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Abstract. In this article we review the evidence for
and against recombination in human mtDNA. If recom-
bination occurs, there needs to be a route by which ge-
netic material can incorporate itself into the mitochon-
drial genome, and hence between mitochondrial
lineages. We review the evidence for possible routes and
then review the current state of the population genetic
evidence for recombination. We conclude that there is no
firmly established route by which recombination can oc-
cur, and that while some of the population genetic evi-
dence is suggestive of recombination, it is far from con-
clusive.
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Introduction

Mitochondrial DNA has been used extensively in the
study of human evolution. In almost all of these analyses
it has been assumed to be maternally inherited and there-
fore clonal. However, in the past decade a number of
papers have been published which have claimed evi-
dence of paternal transmission (Gyllensten et al. 1991) or
of recombination (Awadalla et al. 1999; Eyre-Walker et
al. 1999a; Hagelberg et al. 1999) in mammalian mito-
chondria. In this article we will review the current state
of the debate. We will begin by examining the evidence

for the three primary pathways by which mitochondria
might become non-clonal, we will then discuss the evi-
dence that recombination has occured. While this article
will concentrate on humans, the results are likely to have
implications for our understanding of mitochondrial evo-
lution in other species.

There are three pathways by which the clonality of
mtDNA might break down (i) by recombination between
mtDNA molecules carrying different new mutations in a
heteroplasmic individual, (ii) by recombination between
the mtDNA and a nuclear encoded pseusdogene copy of
the mtDNA, and (iii) via paternal leakage. Each of these
pathways requires that mitochondria have the enzymes
necessary to promote homologous recombination, or that
they can take up recombinant DNA or RNA from the
cytoplasm. There is now fairly good evidence that mam-
malian mitochondria can catalyse homologous recombi-
nation from both in vitro and in vivo studies. Thyagara-
jan et al. (1996) have shown that mitochondrial extracts
from several human cell lines, and rat liver, can catalyse
homologous recombination in vitro, and two studies of
mtDNA rearrangement strongly suggest that recombina-
tion can occur in vivo, both within a single mtDNA
molecule (Tang et al. 2000) and between different
mtDNA molecules (Holt et al. 1997).

Heteroplasmy

The simplest route by which mtDNA can become non-
clonal is via recombination within a heteroplasmic indi-
vidual. Several heteroplasmic individuals have been
tested for recombination (Bidooki et al. 1997; Ohno et al.
1996), but only one putative recombinant has been de-
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tected (Howell et al. 1996), and this may have been an
experimental error (Howell 1997). The apparent lack of
recombination in these individuals may be because re-
combination does not occur in vivo, recombination is
occuring at a rate too low to be detected, or because
mitochondrial fusion is rare in many tissues (see below).
Regardless, recombination within a heteroplasmic indi-
vidual will have no discernible effect on haplotype varia-
tion unless there are at least two mutations segregating
within an individual, and the recombinant and the three
non-recombinant genotypes have descendents in the
sample of sequences being considered. Since three of
these genotypes have to come from the individual in
which the recombination event takes place, the “wild-
type” genotype can be sampled from elsewhere, and
most individuals do not leave one, let alone three geno-
types which have descendents, it seems unlikely that re-
combination in heteroplasmic individuals will be a major
source of non-clonality, particularly since germ-line het-
eroplasmy is relatively rare in humans (Bendall et al.
1996; Howell et al. 1996; Monnat et al. 1985).

Nuclear Pseudogenes

The second route by which mtDNA might become non-
clonal is via recombination with one of the many copies
of the mtDNA that are found in the nucleus; in humans
it is estimated there may be as many as 1000 pseudogene
sequences of mitochondrial origin in the nucleus (Ka-
mimura et al. 1989). Such pseudogene copies are also
found in many other organisms (Zhang and Hewitt
1996). There would appear to be various pathways by
which recombination could occur with a pseudogene; for
example, the pseudogene might be transcribed, and then
reverse transcribed in the nucleus, exported to the cyto-
plasm, and then taken up by a mitochondrion. In all of
these pathways mitochondria need to be able to take up
either RNA or DNA. Experiments in yeast have shown
that DNA can leave the mitochondria at a rate of∼2 ×
10−5 but no flow of DNA was detected in the opposite
direction (Thorsness and Fox 1993). However, it is clear
that the mitochondria of a wide range of eukaryotes,
including humans, import various RNAs (Doersen et al.
1985; Li et al. 1994; Magalhaes et al. 1998) and even
viral RNA (Somasundaran et al. 1994).

Paternal Leakage

It seems that the most likely route by which mtDNA
could become non-clonal is via paternal leakage, since
there is good evidence that paternal mitochondria enter
the egg in both humans (Ankel-Simons and Cummins
1996), and other mammals (Gyllensten et al. 1991;
Kaneda et al. 1995; Shitara et al. 1998; Sutovsky et al.

1999). However, in many mammalian species there are
efficient mechanisms for the destruction of the paternal
mitochondria (Cummins et al. 1997; Sutovsky et al.
1999) and mtDNA (Kaneda et al. 1995; Shitara et al.
2000), though these mechanisms are probably not in-
fallible.

There are currently no known examples of paternal
inheritance of mtDNA within a mammalian species,
though paternal inheritance has been observed in a cross
between two mouse species (Gyllensten et al. 1991 see
Shitara et al. 1998). Paternal inheritance has never been
observed in humans, either in pedigree studies (Jazin et
al. 1998; Parsons et al. 1997; Sigurdardottir et al. 2000;
Soodyall et al. 1997), or in cases of artificial fertilization
using intracytoplasmic sperm injection (ICSI) (Danan et
al. 1994; Houshmand et al. 1997; Torroni et al. 1998).
However, the numbers of cases that have been examined
is small; only 38 ICSI cases have been investigated, and
the total number of generational events considered in
pedigrees probably does not exceed 2500, even if all the
pedigrees used to establish maternal inheritance of vari-
ous genetic diseases are taken into account. Given that a
human egg contains about 100,000 mitochondria com-
pared to the 100 or so in the sperm, and paternal mito-
chondria do appear to be preferentially degraded, it is
perhaps not surprising that paternal inheritance has not
been observed in these studies. Furthermore, paternal
inheritance has rarely been tested for. For example, (Sig-
urdardottir et al. 2000) sequenced part of the mitochon-
drial control region from 705 generational events from
several Icelandic pedigrees. Single base pair changes
were assumed to be mutations, whilst changes at multiple
sites were assumed to be due to an error in the pedigree,
or laboratory error. Paternal inheritance was never tested
for, though it could have been responsible for the cases in
which several sites changed simultaneously.

Paternal inheritance in itself does not imply non-
clonality. There needs to be recombination between dif-
ferent mtDNAs, and for this it seems there needs to be
mitochondrial fusion or the uptake of paternal mtDNA,
possibly released from the cytoplasm by the degradation
of paternal mitochondria. As we have remarked earlier,
there is no evidence that DNA can be taken up by mi-
tochondria, and the evidence for mitochondrial fusion is
contradictory. Experiments with human cell lines seeded
with different types of mutant mitochondria suggest that
mitochondrial fusion is very rare, in cell lines at least,
since there is little, if any, complementation (Enriquez et
al. 2000; Takai et al. 1999). However, fusion does appear
to occur at some stages of development, including em-
bryogenesis (Smith and Alcivar 1993).

There is, therefore, no well-established route by
which mtDNA might become non-clonal, although pa-
ternal leakage seems a definite possibility since an oc-
casional breakdown in the system which eliminates pa-
ternal mitochondria may be all it takes for paternal
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mtDNA to recombine with maternal mtDNA, given that
mitochondrial fusion appears to occur during embryo-
genesis (Smith and Alcivar 1993), and mitochondria con-
tain the enzymes necessary for homologous recombina-
tion (Thyagarajan et al. 1996). Furthermore, it is
important to appreciate that even very rare recombina-
tion may have a significant and detectable effect in terms
of evolution. Two lines of population genetic evidence
suggest that recombination might have occured, though
the matter is far from resolved.

Homoplasies

Most phylogenetic trees constructed using mtDNA se-
quences collected from within an animal species contain
homoplasies, instances where the same change occurs at
the same site in several places on the phylogenetic tree.
Homoplasy is particularly prevalent in the human control
region. Vigilant et al. (1991), for example, sequenced the
control region of 189 people. The shortest tree they could
find for the 119 informative sites in the data had 552
steps, and therefore 433 homoplasies. However, homo-
plasies are not just found in control region. In the dataset
of 53 complete human mtDNA sequences recently pub-
lished by Ingman et al. (2000) there are 208 informative
sites outside the control region. The shortest tree we have
been able to find contains 73 homoplasies. If we just
restrict the analysis to third position synonymous vari-
ants, there are 127 informative sites and the shortest tree
has 39 homoplasies.

Homoplasies are either due to the same mutations
occuring at the same site in different parts of the tree, if
the inheritance of mtDNA is clonal, or they are due to
recombination. It has generally been assumed that they
are due to repeated mutation, despite the fact that this
implies that there is very substantial variation in the rate
of change across sites (Excoffier and Yang 1999; Ha-
segawa et al. 1993; Meyer et al. 1999; Wakeley 1993).
Until recently there was little independent evidence that
such variation in the rate of change existed. It was clear
that some variation would be caused by selection and
base composition bias, but these factors were considered
insufficient to explain the large amount of homoplasy
(Wakeley 1993). However, two studies show that there is
substantial variation in the mutation rate within the mi-
tochondrial genome. First, Howell and Bogolin Smejkal
(2000) have described a number of individuals in which
a T to C mutation at site 16189 leads to a very high rate
of T->C mutation at 16192, to the extent that some in-
dividuals with the 16189 mutation are heteroplasmic for
the 16192 mutation. Second, Stoneking (2000) has
shown that sites in the control region, where new mito-
chondrial mutations have been detected either in pedi-
gree studies, as somatic heteroplasmy, or in tumors, are
those which are estimated to have high rates of evolution

in human mitochondrial data when clonality is assumed;
i.e. they tend to be sites at which there are homoplasies.
This could be due to selection; if some sites are under
strong selective constraint, then one will not see muta-
tions at those sites, either in pedigree studies or in popu-
lation surveys. We can test this possibility by excluding
those sites which are estimated to have a low rate of
evolution in the phylogenetic studies. Sites with muta-
tions detected through pedigree studies, somatic hetero-
plasmy, and in tumors all have higher average rates of
evolution, even if we exclude those sites which we might
infer to be under selective constraint because of their low
rate of evolution (Table 1).

However, this leaves two related questions: Are hy-
permutable sites unique to the control region, and can
they explain the high level of homoplasy observed in
phylogenetic studies? We only partly know the answer to
these questions. Hypermutable sites can be divided up
into two categories: sites at which the rate of mutation is
elevated in one direction only, and sites at which the rate
of mutation is elevated in multiple directions. Unidirec-
tional hypermutable sites should be fairly easy to identify
because they will be common if they exist, and if they are
common they will leave one of two signatures in the
data. They are likely to be common for the following
reason: imagine we have a site in which the rate of C->T
is 20 times the rate of T->C; the site will therefore be
generally found in the non-hypermutable state as T.
Hence, if we have 20 hypermutable sites in the hyper-
mutable state, we will have approximately 400 hyper-
mutable sites in the non-hypermutable state. Eyre-
Walker et al. (1999b) estimate that to explain the level of
homoplasy in their dataset of synonymous polymor-
phisms in human mtDNA, one would require at least
1300 hypermutable sites, the vast majority of which
would be in the non-hypermutable state. Such a large
number of hypermutable sites would have one of two
consequences: they would either generate extreme base
composition bias, or they would depress the level of
divergence at saturation below that expected from the
average base composition bias (i.e. if the frequency of C
is 90% and T 10% at two fold degenerate sites, then at
saturation we expect 2 × 0.9 × 0.14 18% of the sites to
differ). While there is strong base composition bias in

Table 1. Average rates of evolution of sites with new mutations,
excluding sites which have a zero rate of evolution. Rates of evolution
were inferred from human mtDNA sequences assuming clonality
(Meyer et al. 1999)

Site
Sites with
new mutation

Sites without
new mutation Probabilitya

Pedigree 3.07 1.14 0.0006
Heteroplasmy 2.26 1.11 0.0006
Tumour 3.43 1.12 0.0003

Data as used by (Stoneking 2000).
a Probability from a Mann-Whitney test.
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mtDNA, it is not as extreme as we would expect from
such a large number of hypermutable sites, and there is
no evidence of a depression in the level of divergence at
saturation below the level we expect from the average
base composition bias (Eyre-Walker et al. 1999a). There
is therefore no evidence of uni-directional hypermutable
sites at synonymous positions in human mtDNA. Eyre-
Walker et al. (1999a) also tested for bi-directional hy-
permutable sites, but some of the data were incorrect
(Macaulay et al. 1999), and since relatively few bi-
directional sites could explain the data, it may be very
difficult to detect them.

McVean, Awadalla and Fernhead (unpublished) have
another approach to the problem. They have developed a
method for estimating population recombination rates
using coalescent likelihoods for each pairwise compari-
son, allowing for variation in the mutation rate across
sites. Applying their method to the data published by
Ingman et al. suggests that if 10% of segregating sites are
hypermutable, and assuming a single panmictic popula-
tion of constant size, the most likely hypothesis is that
there is no recombination. A related test for recombina-
tion, based on the pairwise likelihoods of permuted sites
also fails to find evidence for recombination.

Merriweather and Kaestle (1999) have argued that
mtDNA is clonal since most pairs of sites in the control
region of human mtDNA, are in total linkage disequilib-
rium (i.e. only two or three of the possible four geno-
types are present) and those pairs of sites that are not
appear as hypervariable in phylogenetic studies. But their
argument is circular. The circularity arises because they
assume clonality in deducing which sites are hypervari-
able, i.e. they assume clonality to infer clonality. The
data are consistent with clonality, but the data are also
consistent with recombination. If recombination has oc-
cured then the sites which have recombined will be in
less than total linkage disequalibrium (LD), and they will
therefore generate homoplasies, and hence apparent hy-
pervariability.

Linkage Disequilibrium

Awadalla et al. (1999) have recently shown that LD de-
clines as a function of the distance between sites in a
number of human and chimpanzee mtDNA datasets, a
pattern which is highly consistent with recombination.
However, this analysis has been criticized on a number
of grounds including data quality (Kivisilid and Villems
2000), choice of LD measure (Jorde and Bamshad 2000;
Kumar et al. 2000), and consistency of results (Jorde and
Bamshad 2000). It seems unlikely that the results ob-
tained by Awadalla et al. (1999) are due to poor data
quality, since they used 6 independent datasets, and se-
quencing and typing errors are not likely to generate
consistent trends. Perhaps more interesting are the other

two criticisms. Awadalla et al. (1999) used the square of
the correlation of allele frequencies, r2, to measure LD,
however, it has been suggested that the absolute value of
D8, D over its maximum value, is a more appropiate
measure of LD (Hedrick 1987), and there is no relation-
ship between |D8| and distance in the hominid datasets
analysed by Awadalla et al. (1999) (Jorde and Bamshad
2000, Kumar et al. 2000). Kumar et al. (2000) also sug-
gested the probability value from a Fisher’s exact test as
a measure of LD. The logarithm of this measure exhibits
similar patterns to those observed with r2 (Awadalla et al.
2000), which is not surprising since the measures are
highly correlated (Awadalla et al. 2000; Hedrick 1987).

The difference in the results obtained with r2 and |D8|
could be due to processes, other than recombination,
generating a correlation between r2 and distance, or it
could be due to a difference in the power of the two
statistics to detect recombination. It has been suggested
that it might be the former, since it has been claimed that
r2 is more sensitive to allele frequencies than |D8| (Jorde
and Bamshad 2000; Kumar et al. 2000). However, no
suggestions have been made as to what the pattern in
allele frequencies might be which would generate an
artifactual correlation between r2 and distance; neither of
the statistics 1/(P1(1 − P1)P2(1 − P2) (i.e. reciprocal of the
denominator of r2) or (P1 − P2)

2, where P1 and P2 are the
minor allele frequencies at the two sites, are correlated to
the distance between sites (Awadalla et al. 2000; Meu-
nier and Eyre-Walker unpublished results).

Recent simulations suggest that |D8| and r2 have simi-
lar power to detect recombination when they are corre-
lated against the distance between sites, at least in a
simple model with stationary population size and no hy-
permutability (Meunier and Eyre-Walker unpublished
results). However, the two statistics detect recombination
using different information. |D8| essentially derives all of
its information about recombination from the presence of
four genotypes in a pairwise comparison, since |D8| is
only <1 when there are four genotypes, and four geno-
types can only be generated by recombination or re-
peated mutation. In contrast, simulations show that r2 can
detect recombination even when pairwise comparisons
with four genotypes are removed from the analysis
(Meunier and Eyre-Walker unpublished results). It is
telling that the removal of the four genotype pairwise
comparisons from the hominid datasets analysed by
Awadalla et al. (1999) makes little difference to the cor-
relation between r2 and distance, or the significance of
the correlation (Meunier and Eyre-Walker unpublished
results). The difference between |D8| and r2 therefore
seems to lie with the four genotype pairwise compari-
sons. But why do pairwise comparisons with all four
genotype configurations, the most obvious evidence of
recombination, not yield evidence of recombination, if
recombination is occuring? One possible reason is hy-
permutable sites. If some of the four genotype pairwise
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comparisons are not generated by recombination, but by
repeated mutation, this will act as noise which will re-
duce the power of |D8| to detect recombination. |D8| and
r2 may also have different powers to detect recombina-
tion under more complex population demographics than
the model investigated by Meunier and Eyre-Walker.

Awadalla et al. (1999) showed that LD was negatively
correlated to distance for the six hominid and chimpan-
zee datasets that they analysed. However, this consis-
tency has not been found in other human datasets; of the
16 human, and one chimpanzee, datasets which have
been looked at, 10 show a negative correlation with dis-
tance, with 7 showing non-significant small positive cor-
relations (Elson et al. 2001; Eyre-Walker 2000; Ingman
et al. 2000; Jorde and Bamshad 2000). A Bonferroni
correction for multiple simultaneous tests leaves only the
chimpanzee dataset significant. However, there are some
clear trends in the data; almost all the positive correla-
tions are less in absolute value than the negative corre-
lations, several of the negative correlations are statisti-
cally significant, and there is an excess of negative
correlations.

One of the analyses warrants further comment. Many
of the mtDNA datasets are collected from diverse popu-
lations to study demography. This yields the problem of
LD introduced by population sub-division which cannot
be broken down by recombination. To overcome this
Elson et al. (2001) recently investigated a dataset of 64
european mtDNAs. They found no relationship between
LD and distance for either r2, ID8, or a third measure of
LD, d (Devlin and Risch 1995). Unfortunately, they also
included two African sequences in their sample. Re-
moval of the African sequences does not affect their
results (N. Howell, personal communication) but there
may be very few variable sites in the analysis.

It will not have escaped the astute that there is some
conflict between the main lines of evidence for recom-
bination. The LD analysis suggests that most of the in-
formation about recombination lies with the two and
three-genotype comparisons, whilst the homoplasy
analysis suggests that the information lies with the four-
genotype comparisons. Resolving this disparity will re-
quire a much better understanding of hypermutability
and linkage disequilibrium.

Other Evidence

Birds offer a novel means to test whether the inheritance
of mtDNA is clonal since the heterogematic sex in birds
is the female; the inheritance mitochondria and the W-
chromosome are, therefore, both maternal. Berlin and
Ellegren (unpublished) have recently tested whether
trees constructed with mtDNA and W-chromosome data
are coincident, as we would expect if the inheritance of
both were clonal, in peregrine falcons. They found no
evidence of any disparity in the trees, although they only
had one W-chromosome polymorphism.

Conclusions

The question of whether mitochondria recombine is far
from resolved. There is currently no established route by
which mitochondria could become non-clonal, though
paternal inheritance is clearly a possibility, and the popu-
lation genetic evidence for recombination is the subject
of considerable debate. However, the question of wheth-
er mitochondria recombine, is clearly worth resolving.
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