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A Bayesian Evaluation
of Human Mitochondrial Substitution Rates

Phillip Endicott1 and Simon Y.W. Ho1,2,*

Accurate estimates of mitochondrial substitution rates are central to molecular studies of human evolution, but meaningful comparisons

of published studies are problematic because of the wide range of methodologies and data sets employed. These differences are nowhere

more pronounced than among rates estimated from phylogenies, genealogies, and pedigrees. By using a data set comprising mitochon-

drial genomes from 177 humans, we estimate substitution rates for various data partitions by using Bayesian phylogenetic analysis with

a relaxed molecular clock. We compare the effect of multiple internal calibrations with the customary human-chimpanzee split. The

analyses reveal wide variation among estimated substitution rates and divergence times made with different partitions and calibrations,

with evidence of substitutional saturation, natural selection, and significant rate heterogeneity among lineages and among sites. Collec-

tively, the results support dates for migration out of Africa and the common mitochondrial ancestor of humans that are considerably

more recent than most previous estimates. Our results also demonstrate that human mitochondrial genomes exhibit a number of

molecular evolutionary complexities that necessitate the use of sophisticated analytical models for genetic analyses.
Introduction

Understanding the time-frame of human evolution and

migration is one of the most prominent goals of genetic

analysis. A detailed and accurate knowledge of this time

scale is critical for investigation of our evolutionary and

demographic history,1,2 our relationships to other homi-

nids,3–5 and our impact on the natural world.6,7 A critical

component of these studies is the magnitude of the substi-

tution rate employed in the calculation of divergence

times with mitochondrial DNA (mtDNA), but prevailing

uncertainties have hindered the development of any clear

genetic-based consensus on the chronology of major

events in human prehistory.

To date, few molecular estimates of the rate and time scale

of human evolution have been made in a satisfactorily rig-

orous and comprehensive manner. Instead, the literature is

characterized by the propagation of standard substitution

rates for different mitochondrial-genome sections,8,9

which are not readily comparable because of differences

in the methodologies and data sets employed in the estima-

tion of them. Additionally, they are sometimes treated as er-

rorless values without due consideration of associated un-

certainty, which is often considerable in its magnitude.

Given the importance of both mitochondrial protein-cod-

ing and D loop data for dating and demographic modeling,

the production of substitution-rate estimates for various

parts of the mitochondrial genome, with a standard meth-

odology on a representative data set, is overdue.

Previous analyses of human mtDNA have employed a

variety of calibration methods. Typically, substitution-

rate estimates have been made with recourse to the

human-chimpanzee calibration,4,8,10,11 but recent evi-

dence12–15 has strengthened previous suspicions16 that
The
adoption of a series of archaeological or biogeographic cal-

ibration points within the human tree is preferable.17 First,

the antiquity of the split suggests that there is a high prob-

ability of saturation occurring within the D loop because of

its elevated rate of mutation,18,19 which is especially perti-

nent to analyses of the hypervariable regions.20 Second, it

is likely that there are differences in microevolutionary

processes between the two species, leading to incongruent

substitution patterns and rates.16,21,22 Third, human

sequences have evolved on a genealogical scale, whereas

the divergence between chimpanzees and humans relates

to a phylogenetic time frame.14,23

Disparate substitution rates are observed on these differ-

ent time scales when molecular evolution is proceeding in

a nonneutral manner, because the differences observed

among intraspecific sequences in a genealogy represent

segregating sites, whereas interspecific differences in a phy-

logeny represent substitutions.14 Deeper calibration points

generally yield slower estimates of substitution rates

because of a reduced contribution from segregating sites

to overall genetic divergence;12 in turn, this leads to a pos-

itive correlation between calibration age and the estimated

time to the most recent common ancestor (TMRCA) of

humans (Figure 1). This effect is compounded with the

estimation bias introduced by sequence saturation, which

might not be accounted for even with a correction for mul-

tiple hits.24,25 In view of this time dependency of rates, it is

preferable to employ calibration points located within the

human tree.13,14 It is also important to use a method that

can explicitly accommodate variation in the substitution

rate among lineages and among sites.20,22,25,26

In this paper, we present a comprehensive set of Bayes-

ian phylogenetic analyses of 177 human mitochondrial

genomes. The model-based approach allows for the
1Department of Zoology, University of Oxford, Oxford OX1 3PS, UK
2Present address: Centre for Macroevolution and Macroecology, School of Botany and Zoology, Australian National University, Canberra ACT 0200,

Australia.

*Correspondence: simon.ho@anu.edu.au

DOI 10.1016/j.ajhg.2008.01.019. ª2008 by The American Society of Human Genetics. All rights reserved.
American Journal of Human Genetics 82, 895–902, April 2008 895

mailto:simon.ho@anu.edu.au


accommodation of among-site rate heterogeneity, and by

adopting a Bayesian phylogenetic framework, we are able

to obtain posterior distributions of substitution rates and

divergence times by using various partitions of the mito-

chondrial genome. By using relaxed-clock analysis, we

contrast the effects of using external (human-chimpanzee)

and internal (biogeographic) calibrations. The latter are

based on mitochondrial haplogroups that are associated

with well-attested archaeological dates for human settle-

ment of (1) Australia and Island Melanesia and (2) postgla-

cial Europe. The TMRCA of human mtDNA is estimated by

the inclusion of representatives from the deepest rooting

African mitochondrial clades. We compare the results to

previous estimates of pedigree, genealogical, and phyloge-

netic rates for both the D loop and protein-coding regions

of human mtDNA.

Material and Methods

Data Set
Complete mitochondrial genome sequences were obtained from

GenBank for 177 humans and two chimpanzees (Table 1;

GenBank accession numbers listed in Table S2 available online).

Genomes were selected for their sequence accuracy27,28 and for

representation of both African (haplogroups L0, L1, and L2) and

non-African (haplogroups M and N) mitochondrial DNA; the

size of the data set was limited so that computational tractability

could be maintained. Sequences were manually aligned with the

revised Cambridge Reference Sequence29,30 (CRS). Various subsets

of this alignment were used for analysis: (1) D loop (sites 16,027–

16,576 of CRS31), (2) hypervariable sequence 1 (HVS1; sites

16024–1640132), (3) hypervariable sequence 2 (HVS2; sites

29–40832), (4) loop regions of the two ribosomal RNA (rRNA)

Figure 1. Simple Plot Showing the Positive Correlation
between Calibration Age and the Estimated Age of the Most
Recent Common Ancestor of Human mtDNA
Data points represent results from published studies, of which a full
list is given in Table S1. Horizontal error bars (denoting uncer-
tainty in calibration age) and vertical error bars (denoting uncer-
tainty in molecular date estimates) are based on values quoted in
the published studies.
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genes (12S and 16S), (5) first and second codon sites of protein-

coding genes (PC1þ2), (6) third codon sites of protein-coding

genes (PC3), and (7) a concatenated, partitioned alignment of D

loop, rRNA, PC1þ2, and PC3. Remaining sections of the aligned

genomes, including intergenic sites, rRNA stems, and transfer

RNA genes, were discarded. Overlapping portions of protein-cod-

ing genes were also removed. The ND6 gene was excluded from

all analyses because of its unusual patterns of substitutions and

nucleotide composition, which result from its situation on the

heavy strand of the mitochondrial genome.33

As a preliminary step, we investigated two potential sources of

homoplasy in the alignments. First, differences in base composi-

tion between humans and chimpanzees were assessed with

a chi-square test. Second, substitutional saturation in each of the

six alignments was investigated with the software reticulate.34

This software is designed to investigate compatibility; two sites

are defined as compatible if the observed variation at those sites

can be parsimoniously explained with the same tree. This is

done by the calculation of compatibility scores, which range

from 0 (all sites are mutually incompatible) to 1 (all sites are mutu-

ally compatible). Lower scores are indicative of multiple substitu-

tions, either in the form of parallel or superimposed changes,

thereby reflecting the occurrence of saturation in the alignment.

Estimation of Substitution Rates

and Divergence Times
For the estimation of substitution rates and divergence times from

each alignment, Bayesian phylogenetic analysis was performed

with BEAST 1.4.635 in a relaxed-clock framework.36 Substitution-

model selection was performed for each of the six data partitions

by comparison of Akaike Information Criterion scores in Modeltest

3.7.37 In the analyses of the concatenated alignment, a separate

substitution model was used for each partition. In order to

Table 1. Summary of Sequences Analyzed in This Study

Haplogroup Individuals

E 2

H

H1 11

H3 9

I 1

L

L0 5

L1 11

L2 7

M

M27 7

M28 4

M29 4

M31 10

M32 3

Other 28

N 5

O 1

P 18

Q 11

R 19

S 9

U 9

W 3

Total 177
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minimize prior assumptions about demographic history, which

is treated as a nuisance parameter in this analysis, we adopted a

Bayesian skyline plot approach in order to integrate over different

coalescent histories.38 Rate variation among sites was modeled

with a discrete gamma distribution with six rate categories. In the

relaxed-molecular-clock model, rates were assumed to be a priori

uncorrelatedbetweenneighboringbranchesandto followa lognor-

mal distribution (this model is described in detail by Drummond

et al.36). The uncorrelated lognormal model allows two statistics

to be obtained in the analysis: the coefficient of variation of rates,

which measures the degree of departure from a global molecular

clock, and the covariance of rates, which measures the amount of

rate autocorrelation between neighboring branches in the tree.

Posterior distributions of parameters, including divergence

times and substitution rates, were estimated by Markov chain

Monte Carlo (MCMC) sampling in BEAST. In each analysis, sam-

ples were drawn every 10,000 MCMC steps from a total of

30,000,000 steps, after a discarded burn-in of 3,000,000 steps.

Convergence to the stationary distribution and sufficient sam-

pling were checked by inspection of posterior samples.

Calibrations
Each alignment was analyzed once with internal calibration and

once with external calibration. Internal calibration was conducted

by specifying priors on the ages of three nodes in the tree. On the

basis of the earliest, well-supported dates for entry into Australia

and New Guinea,39,40 the TMRCA of haplogroup P was assumed

to follow a lognormal distribution, with a minimum of 40,000

years, with a mean of 45,000 years, and with 95% of the distribu-

tion lying between 40,000 and 55,000 years. The TMRCAs of

haplogroups H1 and H3 were each assumed to follow a normal dis-

tribution with a mean of 18,000 years and standard deviation of

3,500 years;41,42 approximately 95% of the distribution lies

between 11,000 and 25,000 years. These calibrations are based

on the assumption that H1 and H3 underwent postglacial expan-

sion, which would place an upper limit on the ages of their

common ancestors. Nevertheless, we chose to describe these cali-

brations with a distribution that allows for bidirectional uncer-

tainty,43 in order to allow for a scenario in which the basal genetic

divergences within each clade might have antedated glacial retreat

and the subsequent population expansion.

External calibration was conducted by specification of a prior on

the age of the human-chimpanzee split, which was assumed to fol-

low a lognormal distribution with a minimum of 5 million years

(Myr), a mean of 6 Myr, and with 95% of the distribution lying

between 5 and 7.5 Myr. These values were chosen for consistency

with previous studies and information from the fossil record.44

Detecting Selection
In order to investigate the impact of natural selection on human

mtDNA, we analyzed a concatenated data set containing the 12

protein-coding genes (excluding the ND6 gene) from the 177

mitochondrial genomes described above. To scan for sites under

selection, we analyzed the alignment with the Single Likelihood

Ancestor Counting method implemented in HyPhy.45 A site was

regarded as being under selection if the ratio of rates of nonsynon-

ymous to synonymous mutations (dN:dS) was significantly

different from 1.0, a value that implies neutrality. Significance

was assessed with a cutoff of 0.05. The tree inferred from the

alignment of concatenated D loop, rRNA, PC1þ2, and PC3 was

used as a fixed topology.
The
We then investigated variation in dN:dS values among branches

by allowing all internal branches to share one dN:dS value and all

external (terminal) branches to share a second dN:dS value. A

higher dN:dS in external compared with internal branches is

consistent with the action of negative (purifying) selection.

Results

There was no evidence of differences in base composition

between humans and chimpanzees. The largest observed

compositional difference was in HVS1, but it was not signif-

icant (p ¼ 0.79). The compatibility analysis produced evi-

dence of some degree of saturation in all of the alignments

(Table 2). There was a substantial reduction in the compat-

ibility score for HVS1 when the two chimpanzee sequences

were added to the alignment, which is a strong indication of

the detrimental impact of substitutional saturation.

The different mitochondrial alignments yielded a diverse

range of estimates for substitution rates, divergence times,

and among-lineage rate heterogeneity (Table 3). The nodes

used for internal calibration were poorly supported in the

rRNA and D loop analyses, including those of HVS1 and

HVS2, with generally poor resolution throughout the tree

topology. Consequently, estimates of substitution rates

and divergence times are not presented here for these anal-

yses, although we are able to present the rates inferred

from these data partitions in the analyses of concatenated

data (Table 3).

The estimated TMRCA of all human mitochondria from

the internally calibrated analysis of the concatenated data

set was 108 thousand years (kyr) (95% highest posterior

density [HPD]: 82–134 kyr); in contrast, the externally cali-

brated estimate was 162 kyr (95% HPD: 122–213 kyr). The

magnitude of the internally calibrated estimate was very

similar to that estimated from PC3 alone. For PC3, how-

ever, the age estimate was quite consistent between inter-

nally and externally calibrated analyses. Collectively, the

internally calibrated estimates suggest a more recent time

for the common ancestor than previous studies have indi-

cated. The estimate for the TMRCA of haplogroups M and

N (i.e., L3) is similarly reduced, with means of between 50

and 60 kyr (Table 4).

For all alignments of the D loop, the HVSs, and rRNA, the

estimated shape parameter was less than 0.3, indicative

of a high degree of rate heterogeneity among sites.

Table 2. Phylogenetic Compatibility Scores for Six
Mitochondrial Alignments

Alignment

Compatibility Score

Humans Only Humans and Chimpanzees

PC1þ2 0.947 0.971

PC3 0.952 0.957

rRNA (loops) 0.965 0.946

D-loop 0.827 0.802

HVS1 0.813 0.731

HVS2 0.811 0.811
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Table 3. Parameter Estimates for Various Mitochondrial Alignments from 177 Humans and Two Chimpanzees

Descriptiona Length (bp)

Substitution Rate (Subs/Site/Year)b Age of Human mtDNA Ancestor (kyr)

Mean (95% HPD) Mean (95% HPD)

Humans Only (Internal Calibration)

Concatenatedc 11,940 9.66 3 10�8 (7.35 3 10�8–1.16 3 10�7) 108 (82–134)

D loop 1,143 3.02 3 10�7 (2.23 3 10�7–3.73 3 10�7)

rRNA 1,448 2.21 3 10�8 (1.33 3 10�8–3.24 3 10�8)

PC1þ2 7,198 1.11 3 10�8 (7.23 3 10�9–1.53 3 10�8)

PC3 3,599 5.09 3 10�8 (3.44 3 10�8–6.80 3 10�8)

PC1þ2 7,198 1.30 3 10�8 (1.01 3 10�8–1.58 3 10�8) 79 (60–106)

PC3 3,599 5.16 3 10�8 (4.02 3 10�8–6.31 3 10�8) 112 (76–151)

Humans and Chimpanzees (External Calibration)

Concatenated 11,940 6.81 3 10�8 (5.48 3 10�8–8.08 3 10�8) 162 (122–213)

D loop 1,143 2.13 3 10�7 (1.66 3 10�7–2.60 3 10�7)

rRNA 1,448 1.51 3 10�8 (9.69 3 10�9–2.20 3 10�8)

PC1þ2 7,198 6.60 3 10�9 (4.41 3 10�9–8.89 3 10�9)

PC3 3,599 3.79 3 10�8 (2.72 3 10�8–5.04 3 10�8)

PC1þ2 7,198 3.82 3 10�9 (2.44 3 10�9–5.06 3 10�9) 310 (158–508)

PC3 3,599 4.84 3 10�8 (3.18 3 10�8–6.31 3 10�8) 133 (78–209)

a Alignments given in indented italics denote partitions of the concatenated alignment; the estimates for these partitions were obtained indirectly. The

mean rate estimate for each partition was obtained by multiplication of the mean rate for the whole concatenated alignment (first row) by the relative rate

of the partition. The lower bound of the 95% HPD was obtained by multiplication of the lower 95% HPD bound on the mean concatenated rate by the lower

95% HPD bound on the relative rate of the partition. The upper bound of the 95% HPD was obtained similarly.
b All of these rate estimates were made with substitution models assuming gamma-distributed rates among sites; they should not be used for analyses of

uncorrected genetic distances.
c Each partition in the concatenated alignment was given its own substitution model in the analysis, including its own gamma distribution for rate

variation among sites. For details, refer to the methods described in the text.
Additionally, the D loop and both HVSs exhibited rate

heterogeneity among lineages, with the 95% HPDs of the

coefficients of variation of branch-specific rates excluding

zero, reflecting a departure from the assumption of a mole-

cular clock36 (Table 5). In contrast, there was no evidence of

among-lineage rate variation in the rRNA genes or protein-

coding sequences (PC1þ2 and PC3), and only moderate

rate heterogeneity among PC3 sites, with the shape param-

eter of the gamma distribution estimated at 1.13 (95% HPD:

0.75–1.61). The covariance of rates was not significantly dif-

ferent from 0 in any of the analyses, providing no evidence

of rate autocorrelation between neighboring branches.

The analysis of selection revealed one codon under

significant positive selection (in the CO1 gene) and 23

codons experiencing negative selection, qualitatively
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consistent with previous studies.46,47 Detailed results are

given in Table S3. There is also a significantly higher

dN:dS ratio in external, compared with internal, branches

(p < 0.05).

Discussion

In most cases, calibration choice had a significant effect on

estimates of substitution rates and divergence times, with

internal calibration leading to an elevation of substitution

rates and a concomitant contraction of the evolutionary

time scale. The mean, externally calibrated estimate for

the TMRCA of humans (162 kyr) is similar to those made in

previous studies of whole mtDNA sequences: 167 kyr,31

198 kyr,8 and 190 kyr, and 238 kyr.10 Although this trend
Table 4. Age of Haplogroups M and N Estimated from Mitochondrial Alignments from 177 Humans and Two Chimpanzees

Description

Age of MþN (Years) Age of M (Years) Age of N (Years)

Mean (95% HPD) Mean (95% HPD) Mean (95% HPD)

Humans Only (Internal Calibration)

Concatenated 54,400 (44,700–67,900) 44,100 (35,300–54,500) 45,500 (40,000–54,400)

PC1þ2 50,800 (41,900–62,300) 40,800 (32,000–49,900) 42,800 (40,000–48,100)

PC3 52,400 (41,200–65,700) 40,300 (31,200–50,400) 44,400 (40,000–52,200)

Humans and Chimpanzees (External Calibration)

Concatenated 79,400 (58,400–105,500) 63,100 (46,600–82,500) 65,400 (48,400–84,800)

PC1þ2 221,000 (112,400–360,000) 148,400 (83,600–235,500) 165,400 (93,600–270,400)

PC3 62,200 (36,100–97,600) 46,300 (27,300–71,400) 51,600 (29,800–79,200)
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is unsurprising, a notable exception is observed in the esti-

mates from PC3, in which there is a consistency between

estimates made with internal and external calibrations.

This is possibly due to the relaxed selection pressure at

third codon sites, coupled with the relatively low level of

sequence saturation. Additionally, the reduced selection

will reduce the impact of ancestral polymorphisms,48

which would otherwise have the effect of inflating the

internally calibrated rate estimate. In contrast, the 4-fold

disparity between internally and externally calibrated esti-

mates of the TMRCA of humans from PC1þ2 can be at

least partly attributed to the impact of negative selection.

This is supported by the results from the analyses of selec-

tion; in the presence of incomplete purifying selection, an

excess of transient polymorphisms can be found near the

tips of the tree.49,50 This leads to a decrease in the observed

substitution rate through time, although this factor alone

is unlikely to be able to account entirely for the large

discrepancy in the estimates obtained here for PC1þ251.

The various D loop alignments exhibited considerable

levels of saturation. This is also liable to contribute to a

disparity between internally and externally calibrated esti-

mates of divergence times.13 High evolutionary rates at

mutational hot spots might not necessarily be accommo-

dated by modeling rate variation among sites with a

discrete gamma distribution,20 which will lead to an un-

derestimation of genetic divergence over long time

periods. The evidence of significant rate heterogeneity

among sites suggests that approaches to molecular evolu-

tion that do not accommodate these sources of uncertainty

lead to the production of biased age estimates for coales-

cence events, especially over long time frames. With a

model-based approach, it is possible to allow for among-

site rate heterogeneity explicitly.

The shortcomings of PC1þ2 and the D loop are not pres-

ent to the same extent in PC3. The PC3 results display little

discrepancy between the internally and externally derived

dates, consistent with the reduced expectation of satura-

tion compared with the D loop and the relaxed selection

relative to PC1þ2. However, there are a number of exam-

ples within the human mtDNA phylogeny of lineages

and haplogroups, such as those within L52 and M,53 that

appear to be evolving at significantly different rates in

Table 5. Estimated Coefficients of Variation of Rates, which
Measure the Degree of Among-Lineage Rate Heterogeneity

Alignment

Coefficient of Variationa

Humans Only Humans and Chimpanzees

Concatenated 0.173 (0.058–0.268) 0.158 (0.019–0.252)

PC1þ2 0.153 (0.000–0.344) 0.195 (0.000–0.411)

PC3 0.174 (0.000–0.332) 0.170 (0.000–0.342)

rRNA (loops) 0.278 (0.000–0.656) 0.352 (0.000–0.798)

D loop 0.150 (0.054–0.312) 0.161 (0.000–0.324)

HVS1 0.374 (0.026–0.625) 0.284 (0.000–0.528)

HVS2 0.728 (0.193–1.286) 1.194 (0.689–1.724)

a Posterior mean, with 95% highest posterior density given in parentheses.
The
the protein-coding region. Again, the model-based ap-

proach can explicitly identify and measure these depar-

tures from the molecular clock, whereas the application

of model-free methods, such as uncorrected genetic dis-

tances, will generate unrealistic age estimates for coales-

cence events in these circumstances because of their

assumption of a strict molecular clock. It is not clear, how-

ever, whether such a model is able to capture the complex-

ities of variation in natural selection among lineages.54

Our internally calibrated dates for haplogroups M and N

are significantly closer to the present than most previous

mtDNA chronologies but are in good agreement with

those from a recent, externally calibrated, genetic-distance

study, which was based on synonymous changes occurring

in the protein-coding region.46 This concordance between

two different methodologies, using partitioned data sets

that exclude transfer RNAs (tRNAs) and intergenic regions,

provides an additional degree of confidence in our results.

Our estimate for the TMRCA of L3 also agrees with one pro-

duced by a recent study of 50 nuclear loci (40–70kya).55

Collectively, these studies reiterate earlier suggestions

that the genetic time frame for human prehistory needs

to be amended.13

The externally calibrated rates estimated from both the

concatenated and PC1þ2 alignments were lower than

the rates obtained via internal calibrations and lower

than those from previous studies of equivalent regions of

the mitochondrial genome.8,56 The averaged substitution

rate from PC1þ2 and PC3 is substantially lower than its

pedigree counterpart,57 consistent with the prediction

that the genealogical rate should be intermediate between

the phylogenetic and pedigree rates.

Unfortunately, because of the poor topological support

for key internal calibration nodes, we were not able to pro-

duce a direct substitution-rate estimate for the D loop, but

we obtained an indirect one by multiplying the averaged

substitution rate across the concatenated alignment by

the relative rate for the D loop partition (Table 3). Com-

pared with our results, existing estimates with D loop

data have tended to produce slower rates, despite being

restricted to the fastest evolving hypervariable sections.

In studies calculating phylogenetic rates, the practice of us-

ing of an external calibration point can account for most of

the disparity, because of the effect of saturation.32,58,59

However, the persistence of these differences when deter-

mining genealogical substitution rates9,16 suggests that

the choice of calibration point and restricted data sets

(both in terms of the global mtDNA tree and not using

the entire D loop) can exacerbate the underlying problems

of rate heterogeneity demonstrated by our analyses.17

Our results also suggest that it might not be appropriate

to combine data from PC1þ2, PC3, rRNA, and the D loop

because of the differing influences on portions of the mito-

chondrial genome, such as selection on protein-coding

sites and saturation in the D loop. This is supported by

the recent findings of Howell et al.,52 who obtained evi-

dence for a decoupling of relative substitution rates in
American Journal of Human Genetics 82, 895–902, April 2008 899



protein-coding and D loop regions. In this regard, inclu-

sion of tRNA and intergenic regions is only likely to intro-

duce additional complications, because of RNA stem-pair-

ing and strand-specific compositional variation. At the

very least, a concatenated alignment needs to be parti-

tioned, permitting the application of a separate evolution-

ary model to each partition. Nevertheless, the majority of

current phylogenetic methods assume that data partitions

share the same tree topology and branch lengths, which is

inappropriate when different partitions exhibit incongru-

ent patterns of among-lineage rate heterogeneity; the

extent of the impact of this problem is not known, how-

ever, and further investigation is required.

The use of a human-chimpanzee calibration appears to

be generally inappropriate for mitochondrial studies of hu-

man evolution, with the possible exception of data from

third-codon sites. By using internal calibrations, our anal-

yses have produced comparatively high estimates of substi-

tution rates in the human mitochondrial genome, with an

associated contraction of the evolutionary time scale. The

influence of data selection on rate variation among line-

ages should be minimized by the use of a relaxed-clock

model, although our rate estimates are most appropriately

interpreted as mean values across the human tree. Future

studies, with a greater assortment of calibrations, will be

able to obtain a clearer picture of rate heterogeneity across

the mitochondrial tree. Additionally, analyses of larger,

representative data sets—for example, with a more com-

prehensive coverage of African mtDNA than that which

was available for the present study—should be able to

improve the precision and accuracy of the rate estimates

presented here.

Our revised dates bring the mitochondrial estimates into

better agreement with archaeological evidence for the

expansion and dispersal of anatomically modern humans

within Africa60 and Europe,61 and are supported by new

chronologies derived from both nuclear and mitochon-

drial DNA, achieved by different methodologies.46,55 This

suggests that improved resolution of the chronology of

human dispersals with mtDNA will be achieved with

partitioned data sets from the coding region (either PC3

or synonymous substitutions) and internal calibration

points.

Supplemental Data

Three tables are available at http://www.ajhg.org/.
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