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Summary

Background—~Recent analyses of de novo DNA mutations in modern humans have suggested a
nuclear substitution rate that is approximately half that of previous estimates based on fossil
calibration. This result has led to suggestions that major events in human evolution occurred far
earlier than previously thought.

Result—Here we use mitochondrial genome sequences from 10 securely dated ancient modern
humans spanning 40,000 years as calibration points for the mitochondrial clock, thus yielding a
direct estimate of the mitochondrial substitution rate. Our clock yields mitochondrial divergence
times that are in agreement with earlier estimates based on calibration points derived from either
fossils or archaeological material. In particular, our results imply a separation of non-Africans
from the most closely related sub-Saharan African mitochondrial DNAs (haplogroup L3) of less
than 62,000-95,000 years ago.

Conclusion—Though single loci like mitochondrial DNA (mtDNA) can only provide biased
estimates of population split times, they can provide valid upper bounds; our results exclude most
of the older dates for African and non-African split times recently suggested by de novo mutation
rate estimates in the nuclear genome.

Introduction

Differences in DNA sequences correspond to nucleotide substitutions that have accumulated
since their split from a most recent common ancestor (MRCA). When the average number of
substitutions occurring per unit time can be determined, the “molecular clock” rate can be
estimated. Under the assumption of constant rates of change amongst lineages, molecular
clocks have been used to estimate divergence times between closely related species, or
between populations. Fossil evidence has been frequently used to estimate a date for the
MRCA of two related groups, thus providing a calibration point for the molecular clock. The
sparseness of the fossil record, however, poses limitations on the reliability of such
estimates. For example, in human evolution, no fossil has yet been identified to represent the
uncontested MRCA for humans and chimpanzees or other closely related primate species.
As a consequence, the nuclear and mitochondrial mutation rates for the human lineage have
been heavily debated[1].
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Recent analyses of de novo substitutions from genome sequencing of parent and offspring
trios allow the direct calculation of nuclear substitution rates per generation. This alternative
to the fossil calibration of the human molecular clock is arguably more accurate.
Surprisingly, publications using this approach have recently pointed to de novo rates that are
about half the value of those previously determined from fossil calibrations[1-5]. A slower
substitution rate has important implications for inferring the timing of key events in human
evolution such as our divergence from our common ancestor with chimpanzees, our
divergence from Neandertals and Denisovans, and the migration of modern humans from
one region or habitat to another. Taking these new rates into consideration, most date
estimates would be pushed back by a factor of two, for example yielding a West African /
non-African split date of 90-130 kya, which is up to 60 kya older than some previous
estimates[1].

Attempts at calculating the human mitochondrial DNA (mtDNA) substitution rate have
relied on either estimates derived from fossil calibration or archaeological evidence of
founding migrations; however, reliance on a single calibration date can easily lead to a
biased rate estimate[6]. Estimates of substitution rates for the coding region of the mtDNA
have ranged from 1.26x1078 substitutions per site per year[7], calibrated with a chimpanzee-
human divergence time of 6.5 million years before present (BP), to 1.69x1078, inferred from
an accepted date of 45 kya for the peopling of Oceania[8]. This 45kya date is based on
radiocarbon dated archaeological material, thus providing a calibrated age for the
haplogroup (hg) Q lineage that is unique to contemporary populations from this region.
Soares et al.[9] considered both the coding and non-coding regions in their estimate to
accommodate the effects of natural selection, and arrived at a rate of 1.67x1078 substitutions
per site per year using a calibration point of 7 million years BP for the chimpanzee-human
split.

An alternative approach for obtaining greater precision in measuring substitution rates is
through the analysis of genetic data from ancient samples for which reliable radiocarbon
dates are available. Ancient humans are well-suited to provide calibration points for the
human mitochondrial molecular clock: reliable radiocarbon dates are available for many
specimens, hence the number of substitutions that have accumulated amongst lineages can
be directly translated into the number of substitutions per site per year. Branch shortening,
the effect of fewer substitutions on extinct branches when visually depicted on a
phylogenetic tree, is commonly observed in phylogenetic studies of ancient humans[10], and
directly corresponds to the number of substitutions that are absent in the ancient human but
present in the derived state in the descendant groups.

Here we use the complete or nearly complete mitochondrial genomes from 10 ancient
modern humans for which reliable radiocarbon dates are available to calculate the human
mtDNA substitution rate directly. This strategy circumvents the limitations imposed by the
use of indirect measures of substitution rates such as those obtained via fossil calibration.
The samples used in this analysis span 40,000 years of human history and originate from
Europe and Eastern Asia. We use our substitution rate to estimate the dates of major human
evolutionary events in the last 200,000 years. Of particular note, our rate suggests an upper
bound on the split between non-Africans and sub-Saharan Africans of less than 95,000 years
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ago. Even though this estimate is a conservative upper bound because a single locus can only
establish a biased estimate of a split time, it is on the extreme lower end population split
times estimated from de novo substitution rates for nuclear DNAJ1].

DNA Preservation and Contamination

High throughput sequencing of the enriched libraries yielded between 4,898 and 27,022,382
sequences for each sample. These sequences were used as input for the iterative mapping
assembler MIA[11]. For each sample, between 0 and 74,435 unique human mtDNA
fragments mapped against the revised Cambridge Reference Sequence (rCRS). Complete or
nearly complete mitochondrial genomes with at least 3-fold coverage could be reconstructed
for 11 individuals (Table 1) including the sample from China. The average length of the
obtained mtDNA fragments ranged from 54 to 77bp (Table S6). Using a previously
published contamination estimation method[11], four samples showed a low percentage of
inconsistent fragments suggesting that the DNA originated from a single biological source,
while the other sequences did not contain enough unique diagnostic substitutions to assess
contamination using this method. Our more powerful Bayesian contamination estimate (Sl
text 5) suggests that all samples with the exception of Oberkassel 999 are uncontaminated to
within the limits of our resolution (Table 1). On this basis, we excluded Oberkassel 999 from
subsequent analyses. To further evaluate the authenticity of the ancient DNA we calculated
the proportion of nucleotide misincorporations arising from DNA damage, a quantity that is
known to increase over time after the death of an individual[12] and has been used as an
indication of authenticity in previous work[10]. It was suggested that bone samples 100
years and older have a minimum of 20% C to T misincorporations concentrated at the 5’ end
of the molecule[13]. Using this criterion, we excluded Paglicci Str. 4b from further analysis
as the rate of C to T misincorporation at the 5’-end was only 8.8%, thus making an ancient
origin for the DNA in this sample uncertain[14].

Evolutionary analysis

All but one of the ancient modern human sequences from Europe belonged to mtDNA hg U,
thus confirming previous findings that hg U was the dominant type of mtDNA before the
spread of agriculture into Europe[15]. The exception was the Cro-Magnon 1 sample which
belonged to the derived hg T2b1, an unexpected hg given the putative 30,000 year age of the
sample[16]. Since the radiocarbon date for this specimen was obtained from an associated
shell[16], we AMS dated the sample itself. Surprisingly, the sample had a much younger age
of about 700 years, suggesting a medieval origin. Consequently, this bone fragment has now
been removed from the Cro-Magnon collection at the Musée de I'Homme in Paris. Attempts
to directly date other remains from the Cro-Magnon type collection unfortunately failed. The
good molecular preservation of our sample for both DNA and AMS dating, in contrast,
suggests that this particular bone has a different origin than the other remains in the
collection.

For the remaining eight ancient Europeans, we built a phylogenetic tree for hg U, which
included 63 contemporary European mtDNAs falling into this haplogroup. The tree clearly
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shows that all four Paleolithic pre-Last Glacial Maximum (LGM) samples display a short
branch compared to the four ancient post-LGM samples (Figure S2). Predictably, the older
samples Dolni Vestonice 14 and 15 fall in a basal position relative to the contemporary
mtDNA hg U5. The Tianyuan sequence from Eastern China falls basal to the contemporary
hg B, common in most parts of Eastern Asia, Oceania, and the Americas. The mtDNA
genetic diversity that we measure in early modern Europeans is about two-fold less than the
mtDNA diversity in today's Europeans, but about 1.5 times higher than that measured in
Neandertals contemporary with these early modern humans[17] (excluding the older
Mezmaiskaya individual) (Table S3). While these measurements provisionally suggest that a
higher population size might have contributed to early modern humans out-competing
Neandertals after their arrival in Europe, there are caveats to this analysis. First, we have a
limited sample size of ancient specimens. Second, we have sampled from several different
time periods, a practice which overestimates actual genetic diversity[17], though not in the
Neanderthal population owing to its restricted mitochondrial diversity over time. Third, our
sampling is hon-random; for example, we included several individuals from within the same
burial site (Dolni Vestonice), where maternal relatedness would give an underestimate of
true diversity. More data are necessary to provide a definitive assessment of the genetic
diversity of these prehistoric populations.

Substitution rate estimates

For the linear regression approach we estimate a substitution rate of 1.92x1078 per site and
year (1.16-2.68x1078 95% ClI) for the whole mtDNA and 1.25+0.68 1078 per site and year
(0.57-1.93 x1078 95% Cl) for the coding region.

For the Bayesian approach, the final model was chosen based on a Logq of the Bayes factor
(BF) being >1.3. The best fit comparison of the results of the Bayesian MCMC analysis,
calibrated with the fossil ages, favors the constant population size model over the
exponential growth model (Log,g BF = 1087.2>>1.3). Although values obtained with the
relaxed clock model fit the data better (Log;q BF = 3.6>1.3), the ML likelihood test does not
reject the null hypothesis of a constant substitution rate across the tree topology. Using the
constant size model and a relaxed clock we thus estimate a substitution rate of 2.67x1078
substitutions per site per year (2.16-3.16 x1078 95% HPD) for the whole mtDNA genome
and 1.57x1078 substitutions per site per year for the coding region (1.17-1.98 x1078 95%
HPD) (Table 2). The substitution rates for the mtDNA coding region and whole mtDNA
largely overlap with the above results when the four radiocarbon-dated Neandertals are
included alongside the 10 ancient modern humans (S| text 6, Table S5). In theory,
mitochondrial substitution rates could have changed between Neandertals and modern
humans, though we do not detect evidence of this because inclusion of Neandertal data does
not lead to a rejection of the molecular clock. Regardlesss, we use only the substitution rates
calculated with radiocarbon dated ancient modern humans to calculate modern human
mtDNA divergence times, as this presumably affords greater accuracy.

Haplogroup divergence time estimates

Using the substitution rate for the whole mtDNA genome obtained by Bayesian estimation,
the time of the MRCA for all modern humans was estimated at 157 kya (120 — 197 kya 95%
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HPD). Our rate also implies a split of all non-African hgs from the closest widespread sub-
Saharan African hg (L3) of 78.3 kya (62.4 - 94.9 kya). The MRCA of hg Q, often referred to
as a maximum age for the settlement of Australia, was calculated at 42 kya (30 — 54.9 kya).
The TMRCA of hg U5, often argued to have evolved within the first early modern humans
in Europe[18] was calculated at 29.6 kya (22.7 — 37.2 kya).

To test if the inferred mutation rates are dependent on a single directly dated mtDNA
sequence (which in principle could have an inaccurate carbon date), we carried out a
Bayesian MCMC analysis for the coding regions with a constant size model and relaxed
clock using each mtDNA sequence older than 4,000 years independently as separate tip
calibrations. The results range from 1.14x1078 substitutions per site per year for the
Kostenki specimen to 4.5x1078 substitutions per site per year for the Boshan specimen
(Table S1). The confidence intervals for all samples overlap the value obtained for the whole
dataset, suggesting that no single sample is driving our overall mutation rate estimate.

Discussion

We were able to reconstruct three complete and six nearly complete mitochondrial genomes
from ancient human remains found in Europe and Eastern Asia that span 40,000 years of
human history. All Paleolithic and Mesolithic European samples belong to mtDNA hg U, as
was previously suggested for pre-Neolithic Europeans[15]. Two of the three individuals
from the Dolni Vestonice triple burial associated with the pre-ice age Gravettian culture,
namely 14 and 15, show identical mtDNAs, suggesting a maternal relationship. Furthermore,
both individuals display a mitochondrial sequence that falls basal in a phylogenetic tree
compared to the post-ice age hunter gatherer samples from Italy and central Europe, as well
as the contemporary mtDNA hg U5 (Figure 1). It has been argued that hg U5 is the most
ancient sub-haplogroup of the U lineage, originating among the first early modern humans in
Europe[18]. Our results support this hypothesis since we find that the two Dolni Vestonice
individuals radiocarbon dated to 31.5 kya carry a type of mtDNA that is as yet
uncharacterized, sits close to the root of hg U, and carries two mutations that are specific to
hg U5. With our recalibrated molecular clock, we date the age of the U5 branch to
approximately 30 kya, thus predating the LGM. Since the majority of late Paleolithic and
Mesolithic mtDNAs analyzed to date fall on one of the branches of U5 (see also ref. [15]),
our data provide strong support for maternal genetic continuity between the pre- and post-ice
age European hunter-gatherers from the time of first settlement to the onset of the Neolithic.
U4, another hg commonly found in Mesolithic hunter gatherers[15], has so far not been
sequenced in a Paleolithic individual, and we find hgs U8 and U2 in pre-LGM individuals
but not in later hunter-gatherers. At present, the genetic data on Upper Paleolithic and
especially pre-ice age populations are too sparse to comment on whether or not this is
representative of a change in the genetic structure of the population, perhaps caused by a
bottleneck during the LGM and a subsequent repopulation from glacial refugia.

Using ancient mtDNA sequences from securely dated archaeological samples as calibration
points has allowed us to obtain an estimate of the mtDNA substitution rate that is more
reliable than the existing estimates based on calibration from the fossil and archaeological
records. We arrive at a rate of 1.57x1078 substitutions per site per year for the coding region
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and 2.67x1078 substitutions per site per year for the whole molecule, which is
approximately 1.6-fold higher than the fossil calibrated rate[7]. Our inferred substitution rate
from the whole mtDNA implies a coalescence date for all modern human mtDNAs of
120-197 kya and of 62-95 kya for hg L3, the lineage from which all non-African mtDNA
hgs descend. This places a conservative upper bound of 95 kya for the time of the last major
gene exchange between non-African and sub-Saharan African populations. It is important to
recognize that this divergence time may merely represent the most recent gene exchanges
between the ancestors of non-Africans and the most closely related sub-Saharan Africans,
and thus may reflect only the most recent population split in a long, drawn out process of
population separation[1]. Nevertheless, the fact that hg L3 is currently so widespread within
Africa suggests that the split dated by L3 is likely to be one of the most important ones in
that history of separation, giving rise to lineages that contributed substantial fractions to the
ancestry of both present-day sub-Saharan African and present-day non-African populations.

While our estimate for the population divergence of non-African and sub-Saharan Africans
has a small overlap with those calculated from the de novo genomic rates, which range from
90 — 130 kyal, the ca. 30,000 year difference in the mean divergence time obtained via the
different methods is worthy of discussion. We believe this discrepancy is unlikely to be
explained by differences in the inheritance patterns between the two parts of the genome
(exclusively maternal vs. biparental), or by differences in generation times of males and
females[19] as branch shortening is calculated in years and thus not affected by changes in
generation times. We note that our calculated dates are more consistent with some
interpretations of the fossil record: for example, the low nuclear mutation rates from the de
novo investigations imply a date of human-orangutan speciation that is at least ten million
years older than what is supported by the fossil record[20], whereas our dates are in accord
with a more recent ape speciation[21, 22]. One possible reason for the discrepancies
between our inferences and those that have been made based on de novo mutation rates in
the nuclear genome, is the possibility of a substantial rate of false-negative mutations in the
de novo data sets (due to the intense filtering that these studies need to apply to discriminate
false-positive mutations from true positives). It is also possible that the filtering applied in
the de novo mutation rate estimation studies has excluded subsets of the genome that are
more mutable and that have been included in sequence divergence calculations; it is
important to estimate mutation rate and sequence divergence in the same subsets of the
genome to properly calibrate time estimates and this has not been done as far as we are
aware. An important direction for future research will be to compare the new de novo rates
with those estimated based on patterns of substitutions observed over time in the nuclear
genome as determined from ancient sequences[23], using methods similar to those
employed here. This would also help to identify any demographic signals that were
imperceptible in the current analysis due to our exclusive use of mitochondrial genomes.

Experimental Procedures

Samples, DNA extraction, and molecular processing

DNA extraction was performed on skeletal remains from 53 humans from Europe.
Descriptions for these can be found in the Sl text 1), as well as Tables 1 and Table S6.
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Details of DNA extraction, enrichment, and Illumina sequencing are available in the Sl text
2, 3). The GenBank accession number of the mtDNA consensus sequences determined in
this study are KC521454 (Boshan 11), KC521455 (Loschbour), KC521456 (Cro-Magnon 1),
KC521457 (Oberkassel 998), KC521458 (DolniVestonice 14) and KC521459
(DolniVestonice 13).

Phylogenetic analysis

The consensus sequences were assigned to haplogroups (Table S2) according to
Phylotree.org[24] with a custom PERL script. They were aligned using the software
MUSCLE[25]. MEGA 5[26] was used to calculate mean pairwise differences and to
generate a Maximum Parsimony tree, which included the sequences obtained here along
with previously published early modern human mtDNAs with radiocarbon dates, 54
contemporary modern human mtDNAs from a worldwide distribution[27], six Neandertal,
and one Denisovan mtDNA[17, 28] (Fig. 1).

Estimation of substitution rates

For the direct calculation of the human mtDNA substitution rate we used ten samples. These
included six samples (out of a total of 54 ancient modern human remains mentioned above)
that were reliably dated and for which complete or near complete mtDNA sequences had
been generated at a minimum of 3-fold coverage. The remaining four samples came from
previously published early modern human mtDNA sequences. The specific sequences we
analyzed were Dolni Vestonice 13 and 14, Tianyuan[29], Boshan, Cro-Magnon 1,
Oberkassel 998, Kostenki[10], Iceman[30], Sagqqgaq[31] and Loschbour (Table 1).
Radiocarbon dates were calibrated with OxCal 4.1 with the dataset INTCALO9.

The complete mtDNAs were aligned using the software MUSCLE with a worldwide dataset
of 311 contemporary mtDNAS[25]. Both ancient Italian samples had no reliable 14C date
and were therefore not used to estimate the rate of mtDNA substitutions in humans.

To calculate the substitution rate we used a linear regression model as well as a Bayesian
analysis. For the linear regression, nucleotide distances (Figure S1 A,B) to the common
ancestor of all mtDNAs that fall into haplogroup R were calculated for all applicable ancient
and modern-day sequences using the software MEGAS. Suitable ancient samples were
identified as those with a minimum of 99.5% of base positions covered 3-fold, and which
were descendents of the R lineage, thus excluding the Saqqgagq individual. The humber of
substitutions per year was then obtained as the slope of the regression of radiocarbon age
and nucleotide distance (Figure S1 C,D). The obtained rate was divided by the number of
positions to calculate the rate per site per year. While the regression approach is
straightforward, it does not make the most efficient use of the available information as it
weights all samples equally despite their shared evolutionary history. Our second approach
avoids this problem by calculating substitution rates in a Bayesian framework. Using the
software package BEAST[32], we explicitly accounted for the shared phylogeny of the 311
mtDNAs and 10 ancient human mtDNAs. The general time reversible sequence substitution
model with a fixed fraction of invariable sites and gamma distributed rates (GTR+1+G) was
used as this model is the best-fit to our data according to Modeltest and PAUP*[33]. In
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addition, two different models of rate variation among branches were investigated: a strict
clock and an uncorrelated lognormal-distributed relaxed clock. For these two models, both a
constant population size coalescent and an exponential growth coalescent were used as tree
priors. Thus, we analyzed 4=2x2 models in total. For each model, two MCMC runs were
carried out with 30,000,000 iterations each, sampling every 1000 steps. The first 6,000,000
iterations were discarded as burn-in. For each model both independent runs were combined
resulting in 48,000,000 iterations.

To calculate substitution rates for various partitions of the mtDNA, MCMC runs for all four
models were carried out on four subsets of the mtDNA alignments. The first corresponded to
the whole mtDNA sequence, the second to the coding region (position 577-16023), the third
to the first and second codon positions of the protein-coding genes, and the fourth to the
third codon position.

Archaic humans

As we do not know the radiocarbon age for some of the complete Neandertal mtDNAs and
the Denisovan individual, the TMRCA of modern and archaic human mtDNAs was
estimated from our inferred substitution rate. For this approach we aligned 54 modern
human mtDNAs from a worldwide dataset with six Neandertal mtDNAS, one Denisovan, a
chimpanzee and a bonobo using MUSCLE. A molecular clock test was performed using the
MEGADS by comparing the maximum likelihood value for the given topology with and
without the molecular clock constraints under the General Time Reversible model (+G+1).
Differences in evolutionary rates among sites were modeled using a discrete Gamma (G)
distribution that allowed for invariant (/) sites. The null hypothesis of equal evolutionary rate
throughout the tree was not rejected (P= 0.181, Sl text 4, Table S4). Hence, we used the
calculated substitution rate to extrapolate the TMRCA of modern and archaic human
mtDNAs. All positions containing gaps and missing data were eliminated. There were a total
of 16,518 positions in the final dataset. To calculate mtDNA divergence times the
determined substitution rate computed for the whole mtDNA genome (from the previous
section, based on 10 ancient mtDNAS) was used as a prior in the Bayesian software package
BEAST.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Direct calculation of human mtDNA mutation rates, using complete

. Improved molecular estimates for human evolutionary events, such as

Highlights

mtDNAs reconstructed from 10 radiocarbon dated ancient modern
humans. This circumvents the need for relying on traditional fossil or
archaeological calibration points.

our divergence from Neandertal and Densiovan, as well as more
reliable dates for major human migrations such as the Out of Africa
movement and the settlement of Australia.
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Figure 1. Tree for 54 present-day humans, 10 ancient modern humans, and 7 archaic humans
The phylogeny in the top panel was constructed using Maximum Parsimony and rooted

using midpoint rooting. The branches for present-day humans do not all end at the same
point giving a sense of the inherent uncertainty in time measurements based on mtDNA due
to its limited sequence span. However, the consistent shortening of the branches of ancient
humans relative to their closest present-day human relatives is apparent in the figure. This is
the basis for our clock calibration. Pre- and post-Neolithic ancient samples are indicated as
red and blue circles, respectively, and colored squares indicate the geographical origin of 54
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present-day humans that we co-analyzed with them. Date estimates for major divergence
events are shown at the nodes. In the bottom panel we show a map giving geographical
origin of the samples.
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Table 2

Inferred TMRCA for all modern humans and mean substitution obtained for various subsets of the mtDNA
genome assuming a constant population size and relaxed molecular clock

mtDNA partition TMRCA W site / year (units of 1078)

best estimate  lower 2.5%  upper 2.5%  best estimate  lower 2.5%  upper 2.5%

whole mtDNA 157,000 120,000 197,000 2.67 2.16 3.16
Coding region 178,000 126,000 236,000 1.57 117 1.98
1st-2nd Codon 207,000 78,800 382,000 0.82 0.30 1.37

3rd Codon 233,000 134,000 356,000 3.27 1.94 4.62
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TMRCA of different haplogroups

Table 3

mtDNA  Whole molecule 95% HPD Coding region 95% HPD

Hg Group TMRCA (KBP) lower upper TMRCA (KBP) lower upper
A 33.7 22.4 451 28.6 17.0 41.2

C 24.2 16.6 325 24.2 14.7 349

D 37.8 27.6 49.1 45.3 28.7 62.7

H 23.9 16.6 323 20.7 125 29.6

J 26.0 16.4 36.4 27.1 13.9 422
L3 78.3 62.4 94.9 89.7 66.8 116.4
M+N 77.0 61.4 93.2 88.2 64.5 1145
P 53.6 431 65.5 60.9 41.6 83.2

Q 42.0 30.0 54.9 39.8 25.6 55.7

T 21.1 13.0 29.8 17.4 9.0 26.8
us 29.6 22.7 37.2 344 22.8 47.7
U6 35.7 24.7 47.6 318 20.4 44.6

U 52.1 44.3 60.9 56.1 44.0 70.5
135 7.1 20.3 155 7.5 245
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