creating mtDNA
recombinants? One explanation is complementation of mitochon-
drial dysfunction caused by pathogenic mutations in mtDNA. In
this case, the restoration of respiratory function in the hybrid cells
(Fig. 5C) could be attained by production of recombinant haplo-
types with neither A3243G nor A4269G mutations, because the
accumulation of �5% recombinant haplotypes without either
mutation may restore respiratory function in the hybrid cells (29).
However, this study unambiguously showed that no such forms
were present in 101 clones of fragment B (Figs. 2 and 7), although
the hybrid cells showed restoration from respiration deficiency (Fig.
5C). These observations suggest that restoration in human hybrid
cells was entirely due to the exchange of mtDNAs or their products
between mitochondria, not to recombination between mtDNAs.
Thus, an extremely low level of mtDNA recombination, even if it
occurred, would not complement respiration defects caused by
various mutations in mtDNAs.

Another explanation for creating mtDNA recombinants is to
generate sequence divergence in the mammalian mtDNA popula-
tion. Creation of recombinant mtDNA haplotypes was reported in
species that show biparental mtDNA inheritance (1) or leakage of
paternal mtDNA (4). In these cases, recombination occurred
between maternal and paternal mtDNAs, and its biological mean-
ing should be to provide extensive variations of mtDNA haplotypes
in the species. In mammalian species, however, rapid and complete
elimination of paternal mtDNA from zygotes (19, 20) prevents the
coexistence of mtDNAs from both parents within individuals,
resulting in the homoplasmic nature of the maternal mtDNA
population in each individual. Thus, recombination of homoplas-
mic mtDNAs, even if it occurred, to create homoplasmic mtDNAs
does not seem to have any biological significance.

A low incidence of mtDNA recombination would also not be
effective to shed the burden of Mueller’s ratchet, which irreversibly

Fig. 4. Analysis of NZB mtDNA purified from skeletal muscles
of an F3 NZB�B6 mouse. Gene maps of mtDNAs of B6 strain
mice (red circle) and NZB strain mice (orange circle). One MluI
site, indicated by an arrowhead, is present in both B6 and NZB
mtDNAs and was used for cloning.
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accumulates deleterious mutations in such an asexual genetic
system as mammalian mtDNA. In fact, replication and transmission
of mtDNAs were shown to be under relaxed control (30), and
Takahata and Slatkin (31) showed by using a mathematical model
that random segregation of mtDNA was sufficient to reset Muller’s
ratchet even in the absence of mtDNA recombination.

Therefore, the frequency of recombination in mammalian
mtDNA is not sufficient for complementing respiration defects
caused by deleterious mutations in mtDNA (Fig. 5C), for the
generation of sequence variations in the mammalian mtDNA
population, and for resetting Mueller’s ratchet.

On the other hand, we speculate that the mtDNA recombinants
simply reflect products resulting from the mtDNA repair reaction
upon strand breakage. Because of the high concentration of reac-
tive oxygen species in mitochondria, there should be frequent
creation of single-strand breakage in mtDNA, resulting in some
strand invasion and displacement between homologous or heter-
ologous mtDNA molecules in heteroplasmic cells. In the case of
strand invasion between heterologous mtDNA molecules, nucleo-
tide mismatches in the heteroduplex should be subsequently re-
paired by mismatch repair activity in mitochondria (32). If invading
strands are repaired, there should be no sequence changes, but in
the case of repair of recipient strands, the repair process should
create sequences identical to those of the invading mtDNA mole-
cules. In fact, the mtDNA recombination we observed was re-
stricted to very small regions (Fig. 3C). Thus, the observed recom-
binant mtDNA haplotypes might simply reflect the gene conversion
products in the repair of damaged mtDNA molecules.

If extensive mtDNA recombination occurred in mammalian
species, it could have important influences on phylogenetic studies.
For example, it requires the reassessment of the conventional
mitochondrial eve hypothesis (13), because this idea was proposed
based on the assumption that no mtDNA recombination occurred
in mammalian species because of clonal inheritance of maternal
mtDNA. However, this study shows that the frequency of creation
of recombinant haplotypes is very low in mammalian species (Figs.
3B, 7, 8, and 10) even under very favorable conditions, which are
unlikely to occur in mammals given apparent mechanisms for
exclusion of paternal mtDNA�mitochondria (19, 20). Moreover,
although the transmission of paternal mtDNA was reported in a

patient with mitochondrial disease (33) and in mouse interspecies
F1 hybrids (20), subsequent studies showed no paternal mtDNA
leakage in patients with mitochondrial diseases (34, 35) and no
transmission of the leaked paternal mtDNA to following genera-
tions (20). Because paternal mtDNA leakage is rare and its
transmission is even rarer in mammalian species, creation and
transmission of recombinant mtDNA haplotypes through female
germ lines to the following generation is an extremely rare event,
even when paternal mtDNA leaks by some defect of the machinery
required to ensure complete elimination of sperm mtDNA from
zygotes. Therefore, these observations do not require any revision
of the important hypothesis (13).

This study resolves another controversial issue with respect to
mitochondrial genetic complementation (36, 37). Our previous
reports provided evidence for genetic complementation between
mitochondria based on the observation that expression of respira-
tion defects induced by exogenous �mtDNA was prevented by
endogenous wild-type mtDNA of the same mouse species in
mito-mice (17). Although the prevention of respiration defects
could be explained by assuming clonal expansion of wild-type
mtDNA preexisting in exogenous mitochondria (36), this possibility
was completely excluded by the findings that the exo- and endog-
enous mtDNA genotypes come into close enough proximity to
convert their sequences (Fig. 3B) and that clonal expansion of
specific mtDNA haplotypes did not occur in mouse tissues (Figs.
3B, 8, and 10). Therefore, mammalian mitochondria have the
abilities not only to exchange their genetic contents but also to
create gene conversion products (Fig. 3B). These observations
support our idea that free mixing of mitochondrial genetic com-
ponents throughout the mitochondrial network would protect
mammalian mitochondria from direct expression of respiration
defects caused by accumulated somatic mutations in mtDNAs or by
reactive oxygen species-induced mtDNA strand breakage (15–17).
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