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mtDNA Recombination: What Do In Vitro Data Mean?

Neil Howell

Departments of Radiation Oncology and Human Biological Chemistry and Genetics, The University of Texas Medical Branch, Galveston

In a provocative and stimulating study, Thyagarajan et
al. (1996) show that extracts of mitochondria from hu-
man cells harbor enzymes that catalyze the homologous
recombination of DNA plasmids. These authors high-
light an important discrepancy. If mitochondria have
the enzymatic machinery to carry out homologous re-
combination in vitro between DNA plasmids, then why
hasn’t recombination in situ between mtDNA molecules
been detected?

Actually, there were early reports, using physical ap-
proaches rather than genetic or molecular analyses of
marker exchange, of mtDNA recombination in interspe-
cific rodent-human hybrids (Horak et al. 1974), but
those results were refuted by subsequent investigations
(Zuckerman et al. 1984). Thyagarajan et al. (1996) sug-
gest that recombination does not occur in interspecific
hybrid cells because of the extensive sequence divergence
between the mtDNAs, but recent data indicate the ex-
treme rarity (and possibly the absence) of intergenomic
or reciprocal mtDNA recombination in human cells.
Thus, Ohno et al. (1996) described a patient with a
multisystem mitochondrial disorder who was hetero-
plasmic for the MELAS (mitochondrial encephalopathy,
lactic acidosis, and strokelike episodes) point mutation
at nucleotide 3243. In addition, an mtDNA deletion also
was found in the patient’s muscle tissue. Significantly,
the deletion was found only in mtDNA molecules that
carried the 3243 mutation and not in those that were
the wild-type sequence at this nucleotide. In other
words, there was no indication for crossover recombina-
tion between the deletion and the pathogenic point mu-
tation. Another triplasmic individual (i.e., having three
mtDNA genotypes but, in this instance, involving two
point mutations) has been studied recently, and, again,
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there was no evidence for recombination (Bidooki et al.
1997). In both studies, however, the level of sensitivity
was not great, and a low frequency of recombination
cannot be excluded. We have analyzed several triplasmic
family members from a LHON (Leber hereditary optic
neuropathy) pedigree: one putative mtDNA recombina-
tion event was observed (with a frequency of ~1% for
that individual), but the two markers are separated by
only 40 bp. A PCR artifact may be a more likely expla-
nation for this rare crossover event (Howell et al. 1996).
The pathogenic role of mtDNA deletions, in clinical
disorders such as Kearns-Sayre syndrome or Pearson
syndrome, has been recognized for almost 10 years, but
whether such deletions are generated by illegitimate in-
tragenomic recombination or by slipped-strand mispair-
ing during replication is not yet known (reviewed in
Larsson and Clayton 1995). One difficulty for either
model is that deletion breakpoints are not always associ-
ated with short repeat sequences (e.g., see Mita et al.
1990). However, in a small number of cases in which
short repeat sequences constituted the breakpoints, the
first repeat was retained in the deleted molecule, which
is a prediction of the slipped-strand mispairing model
(Shoffner et al. 1989; Degoul et al. 1991). On the other
hand, Mita et al. (1990) observed that mtDNA deletion
breakpoints were often near topoisomerase binding
sites, which is an intriguing result that will be discussed
below (also see Blok et al. 1995). Furthermore, Poulton
et al. (1993) have suggested that mtDNA duplications
may be a transient intermediate in the generation of
deletions. Both sets of results seem to favor illegitimate
recombination rather than slipped-strand mispairing.
Thyagarajan et al. (1996) further speculate that the
mammalian mitochondrial homologous-recombination
system generates only gene conversion—type events,
rather than the reciprocal exchange of sequences. If con-
version is limited to small regions of the mtDNA, then
one might not detect recombination, either by molecu-
lar-genetic analysis of widely spaced markers in triplas-
mic individuals or by physical approaches such as those
of Clayton et al. (1974). Another possible explanation
for the apparent lack of a marker exchange—type recom-
bination in mammalian mitochondria is that intergeno-
mic mtDNA recombination requires not only a recombi-
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nase, but also a mechanism whereby genotypically
distinct mtDNA molecules are brought into sufficient
physical proximity for recombination/conversion to oc-
cur. It has been reported that mitochondria that carry
distinct populations of wild-type and deleted mtDNA
molecules mingle freely and rapidly within cells and
show complementation at the level of mitochondrial
translation (Hayashi et al. 1994; Takai et al. 1997),
thereby attaining the homogeneous intracellular distri-
bution that should be permissive for recombination.
Those studies, however, conflict with others. Thus,
Yoneda et al. (1994) did not observe complementation
when mitochondria with different mtDNA genotypes
were introduced into the same cell, even after 3 mo in
continuous culture, although they postulate that com-
plementation does occur if the mtDNA molecules arise
within the same population of organelles (also see Shou-
bridge 1994). Recent measurements of mtDNA replica-
tion in situ reveal a complex and dynamic intracellular
process in which replication is localized to the perinu-
clear region of cells and in which the newly replicated
mtDNA molecules then are distributed rapidly through-
out the mitochondrial network (Davis and Clayton
1996). What these results mean for complementation
and intermitochondrial exchange of mtDNA molecules
is not yet clear, but they are a salutary reminder that all
aspects of mitochondrial genetics will be constrained
by the structural organization of the mtDNA molecules
within the organelles and by the dynamics of this organi-
zation.

However, even if there is intermitochondrial comple-
mentation within cells, this process still may not be suf-
ficient to bring mtDNA molecules into the physical
proximity that is necessary for recombination. In mam-
malian cells, mtDNA molecules do not form a freely
mixed, or panmictic, pool; instead, they are sequestered
into clusters, or nucleoids, of 2—10 molecules that are
attached to the inner mitochondrial membrane (e.g., see
Nass 1969; Satoh and Kuriowa 1991). If the exchange
of mtDNA molecules among different nucleoids is slow,
then there will be limited opportunity for recombination
to occur, even if organelle fusion/fission occurs at a high
frequency (which apparently is the normal situation at
some stages of mammalian oogenesis and embryogene-
sis; reviewed in Smith and Alcivar 1993). It is interesting
to note that mtDNA recombination has not been de-
tected in Paramecium tetraurelia, probably as a result
of inefficient mitochondrial fusion (Adoutte et al. 1979).

It may be worthwhile to step back from the issue
of the detection of mtDNA recombination and to ask,
instead, how else might mammalian mitochondria uti-
lize an enzymatic machinery that can catalyze recombi-
nation. Mammalian mtDNA is maternally transmitted
and is thus, from the population-genetics perspective, a
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system of small, sexually isolated demes, or clonal lin-
eages. As a consequence, there is almost no opportunity
for mitochondrial “sex,” and, therefore, mammalian
mtDNA faces the possibility of evolutionary extinction
through the operation of Muller’s ratchet, because there
is no efficient mechanism for the removal of deleterious
mutations from the lineage’s mitochondrial gene pool
(reviewed in Howell 1996). There may be a very low
level of paternal mtDNA transmission in mammals (e.g.,
see Gyllensten et al. 1991), but it stretches credulity
that evolution would sustain a system to foster genetic
exchange among maternal mtDNA and those exceed-
ingly rare paternal mtDNA molecules. Although recom-
bination is almost a universal genetic process, natural
selection will act against recombination if the advan-
tages of the maintenance of sets of coadapted genes out-
weigh those gained through recombination (Maynard
Smith 1977). In view of the extraordinarily high mtDNA
mutation rate and of the unusually compact genetic or-
ganization of mammalian mtDNA, one easily can imag-
ine a scenario in which reciprocal recombination would
be disadvantageous. In fact, the lack of recombination
may be one mechanism that has evolved to slow Muller’s
ratchet in mammalian mitochondrial genomes.

Thyagarajan et al. (1996) also suggest that the homol-
ogous-recombination activity functions in DNA repair,
possibly involving a recA-like enzyme. As is discussed
in their article, the general view on this issue has shifted
from “no repair” to “some repair.” However, mamma-
lian mtDNA is a high-copy number system (thousands
of copies/cell), and, therefore, such cells seemingly have
the luxury of forgoing extensive repair systems (e.g., see
Clayton et al. 1974), because the failure to replicate
of a small proportion of damaged mtDNA molecules
imposes little cost. On the other hand, if only a subpopu-
lation of mtDNA molecules, such as those localized in
the perinuclear region, are replicated (Davis and Clayton
1996), then the evolutionary advantage of a repair sys-
tem becomes more tenable.

One suggestion that seems to tie together several fea-
tures of mammalian mitochondrial genetics is that the
homologous-recombination activity detected by Thya-
garajan et al. (1996) may be part of a topoisomerase/
resolvase complex that functions to separate daughter
monomers, at the termination of replication, and then
to introduce superhelical turns into these monomers
(Clayton 1982). It has been reported that mammalian
mitochondria contain a topoisomerase that has different
properties from those of its nuclear homologue (Topcu
and Castora 1995). The termination of bacterial genome
replication involves a tightly integrated process of re-
combination, topological resolution of daughter mole-
cules, and partitioning (e.g., see Lobner-Olesen and
Kuempel 1992; Louarn et al. 1994). However, in con-
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trast to the high-fidelity resolvase system that governs
chromosome partitioning and nucleoid organization, in
bacteria, the enzymatic machinery that catalyzes segre-
gation or separation of daughter mtDNA molecules is
imprecise, and there is a substantial fraction of complex
mtDNA forms, either unicircular or concatenated oligo-
mers, in many types of mammalian cells (Clayton and
Smith 1975; Howell et al. 1984). Both mtDNA duplica-
tions and mtDNA deletions (discussed above) ultimately
may arise through “mistakes” of the topoisomerase/re-
solvase complex. Lockshon et al. (1995) have shown
that, in yeast mitochondria, increased levels of topologi-
cally complex mtDNA species (generated in their system
by a failure to resolve recombination junctions) alter
the pattern of mtDNA segregation, by reduction of the
number of segregation units. These results suggest that a
resolvase function may be important not only for proper
replication and partitioning of human mtDNA, but also
for the control of segregation.

The results of the study by Thyagarajan et al. (1996)
are convincing, important, and tantalizing. However,
the physiological significance of this recombinase re-
mains inaccessible, because there is still neither any evi-
dence for reciprocal recombination of mtDNA mole-
cules nor any apparent reason that such an activity
would be beneficial. When we resolve this paradox, we
will have obtained some key insights into human mito-
chondrial biogenesis and evolution. However, this is a
genetic system that “plays by its own rules,” and we
should anticipate further surprises along the way.
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