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Animal mitochondrial DNA is characterized by a remarkably high level of within-species homoplasy, that is,
phylogenetic incongruence between sites of the molecule. Several investigators have invoked recombination to
explain it, challenging the dogma of maternal, clonal mitochondrial inheritance in animals. Alternatively, a high level
of homoplasy could be explained by the existence of mutation hot spots. By using an exhaustive mammalian data set,
we test the hot spot hypothesis by comparing patterns of site-specific polymorphism and divergence in several
groups of closely related species, including hominids. We detect significant co-occurrence of synonymous
polymorphisms among closely related species in various mammalian groups, and a correlation between the
site-specific levels of variability within humans (on one hand) and between Hominoidea species (on the other hand),
indicating that mutation hot spots actually exist in mammalian mitochondrial coding regions. The whole data,
however, cannot be explained by a simple mutation hot spots model. Rather, we show that the site-specific mutation
rate quickly varies in time, so that the same sites are not hypermutable in distinct lineages. This study provides a
plausible mutation model that potentially accounts for the peculiar distribution of mitochondrial sequence variation
in mammals without the need for invoking recombination. It also gives hints about the proximal causes of

mitochondrial site-specific hypermutability in humans.

[Supplemental material is available online at www.genome.org.]

Mitochondrial DNA sequence variation in animals is notoriously
characterized by a high amount of homoplasy, i.e., phylogenetic/
genealogic conflict between sites. This is true between species,
decreasing the efficiency of mitochondrial markers for phyloge-
netic analyses (see Springer et al. 2001; Delsuc et al. 2003), and
also within species, as reported in many population genetic and
phylogeographic surveys (see Vigilant et al. 1991; Vandewoesti-
jne et al. 2004). Given the prevalence of mitochondrial data in
molecular biodiversity, it is essential to understand the reasons
for such a high amount of discrepancy between sites and its
consequences on the interpretation of data sets. Eyre-Walker et
al. (1999) took this point of view when analyzing third-codon-
position variations between 29 nearly complete human mito-
chondrial genomes. They argued that the high amount of homo-
plasy they found was due to recombination between mitochon-
drial lineages—a strong claim challenging the “dogma” of
maternal, clonal mitochondrial inheritance in animals. This re-
port initiated a controversy.

There are two major mechanisms potentially explaining the
occurrence of homoplasy within species. The first one is recom-
bination. When partial genetic exchanges occur between dis-
tantly related individuals, the various segments of the recom-
bined molecules are phylogenetically incongruent, because they
actually have distinct genealogical histories. Alternatively, ho-
moplasy can be generated by convergence due to multiple mu-
tations. If two distantly related individuals independently receive
the same mutation at site i, then site i will wrongly support their
grouping, in conflict with other sites in the data set. The high
amount of homoplasy in mitochondrial DNA could therefore be
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due to the phylogenetic noise introduced by mutation hot spots.
In principle, an obvious difference between the two models is the
expected distribution of the number of distinct states taken by
polymorphic sites: Mutation hot spots, not recombination,
should generate three- or four-state polymorphisms. Mitochon-
drial DNA, however, undergoes more transitions (C<T and A~G
changes) than transversions, so that a majority of two-state poly-
morphisms is expected under both the recombination and the
hot spots hypothesis.

A number of studies have attempted to demonstrate the
occurrence of recombination in animal mitochondria. Recombi-
nation first appeared supported in humans by linkage disequi-
librium (Awadalla et al. 1999) and geographic (Hagelberg et al.
1999) analyses, but these studies were criticized (Kivisild and Vil-
lems 2000; Hagelberg 2003) and/or could not be reproduced
when the data set increased in size (Ingman et al. 2000; Innan
and Nordborg 2002). Given the cytological evidence for maternal
mitochondrial inheritance in animals (see Birky 1995), several
investigators called for prudence before invoking recombination
and suggested that the mutational hypothesis should be favored
until it is formally rejected (Hey 2000). Recent reports, however,
provided indirect evidence for mitochondrial recombination in
several animal species (Piganeau et al. 2004; Gantenbein et al.
2005; Tsaousis et al. 2005), as well as direct proof of paternal
leakage (Schwartz and Vissing 2002) and subsequent recombina-
tion (Kraytsberg et al. 2004) in one human.

Curiously, despite the importance of the debate, the alter-
native mutation hot spots hypothesis has not been examined in
depth. In their seminal article, Eyre-Walker et al. (1999) consid-
ered various mutational models potentially explaining homo-
plasy in humans, i.e., unidirectional and bidirectional mutation
hot spots. They found that not one of them was supported by the
data. Stoneking (2000) and Pesole and Saccone (2001) showed
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that very recent somatic and germline mutations in the human
mitochondrial control region tend to occur at evolutionarily hy-
pervariable sites, suggesting that these sites are true hot spots.
Aside from these reports, the debate has focused on recombina-
tion, mutation hot spots being invoked when the recombination
hypothesis was not firmly supported. In particular, no response
has been provided to Eyre-Walker et al.’s (1999) rejection of vari-
ous mutation hot spots models in human coding regions.

In this article, we take the point of view of trying to detect
mutation hot spots from mitochondrial DNA sequence variation,
and asking whether they can explain the high level of homoplasy
observed within species. Mutation hot spots, if any, should result
in the co-occurrence of polymorphisms between closely related
species, assuming that a hot spot in species 1 is still hot in species
2. They should also imply a correlation across sites of within-
species and between-species variability—a hot spot should con-
tribute both to polymorphism and divergence and be variable
both within and between species. By using mammals as a model
taxon, we take a phylogenetic approach to check these predic-
tions of the mutation hot spots hypothesis and to try to eluci-
date the causes of the high level of homoplasy in mitochondrial
DNA.

Results

Data sets

Two data sets were built from public databases. We first extracted
from Polymorphix (Bazin et al. 2005), a data set of mammalian
species for which the (nearly) complete cytochrome b (MT-CYB)
gene has been sequenced in six individuals or more. Cytochrome
b was chosen because it is the only mitochondrial protein-coding
gene for which polymorphism data are available in several
groups of closely related mammals. Sequence alignments were
inspected by eye and corrected when required. Dubious se-
quences were manually removed. These include potential
nuclear pseudogenes and sequences with many gaps or undeter-
mined nucleotides. Then sequences from congeneric species were
gathered, and maximum-likelihood phylogenetic trees were
built. Several species were not monophyletic, because of genetic
introgression, incomplete lineage sorting, or taxonomic uncer-
tainties. A small number of sequences were removed or reas-
signed to ensure species monophyly. One highly polyphyletic
species had to be removed, and the two species from genus Pseu-
dois were fused in a single data set because of their intricate ge-
nealogies. We ended up with 113 mammalian cytochrome b data
sets (see Supplemental material), each with six to 105 sequences;
among the hundreds of human cytochrome b sequences avail-
able, the 105 ones obtained by Ingman et al. (2000) and Ingman
and Gyllensten (2003) were used, to avoid a strong size discrep-
ancy with other data sets. These data sets encompassed 11 orders,
32 families, and 66 genera, among which 27 were represented by
more than one species (data set available from http://
kimura.univ-montp2.fr/data). Since this study aims at addressing
mutational effects, we focused on transitions (C<T and A~G
changes) at third-codon positions, following the method of Eyre-
Walker et al. (1999). All these changes are synonymous and
therefore presumably neutral. They correspond to ~90% of ob-
served polymorphisms. Data sets included 368-380 third-codon
positions, and the percentage of polymorphic third-codon posi-
tions varied from 1.05% (Lemur catta) to 51.05% (Phyllotis xan-

thopygus).

In addition to this mammalian cytochrome b data set (see
Supplemental material), a Hominoidea full-genome data set was
built by gathering 560 human mitochondrial sequences (Herrn-
stadt et al. 2002), the two sequences available from GenBank for
chimpanzee (Pan troglodytes) and gorilla (Gorilla gorilla), and the
one sequence available for bonobo (P. paniscus), Borneo orangu-
tan (Pongo pygmaeus), Sumatra orangutan (P. pygmaeus abelii),
and one gibbon (Hylobates lar). The human data set includes
African, European, and Asiatic samples. The control region was
excluded because it has its own specific evolutionary process and
cannot be easily aligned between species so divergent; 15,370
gap-free sites were finally analyzed.

Mammalian cytochrome b

Homoplasy analysis

We first checked whether the amount of within-species homo-
plasy in mammalian cytochrome b was actually higher than ex-
pected. Homoplasy is defined as the sum across sites of the par-
simony score plus one minus the number of distinct states (Kluge
and Farris 1969). The homoplasy is high when sites disagree with
respect to the underlying phylogeny. This number was calculated
for each species and compared with the expectation under the
null hypothesis of equal mutation rates across sites, i.e., no hot
spot. The null distribution was obtained by simulation. For each
species, a maximum-likelihood analysis was conducted assuming
constant rates for sites, and 1000 data sets were generated by
using the inferred tree, branch lengths, and rate matrix. We con-
trolled that the proportions of polymorphic sites in simulated
data sets were comparable to those of real data sets (not shown).
Then homoplasy was calculated for each simulated data set, and
the P-value was defined as the proportion of simulated data sets
showing more homoplasy than the real data.

Results are given in Figure 1. Many but not all data sets
showed significant homoplasy. The amount of homoplasy is cor-
related to the proportion of polymorphic sites, as expected—little
variation implies little conflict. The human data set showed sig-
nificant homoplasy (observed: eight, expected: 1.74, P <107 3),
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Figure 1. Cytochrome b polymorphism and homoplasy in 113 mam-
malian species. Each symbol is for one species: x-axis, proportion of third-
codon position polymorphic sites; y-axis, total within-species homoplasy
at third-codon position; open circles, nonsignificant homoplasy; and
crosses, significant homoplasy.
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consistent with previous studies (Eyre-Walker et al. 1999). Al-
though not every species showed the same pattern, this analysis
overall confirmed the strong level of within-species homoplasy
in mammalian cytochrome b, asking for an explanation.

Co-occurrence analysis

Mutation hot spots, if any, should tend to generate polymor-
phisms in several species, resulting in the co-occurrence of poly-
morphic sites among closely related species. We first checked this
prediction at the genus level—this concerns only polyspecific
genera, i.e., genera represented by more than one species. For a
given polyspecific genus, we call co-occurrence a site polymor-
phic in strictly more than half the number of species represented.
This (arbitrary) threshold is two for genera represented by two or
three species, three for genera represented by four or five species,
etc. Note that such co-occurrences actually correspond to several
mutations having appeared independently in distinct species.
Shared alleles due to ancestral polymorphism or secondary in-
trogression were removed before the analysis when making each
species monophyletic (see Data sets section).

For every genus, the observed number of co-occurrences was
compared to the expectation under the hypothesis of indepen-
dence of mutation events between species. Sites in each species
were randomly permuted 1000 times, and the amount of co-
occurrence of polymorphisms was recomputed from shuffled
data sets. Randomizing the location of polymorphic sites within
species removes the effect of potential mutation hot spots on
polymorphism co-occurrence. The P-value was defined as the
proportion of randomized data sets for which co-occurrence was
higher than in the real data. Purines and pyrimidines were ran-
domized separately in this procedure;

i.e., a purine site in the real data set was

Hot spots model

To achieve this aim, we simulated data sets at the genus level
under the hot spots hypothesis. For each polyspecific genus, se-
quences from all species were gathered in a single file, and a
maximume-likelihood phylogenetic analysis was performed.
Then 100 data sets were simulated by using the inferred tree,
branch lengths, and rate matrix, and a +v distribution of rates
across sites, thus mimicking mutation hot spots and assuming
shared hot spots between species. We call this model the con-
stant hot spots model. The shape parameter of the assumed ~y
distribution was tuned so that simulated data sets resemble the
observed one with respect to the number of polymorphic sites
and amount of homoplasy within species. Co-occurrence of poly-
morphisms was then computed for each simulated data set and
compared with the actual one. For 20 genera out of 27, the ob-
served level of co-occurrence of polymorphisms between species
was lower than expected under the constant hot spots hypoth-
esis, and this trend was significant in eight genera. For these
genera, the constant hot spots model cannot explain both the
observed level of homoplasy within species and the observed
level of polymorphism co-occurrence between species: When
more hot spots were introduced in the simulations by increasing
the variance of the assumed v distribution in order to equate the
expected and observed amounts of co-occurrence, the simulated
data sets showed significantly more homoplasy within species
than did the actual ones (data not shown).

Something in the constant hot spots model must therefore
be wrong, at least for eight genera. This model assumes a com-
mon genealogy for all the sites, i.e., no recombination. A depar-

kept a purine in randomized data sets. Table 1. Cytochrome b polymorphism co-occurrence analysis in 27 mammalian genera
We did that because the purine transi-  Order Family Genus nb-s* nb-h® obs-cooc® exp-cooc? P-value
tion rate is generally higher than is the
pyrimidine one (Tamura and Nei 1993; garnivora Kj“dafd /;?”fhem g (1) f 85(3;16 gggf*
; ; arnivora ustelidae artes . .
C(?nflrmed from our data), W,thh Carnivora Viverridae Genetta 2 2 11 6.483 0.029*
slightly contributes to the probability of  cetartio. Camelidae Camelus 2 0 1 0.648  0.499
co-occurrence of polymorphisms be-  Chiroptera  Phyllostomidae  Carollia 4 2 23 12.243  0**
tween species. Chiroptera Phyllostomidae  Glossophaga 2 1 9 6.705 0.126
Chiroptera Phyllostomidae  Artibeus 2 0 13 10.891 0.261
An excess of co-occurrence of poly- — EOREE pb B ophus 2 0 1 0354  0.299
morphisms was detected in 22 polyspe- Insectivora Soricidae Crocidura 2 0 8 6.32 0.265
cific genera out of 27, and it was signifi-  |nsectivora  Soricidae Blarina 3 1 27 20.951  0.061
cantin 11 cases. These proportions reach  Insectivora Soricidae Sorex 6 5 15 6.906  0.005**
15 out of 18 and 10 out of 18, respec- La.gomorpha Lepqridae ) Lepus 4 1 0 0.358 1
tively. if one considers onlv genera in Prlmatgs Che_lrogaleldae M/crocgbus 2 0 8 8.175 0.619
.y, ; Y 8 oo Rodentia Echimyidae Proechimys 2 0 2 2.38 0.719
which at least one species shows signifi-  Rodentia Geomyidae Cratogeomys 2 0 28 21.971 0.048*
cant homoplasy. This analysis supports Rodentia Geomyidae Geomys 2 1 40 30.494 0.011*
the existence of mutation hot spots in  Rodentia Muridae Clethrionomys 3 2 47 35.431 0.003**
: : Rodentia Muridae Eothenomys 2 2 10 5.756 0.047*
mammalian cytochrome b third-codon  p g0 Muridae Microtus 3 3 73 6439  0.041*
positions. The effect is strong in genera  podentia Muridae Apodemus 2 1 5 5901  0.748
Clethrionomys (Rodentia, Arvicolinae), Rodentia Muridae Eliurus 5 1 53 46.293 0.07
Neotoma (Rodentia, Sigmodontinae), Eogentia mUrigae léailomys % ; 131 12;;% 83%*
; . ; odentia uridae alomys . .
and Sorex (Insectivora, Soricidae), for in- Rodentia Muridae Neotor};ra 5 3 51 39.536 0.005**
stance (Table 1). In other groups, how-  pogentia Muridae Peromyscus 2 0 4 3.424 0.466
ever, no significant co-occurrence was  Rodentia Muridae Sigmodon 3 2 23 18.212  0.104
detected, although homoplasy is strong Rodentia Sciuridae Spermophilus 3 1 60 64.035 0.857

(e.g., Apodemus, Sigmodon). For these
groups, and more generally, we asked
whether the observed amounts of co-
occurrence are compatible with a “pure”
hot spots model.

*Number of represented species in the genus.

PNumber of species showing significant homoplasy.
“Observed number of polymorphism co-occurrence.
9Expected number of polymorphism co-occurrence under the no hot spot hypothesis.
(*) significant at the 5% level; (**) significant at the 1% level.
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ture from this assumption could of course explain the observed
pattern—recombination generates some homoplasy but no co-
occurrence (since it does not affect the location of polymorphic
sites). Another assumption of the constant hot spots model, how-
ever, is constancy in time of the mutation rate of every site,
which implies that hot spots are shared between species. A de-
parture from this assumption, i.e., site-specific mutation rate
variation, would also decrease the observed co-occurrence. One
prediction of this hypothesis is that polymorphism co-
occurrence should decrease as species diverge; closely related spe-
cies should tend to share more hot spots than do distantly related
species. We calculated for each polyspecific genus the difference
between the expected amount of co-occurrence under the con-
stant hot spots model (averaged over simulations) and the ob-
served one. This co-occurrence shortage was plotted against the
average nucleotide divergence between species. Figure 2 shows
that the constant hot spots model correctly fits the data when
species are closely related, whereas genera including distantly
related species tend to show a lower level of co-occurrence than
expected. This pattern is consistent with the hypothesis of site-
specific mutation rate variation in time, and between species.
Recombination applies independently of species divergence, so
that recombination alone cannot generate such a relationship.

Higher taxonomic levels

Analyses performed at higher taxonomic levels essentially con-
firmed these results. We built subfamily and family data sets by
gathering data from distinct genera. To ensure independence be-
tween the analyses at various levels, polyspecific genera were
represented by a single species in subfamily data sets. Several
combinations of species were tried. When the number of possible
combinations did not exceed 10, they were all examined. Oth-
erwise, 10 randomly chosen combinations were used. A similar
strategy was used at the family level. Significant co-occurrence
was detected in three subfamilies out of nine: Sigmodontinae
(eight significant combinations of species out of 10), Arvicolinae
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Figure 2. Polymorphism co-occurrence vs. species divergence in 27
mammalian genera. Each symbol is for one polyspecific genus: x-axis,
average cytochrome b sequence divergence between species (all three
codon positions) in the genus; y-axis, difference between the observed
number of synonymous polymorphism co-occurrences between species
and the expected number under the constant mutation hot spots model;
open circles, nonsignificant co-occurrence shortage; and crosses, signifi-
cant co-occurrence shortage.

(five out of 10), and Soricinae (five out of 10). At the family level,
just two combinations of species in Muridae (out of 10) and one
in Geomyidae (out of four) showed significant co-occurrence of
polymorphisms, and no signal of co-occurrence was detected at
all in the other four families. Again, some co-occurrence of poly-
morphism was found, indicating the existence of mutation hot
spots, but the strength of the co-occurrence signal appears to
decrease at higher taxonomic levels.

Primate full genome

Human is by far the most thoroughly studied species as far as
mitochondrial diversity is concerned. H. sapiens, however, had to
be excluded from the co-occurrence analysis because no com-
plete cytochrome b polymorphism data set is available from its
close relatives. What we have, however, are hundreds of com-
plete human mitochondrial genomes, plus eight complete se-
quences from other Hominoidea species. Given the extensive
sampling available, we tried to detect potential mutational hot
spots through a phylogenetic analysis, first within H. sapiens and
then between species. Under the constant hot spots model, sites
showing a strong level of variability within species should also be
variable between species—note that this rationale requires the
additional assumption of selective neutrality of mutations, as we
discuss below.

Human hypervariable sites

We analyzed the complete coding region of 560 human mito-
chondrial genomes, including individuals from Africa, Europe,
and Asia (Herrnstadt et al. 2002). Seven polymorphic sites docu-
mented as sequencing errors in Herrnstadt et al. (2003) were re-
moved. A maximum-likelihood tree was reconstructed by using
the TN93 + y model. Then the site-specific mutation rate was
measured by using the maximum-parsimony method: For each
site, the minimum number of changes required given the tree
topology was recorded. A maximum-likelihood estimation of
site-specific rates was also conducted by using the BASEML pro-
gram (empirical Bayesian, posterior rate) (Yang 1997) and gave
similar results. The parsimony score varied from zero (91.2% of
the 15,425 sites) to 11. Twenty-six sites reached a parsimony
score of five or more (Table 2), and three sites reached 11, con-
sistent with the many instances of multiple mutations reported
in the detailed analysis of Herrnstadt et al. (2002).

These sites are obvious outliers of the site-specific rate dis-
tribution, i.e., hypervariable sites. The total tree length for the
human data set is 0.13 substitution per site. This number be-
comes 0.53 per site if one conservatively assumes that observable
mutations occur only at third-codon positions of protein coding
genes, the other sites being invariant due to strong selection.
Even with this unrealistic assumption, the probability that one
site or more undergoes =10 changes is of the order of 10~ ¢ under
the hypothesis of evenly distributed mutations and no recombi-
nation, while three such sites are observed in the real data set.
Similarly, the expected number of sites showing five mutations
or more is 1.13 under the hypothesis of equal mutation rate for
every site, while we observe 26 such sites. We checked that these
results were robust to uncertainties in the phylogenetic recon-
struction. We generated 100 alternative tree topologies by using
the bootstrap procedure, and reperformed the analysis. The 26
putative hot spots listed in Table 2 essentially remained hot
when the tree topology varied: The minimal parsimony score
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Table 2. Hypervariable sites in human mtDNA

of the mitochondrial mutation process,

guanines from the heavy strand being

CRS® MPb® MPw< MPw2¢  A° Te Ge ce G Status’
" i W ene atus highly mutable (Raina et al. 2005). That
709 0 11 8 75 485 125 rRNA nc guanines are more likely than other
1719 0 5 4 29 531 165 rRNA nc bases to be a mutation hot spot appears
wo 1 7 6 3 447 esrina  ne  °Plausible hypothests
I nc
3316 1 5 2 6 554 MT-ND] ns . We asked.whether. apparent mutz?-
3705 2 5 1 5 555 MT-ND1 s tion hot spots in H. sapiens were also di-
5237 0 5 2 5 555 MT-ND2 s vergence hot spots between Hominoi-
5460 0 9 6 18 542 MT-ND2 ns dea. We built a data set including six
6221 0 5 3 536 24 MT1-Co1 s nonhuman Hominoidea species and re-
6260 1 6 1 12 548 MT-CO1 s . .
6261 0 5 0 5 555 MT-COT ns produced the above described analysis
10398 3 7 5 401 1 158 MT-ND3 ns by using the well-supported (H. lar, ((P.
11800 2 5 0 555 4 1 MT-ND4 s pygmaeus, P. abelii), (G. gorilla, (P. panis-
11914 1 11 6 52 508 MT-ND4 s P 1 The site-
12007 0 5 4 27 333 MT-ND4 . cus, .%.troglod)./tes)))) mode tree.. . ef51te
13106 2 6 3 534 26 MT-NDS ns specific parsimony score varied from
13435 1 5 0 555 5 MT-ND5 s zero to four (total tree length: 0.723 sub-
13709 0 11 5 50 510 MT-ND5 ns stitution per site). Among the 26 sites
14471 0 6 1 4 541 15 MT-ND6 S showing five or more mutations in hu-
14570 0 5 1 7 553 MT-NDé6 s 11 sh d bstituti b
14767 1 8 2 322 238 MT-CYB ns hans, 17 showed no substitution be-
15302 0 6 3 73 487 MT-CYB s tween nonhuman Hominoidea species.
15327 1 6 0 11 549 MT-CYB ns One site showed 11 mutations in hu-
]227;2-55 ] Z ? 8 522 542 32 %;g;ﬁ s mans but no change between species.
- ns . o s

15925 P 9 4 531 29 MT-TT ne These results appear in contradiction

with the constant hot spots hypothesis.

2Site number (revised Cambridge Reference Sequence, http://www.mitomap.org).

PParsimony score between primate species.

“Parsimony score within humans.

dparsimony score within humans (Ingman control data set).
¢Absolute nucleotide frequencies (when higher than zero).
nc, non-protein-coding; s, synonymous; ns, nonsynonymous.

over the 26 X 100 trials was three, and the minimal average
(over trees) parsimony score was 4.8.

The detected hypervariable sites are located in eight distinct
protein-coding genes, the two ribosomal RNA genes, and one
transfer RNA gene (Table 2). The density of hypervariable sites
appears higher around the D-loop and lower opposite to the D-
loop (no hot spots were detected between positions 6300 and
10300). Three of the detected sites showed three distinct nucleo-
tide states. Most mutations in hypervariable sites are transitions
(Table 2), which is typical of mammalian mitochondrial DNA
evolution (Reyes et al. 1998; Raina et al. 2005), suggesting that
the highly variable sites detected are not in general due to se-
quencing errors. The high level of quality control and corrections
performed by the investigators is another argument with this
respect (see Bandelt et al. 2002; Herrnstadt et al. 2002, 2003). We
further checked the sequencing error issue by using an indepen-
dent human mitochondrial data set (105 sequences) (Ingman et
al. 2000; Ingman and Gyllensten 2003). Among the 26 candidate
hot spots, 23 were variable in the Ingman data set and 13 had a
parsimony score of three or higher, supporting that the hyper-
variable sites listed in Table 2 correspond to actual sequence
variation in human populations.

Among the 26 hypervariable sites listed in Table 2, 22 in-
volve an A<G polymorphism. This is significantly higher
(P <10~ % than the proportion of A«<>G versus C<>T polymor-
phisms in the whole data set (48.8%). This result is incompatible
with a recombinational origin of highly homoplasic sites: Re-
combination should lead to an increase of the parsimony score of
a random set of sites, irrespective of their state. A prevalence of
A<G hypervariable sites is consistent, however, with specificities

The discrepancy, however, could be
caused by natural selection. Slightly del-
eterious mutations can segregate as poly-
morphic but have a low fixation prob-
ability, so that they rarely contribute to
divergence between species. Sites de-
tected as hot spots in humans but invari-
ant between species might be so because they involve deleterious
mutations. To approach mutational effects only, we focused on
the third-codon positions of protein-coding sequences.

Third-codon positions

Three thousand seven hundred fifty-nine third-codon positions
were extracted from the alignment, and the above analyses were
reperformed. The maximal site-specific parsimony score was 11
in the human data set and four in the Hominoidea data set. The
correlation between the within-human and between-species par-
simony scores was very low but significant (r = 0.05, P< 10 3).
The average within-human parsimony scores were 0.23, 0.27,
0.29, and 0.44, respectively, for sites showing zero, one, two, and
three minimal substitutions between species, suggesting the ex-
istence of mutation hot spots. The relatively large divergence
between species probably reduces the power of this analysis by
saturating the between-species parsimony score: Some sites in
the data set have probably underwent dozens of substitutions
since the divergence between Hylobatidae and Hominidae, but
the parsimony score is bounded by the small number of species
compared.

We performed simulations to further check the hot spots
hypothesis. Data sets were simulated under the TN93 + y model
by using the maximum-likelihood estimates of tree topology,
branch lengths, and rate matrix, as well as four candidate values
for the shape of the vy distribution, with the aim of approaching
what the data set should look like if sequences had evolved under
the constant hot spots model. The parsimony analyses presented
above were reperformed on simulated data sets and compared
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with real data (Table 3). A y shape of 0.5 or one appeared to
plausibly fit the real data: The within-humans and between-
species diversity and homoplasy were correctly reproduced, as
was the number of human hypervariable sites. The simulated
data sets differed from the real one in showing a stronger corre-
lation between the within-humans and between-species parsi-
mony scores, a result illustrated by the excess in real data of sites
detected as hot within humans, but invariant between species.
This indicates that the constant hot spots model cannot account
for every aspect of the Hominoidea data set, in agreement with
the analysis of mammalian cytochrome b.

Discussion

We made use of two mammalian polymorphism DNA sequence
data sets to try and detect the existence of mutation hot spots
in the mitochondrial genome. The cytochrome b analysis re-
vealed a significant amount of third-codon-position poly-
morphism co-occurrence among related species, rejecting the
hypothesis of equal mutation rates across synonymous sites.
Simulations showed that a pure hot spots model can account
for the observed within-species homoplasy and between-
species polymorphism co-occurrence in genera including little-
divergent species. When species reach 10%-12% sequence
divergence or more, the constant hot spots model predicts too
much co-occurrence (Fig. 2), suggesting that site-specific muta-
tion rates vary in time. The Hominoidea full genome analysis
confirmed these findings and generalized it to noncytochrome b
data: An A<>G-biased set of hypervariable sites was detected in
humans, and the within-human and between-primates site-
specific parsimony scores were weakly but significantly corre-
lated, implying the existence of mutation hot spots. This corre-
lation, however, was lower than expected under a constant hot
spots model.

Eyre-Walker et al. (1999), applying a similar reasoning, did
not detect any correlation between the within-human and be-
tween-primates site-specific variability and therefore rejected the
mutation hot spots model. The differences between the two stud-
ies include the size of the data sets (560 human sequences in this
study, 29 in the previous one) and the methods used: We took a
phylogenetic approach to estimate the site-specific mutation
rate, while Eyre-Walker et al. (1999) could only qualify a site as

Table 3. Real and simulated third-codon position variation within
between primates

humans and

constant or variable (or at best homoplasic), further decreasing
the power of the analysis.

One surprising finding of this study is the high apparent rate
of evolution of site-specific mutation rates. As little as 10%-12%
sequence divergence between congeneric species is enough to
generate a detectable shortage of polymorphism co-occurrence.
At the family level, virtually all the co-occurrence signal van-
ishes: Knowing that site i is polymorphic in species 1 does not
increase the probability that it is found polymorphic in species 2.

The process of site-specific variation of evolutionary rate,
known as covarion or heterotachy (Fitch 1971; Galtier 2001;
Lopez et al. 2002), is usually considered as the consequence of
changes in the selective constraints applying to specific sites (see
Gu 1999; Pupko and Galtier 2002). Our results suggest that, at
least for mammalian mitochondrial DNA, such patterns can also
occur neutrally as the consequence of mutational effects. Hetero-
tachy might partly explain the discrepancy between pedigree and
evolutionary estimates of the mitochondrial mutation rate (Ho et
al. 2005): A site can be very fast at the population/pedigree level
but slower in the long run. From an empirical point of view, this
“mutational covarion” means that one can hardly learn from one
species which mitochondrial sites are going to be variable in
another one. It would be worth knowing whether this statement
also applies at the level of the gene or genome fragment. It is
tempting, when starting a molecular biodiversity project in a
new species, to target markers known to be polymorphic in re-
lated species. The current study suggests that this practice might
be of little relevance in many cases. Crochet and Desmarais
(2000) reached a similar conclusion when they compared the
level of polymorphism in the control region versus cytochrome b
in several gull species, and found that the two were essentially
unrelated across species.

These results also ask the question of the causes of a variable
in time site-specific mutation rate: What makes the mutation rate
of a site increase or decrease? We examined the 11 human hy-
pervariable sites in Table 2 showing a common state in all non-
human primates. Nine of these sites are G<>A polymorphisms
with a higher frequency of allele G. Among these, seven show
state A in all six nonhuman Hominoidea species. Given the high
prevalence of G—A mutations in mammalian mitochondria, this
pattern strongly suggests that these sites correspond to unidirec-
tional G—A hot spots. Such sites would most often be in state A
and not hypermutable. They would oc-
casionally substitute to G, as they did in
the human lineage, and transiently be-

come G—A hypermutable until state A

Data® Pw®  Hw® Pb®  Hbc o max w® w>5" w>10" w>5b=09 fixes again. This simple process might

partly explain the decrease of polymor-
Real 0.190 270 0.624 583 0.058 n 9 1 5 phism co-occurrence with species diver-
«=0.1 0069 187 0257 243 0404 938 14.2 1 0.6 gence: The mutation rate of a site simply
«a=0.5 0161 254 0543 487 0.247 9.1 10.7 0.5 1.4 varies when it substitutes from a mu-
a=1 0.180 230 0.611 529 0.148 7.7 8.5 0 1.9 table nucleotide state to a little-mutable
a=10 0.218 170 0.651 555 0.055 5 1.4 0 0.8 one, or recjproca]]y. The hlgh mutablhty

“Data set analyzed: real, or simulated by using four distinct y shape parameters (10 simulations each,

average results are given).

PProportion of variable sites within humans (Pw) or between primates (Pb).

“Total homoplasy within humans (Hw) or between primates (Hb).

dCorrelation coefficient between the site specific parsimony scores within humans vs. between pri-

mates.
*Maximal site-specific parsimony score within humans.

‘Number of sites showing a within-humans parsimony score higher than five, respectively 10.
9INumber of sites showing a within-humans parsimony score higher than five and a between-primates

parsimony score equal to zero.

of guanines, however, cannot explain all
the hypervariability observed in hu-
mans: Some of the detected hot spots in-
volve numerous T«>C or A—G changes
within H. sapiens and several changes be-
tween species. These sites might be un-
conditional, bidirectional hot spots.
Three of the 26 human hypervari-
able sites listed in Table 2 are located in
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the 16S ribosomal RNA, a gene whose within-species diversity
has been investigated in five additional Hominoidea species, i.e.,
P. paniscus, P. troglodytes, G. gorilla, P. pygmaeus, and Hylobates
syndactylus (between 10 and 35 individuals surveyed per species)
(Noda et al. 2001). All three sites are G<>A polymorphisms in
humans, with a high (>80%) frequency of allele G. Site 1888 is
highly variable between species as well and is polymorphic in P.
pygmaeus. It might be a constant hot spot, shared by all Homi-
noidea species. Site 1719 shows state A in all Hominoidea species
excepting human and is monomorphic in the five species inves-
tigated by Noda et al. (2001). This site might correspond to a
unidirectional G—A hot spot, hypermutable only when in state
G. Site 3010, finally, shows state G in four of the five species
surveyed by Noda et al. (2001) but appears monomorphic in
these species. More data would be required to decide whether this
site is actually a human-specific hot spot. The current paucity of
mitochondrial polymorphism data sets in nonhuman Hominoi-
dea species reduces the power of such analyses, which is regret-
table.

None of the reported hot spots correspond to known dis-
ease-associated mutations, as we checked from the MITOMAP
database (Brandon et al. 2005). Some of these hot spots might,
however, have some functional relevance. Site 15925 is in close
proximity to tRNA Thr anticodon (1592-15923) and to two
known polymorphisms (15923 and 15924) that were associated
with the lethal infantile mitochondrial myopathy (Yoon et al.
1991). Sites 709 (12S rRNA) and 6261 (cox1, Ala—Thr nonsyn-
onymous change), finally, are G—>A hypervariable in humans
and invariably show state G in all six nonhuman Hominoidea
species. We argue that these mutations are probably slightly del-
eterious, so that negative selection prevents their fixation in
natural populations—note, however, that site 709 is found in
state A in many nonprimate mammals. Alternatively, they might
be very recent human-specific hot spots, but in this case the
putative increase of mutation rate in humans would have oc-
curred without a change in nucleotide state. Again, polymor-
phism data from nonhuman primates would enlighten this ques-
tion. Further understanding of the specificities of the mutation
process in mammalian and primate mitochondrial genomes is
obviously of primary interest given the many diseases associated
with mitochondrial mutations in humans.

Now back to the mutation hot spots versus recombination
debate. This study aimed at testing whether mutation hot spots
actually occurred in the coding region of the mitochondrial ge-
nome. The answer is obviously positive: Significant co-
occurrence among species of synonymous cytochrome b poly-
morphism was detected in many mammalian genera, and a cor-
relation between within-species and between-species
synonymous site-specific variability, together with an A<~G-
biased set of hypervariable sites, were found in Hominoidea. We
also asked whether these hot spots could explain the relatively
high level of mitochondrial homoplasy within species. A pure
hot spots model appeared to fit many of the cytochrome b data
sets. The model was rejected only for genera including relatively
divergent species, which we interpret as evidence for site-specific
mutation rate variation in time. A link between nucleotide state
and mutation rate is proposed to explain, at least partly, this
peculiarity. This study therefore provides a plausible mutational
model to mitochondrial within-species homoplasy and shows
that recombination alone cannot explain these patterns.

It should be noted that our results do not exclude the oc-
currence of recombination. Mutation hot spots might actually

make the detection of recombination more difficult by generat-
ing patterns of linkage disequilibrium independent of physical
distance, so that this work could paradoxically content support-
ers of the recombination hypothesis as well. What we have, how-
ever, is a mutation model potentially accounting for the distri-
bution of mitochondrial DNA sequence variation within and be-
tween species. Whether recombination also plays a significant
evolutionary role is still an open question, but we are now en-
titled to demand strong evidence to believe in it.

Methods

Cytochrome b alignments were performed by using MABIOS
(Abdeddaim 1997), and full-genome sequences were aligned with
MUSCLE (Edgar 2004). Maximum-likelihood phylogenetic analy-
ses were conducted with program PHYML (Guindon and Gascuel
2003) using the TN93 model (Tamura and Nei 1993), and a con-
stant or vy (five classes) distribution of rates across sites. The TN93
model accounts for unbalanced base composition and allows
three distinct rates for transversions, A«<>G transitions, and C<>T
transitions. Constant rates across sites mean no hot spots, while
a vy distribution is intended to reflect the existence of hypervari-
able sites. The other analyses are described in the Results section.
They were achieved by using homemade C, PERL, and R pro-
grams.
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