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Two competing hypotheses are at the forefront of the debate on modern human origins. In the first scenario, known as the recent Out-of-Africa hypothesis, modern humans arose in Africa about 100,000-200,000 years ago, and spread throughout the world by replacing the local archaic human populations. By contrast, the second hypothesis posits substantial gene flow between archaic and emerging modern humans. In the last two decades, the young time estimates -between 100,000 and 200,000 years -of the most recent common ancestors for the mitochondrion and the Y-chromosome provided evidence in favor of a recent African origin of modern humans. However, the presence of very old lineages for autosomal and X-linked genes has often been claimed to be incompatible with a simple, single origin of modern humans. Through the analysis of a public DNA sequence database, we find, similar to previous estimates, that the common ancestors of autosomal and X-linked genes are indeed very old, living, on average, respectively 1,500,000 and 1,000,000 years ago. However, contrary to previous conclusions, we find that these deep gene genealogies are consistent with the Out-of-Africa scenario provided that the ancestral effective population size was approximately 14,000 individuals. We show that an ancient bottleneck in the Middle Pleistocene, possibly arising from an ancestral structured population, can reconcile the contradictory findings from the mitochondrion on the one hand, with the autosomes and the X-chromosome on the other hand.

Introduction

The process by which modern humans arose has been the subject of much debate in paleoanthropology [START_REF] Stringer | Modern human origins -progress and prospects[END_REF]. Especially the extent of admixture between anatomically modern humans and archaic populations of Homo has been vigorously debated [START_REF] Wolpoff | Multiregional, not multiple origins[END_REF][START_REF] Templeton | Out of Africa again and again[END_REF][START_REF] Plagnol | Possible ancestral structure in human populations[END_REF][START_REF] Garrigan | Reconstructing human origins in the genomic era[END_REF][START_REF] Fagundes | Statistical evaluation of alternative models of human evolution[END_REF]. At one end of the spectrum, the recent Out-of-Africa hypothesis posits that a group of modern humans, arising in Africa about 100,000-200,000 years ago, spread throughout the world by replacing, without admixture, the local archaic human populations [START_REF] Mellars | Why did modern humans populations disperse from Africa ca. 60,000 years ago[END_REF]. At the other end, the Multi-Regional model posits substantial gene flow between local archaic humans and the emerging modern humans, even though it does not exclude Africa as the cradle of modern humans [START_REF] Wolpoff | Multiregional, not multiple origins[END_REF]. In between these two hypotheses, alternative scenarios assume archaic admixture restricted to Africa before the emerging modern humans eventually colonized the globe (Harding and McVean 2004;[START_REF] Gunz | Early modern human diversity suggests subdivided population structure and a complex out-of-Africa scenario[END_REF]).

Substantial genetic evidence has been put forward in support of the recent Outof-Africa hypothesis. For example, a continuous decrease of genetic diversity with increasing distance from Africa has been observed for autosomal microsatellites [START_REF] Prugnolle | Geography predicts neutral genetic diversity of human populations[END_REF][START_REF] Ramachandran | Support from the relationship of genetic and geographic distance in human populations for a serial founder effect originating in Africa[END_REF] and SNPs [START_REF] Li | Worldwide human relationships inferred from genome-wide patterns of variation[END_REF], as well as a continuous increase of linkage disequilibrium with distance from Africa [START_REF] Jakobsson | Genotype, haplotype and copy-number variation in worldwide human populations[END_REF]. These world-wide patterns are consistent with a serial founder model in which migrant populations are formed from a subset of the previous population in the migration wave outward from Africa [START_REF] Degiorgio | Explaining worldwide patterns of human genetic variation using a coalescent-based serial founder model of migration outward from Africa[END_REF]). Sex-linked markers have also provided evidence for a recent African origin since the common ancestor of all contemporary mitochondrial haplotypes existed as recently as ∼200,000 years ago [START_REF] Cann | Mitochondrial DNA and human evolution[END_REF], and the ancestor of all Y-chromosomes lived ∼100,000 years ago [START_REF] Thomson | Recent common ancestry of human Y chromosomes: evidence from DNA sequence data[END_REF][START_REF] Wilder | Genetic evidence for unequal effective population sizes of human females and males[END_REF].

Direct evidence against the recent Out-of-Africa hypothesis can potentially come from comparisons between ancient DNA of archaic humans, such as Neanderthals, and DNA of present-day modern humans [START_REF] Noonan | Neanderthal genomics and the evolution of modern humans[END_REF]. Recently, when releasing the draft sequence of a Neanderthal genome, [START_REF] Green | A Draft Sequence of the Neandertal Genome[END_REF] found 1 -4% of Neanderthal introgression in the gene pool of non-Africans; however, previous comparisons involving ancient Neanderthal DNA did not provide evidence in favor of admixture between humans and Neanderthals [START_REF] Krings | Neandertal DNA sequences and the origin of modern humans[END_REF][START_REF] Noonan | Sequencing and analysis of Neanderthal genomic DNA[END_REF][START_REF] Wall | Inconsistencies in neanderthal genomic dna sequences[END_REF]. Genetic evidence that does not involve ancient DNA, in particular elevated levels of Linkage Disequilibrium (LD) in modern humans, was also found to be indicative of ancient admixture [START_REF] Plagnol | Possible ancestral structure in human populations[END_REF][START_REF] Wall | Detecting ancient admixture and estimating demographic parameters in multiple human populations[END_REF]). It has additionally been argued that the presence of very old lineages, or deep divergences, for autosomal genes and genes on the X-chromosome is incompatible with a simple, single origin of modern humans, and that these deep divergences are instead evidence in favor of archaic admixture [START_REF] Harris | X chromosome evidence for ancient human histories[END_REF]Harding and McVean 2004;[START_REF] Garrigan | Deep haplotype divergence and long-range linkage disequilibrium at Xp21.1 provide evidence that humans descend from a structured ancestral population[END_REF][START_REF] Evans | Evidence that the adaptive allele of the brain size gene microcephalin introgressed into homo sapiens from an archaic homo lineage[END_REF][START_REF] Garrigan | Reconstructing human origins in the genomic era[END_REF][START_REF] Hayakawa | Fixation of the humanspecific CMP-N-acetylneuraminic acid hydroxylase pseudogene and implications of haplotype diversity for human evolution[END_REF][START_REF] Patin | Deciphering the ancient and complex evolutionary history of human arylamine N-acetyltransferase genes[END_REF][START_REF] Cox | Testing for archaic hominin admixture on the x chromosome: Model likelihoods for the modern human RRM2P4 region from summaries of genealogical topology under the structured coalescent[END_REF][START_REF] Kim | Population genetic analysis of the n-acylsphingosine amidohydrolase gene associated with mental activity in humans[END_REF].

A measure of the (deepest) divergence of a gene tree is the Time to the Most Recent Common Ancestor (TMRCA). The TMRCA is the time at which the Most Recent Common Ancestor (MRCA) of all existing copies of a given gene lived. A genome-wide frequency distribution of the TMRCAs has been reported by curating the literature [START_REF] Garrigan | Reconstructing human origins in the genomic era[END_REF] but no systematic and consistent analysis has been performed in a single genome-wide data set. We report the first genomewide estimation of the TMRCAs of anatomically modern humans, and we investigate if different scenarios of human evolutionary history are supported by this estimate.

In particular, we investigate to what extent the ages of the autosomal and X-linked lineages are compatible with the recent Out-of-Africa hypothesis.

Materials and Methods

Sequence data.

The data comprises of 40 re-sequenced independent intergenic regions from the autosomes and the X-chromosome [START_REF] Wall | A novel DNA sequence database for analyzing human demographic history[END_REF]. Each region encompasses approximately 20kb and consists of three 2kb sequence fragments, separated by 7kb of unsequenced DNA ("locus trio design", see [START_REF] Garrigan | Deep haplotype divergence and long-range linkage disequilibrium at Xp21.1 provide evidence that humans descend from a structured ancestral population[END_REF]. We present the results for 78 individuals from three African populations (Mandenka, Biaka, and San from Namibia), one European population (Basque), one Asiatic population (Han) and one population from Oceania (Melanesia). Two common chimpanzee sequences, available in the database, were used as outgroups.

TMRCA estimation.

We use the method of [START_REF] Thomson | Recent common ancestry of human Y chromosomes: evidence from DNA sequence data[END_REF] for estimating TMRCAs and we reiterate the basic motivation for the estimator (for an extensive description, see [START_REF] Thomson | Recent common ancestry of human Y chromosomes: evidence from DNA sequence data[END_REF]Hudson 2007). Thomson's estimator requires an outgroup that provides information on the ancestral state at every polymorphic position and assumes an infinite sites model.

Let T be the time to the MRCA for a sample of n lineages, and let x i be the number of mutations that have occurred between the MRCA and lineage i. We assume that the number of mutations along a branch, x i , is Poisson distributed with mean equal to the product of the mutation rate (u) and the branch length (T ). Then, Thomson's estimator of TMRCA is

T = n i=1 x i /(nu).
To estimate the mutation rate u, we assume a molecular divergence of 6 millions years between human and chimpanzee [START_REF] Glazko | Estimation of divergence times for major lineages of primate species[END_REF], and a generation time of 25 years. Computing the mean number of nucleotide differences between two chimp sequences and the human sequences, we find a mean mutation rate of 9.90×10 -10 /bp/year, on the same order as [START_REF] Fagundes | Statistical evaluation of alternative models of human evolution[END_REF].

To compute Thomson's estimator T , we reduce the data set to human polymorphic sites. Since we only consider sites that are polymorphic within humans, the mutations unique to the outgroup sequences are excluded from the computation of the TMRCA estimator (and have no effect on the TMRCA estimates). We reconstruct the ancestral state of each polymorphic site and, under the infinitely-many-sites mutation model, the state of the most recent common ancestor (MRCA) of the within-species sample is assumed to be equal to the outgroup allelic state. For 20 out of 1588 sites, the ancestral state could not be deduced, and, for these sites, the most frequent allele was assumed to be the ancestral variant. The choice of the infinitely-many-sites model is motivated by the small estimated mutation rate (u = 9.90 × 10 -10 /bp/year), which makes the probability of two mutations hitting the same site negligible.

We investigate the effect of recombination on Thomson's estimator using simulations, and we consider an effective recombination rate ranging from 0 to 10. This range encompasses previous estimates of the recombination rate in humans (The International HapMap Consortium 2005;[START_REF] Voight | Interrogating multiple aspects of variation in a full resequencing data set to infer human population size changes[END_REF]Coop et al. 2008b). Using, for instance, a standard estimate of 1cM/Mb (i.e. 10 -8 /bp) for the recombination rate (The International HapMap Consortium 2005) gives an effective recombination rate of ρ = 8 for a 20kb region, assuming an effective population size of 10, 000 individuals. To quantify the effect of recombination on T , we compute the relative bias and mean square-error of T as a function of the recombination rate (Figure 1).

We also investigate if Thomson's estimator T remains accurate when the population experienced demographic changes, and we consider three different demographic models: a) a population with a constant size of N = 10, 000 individuals; b) an expanding population where the population experienced a 10-fold expansion starting at a time distributed uniformly between 0 and 200, 000 years ago from a population-size of N = 10, 000 individuals; and c) a population splitting model. For the last model c, we assume that an ancestral population (of size N = 10, 000 individuals) split at a time distributed uniformly between 0 and 200, 000 years ago into two subpopulations. One of the two subpopulations contains N = 10, 000 individuals and the other population contains N = 10, 000 × p individuals with p chosen from a uniform distribution between 0 and .5.

Approximate Bayesian Computation (ABC).

We use ABC to find the range of demographic parameters that yield TMRCAs similar to the empirical estimates of TMRCAs. For each scenario of human evolution (described in the Results and Discussion Section), the ABC statistical procedure can be described as follows:

• Generate the demographic parameters according to the prior distributions given in Supplementary Table 1.

• Simulate sequence data with the software ms [START_REF] Hudson | Generating samples under a Wright-Fisher neutral model of genetic variation[END_REF]. One simulation comprises of generating 20 autosomal and 20 X-linked sequence-regions with the same number of samples and the same sequence lengths as in the empirical data.

• Compute the summary statistics (see below) for the simulated sequences and compute the Euclidean distance between observed and simulated summary statistics.

After performing a total of 100,000 simulations, we retain the 500 simulations that provide the best match to the data. We use an Epanechnikov kernel to assign larger weights to simulations that provide the best match [START_REF] Beaumont | Approximate Bayesian computation in population genetics[END_REF]. To account for the imperfect match between simulated and observed summary statistics, we then use regression adjustment as described by [START_REF] Blum | Non-linear regression models for approximate Bayesian computation[END_REF]. After completion of the algorithm, the posterior distribution of the parameters consists of the set of accepted parameters after adjustment.

To compute the summary statistics, we consider, for each of the 40 sequence-regions, the mean number of mutations, n i=1 x i /n, between the set of sequences and the ancestral sequence. To reduce the number of summary statistics, we compute, separately for the X-linked and the autosomal markers, the three quartiles of the 20 mean numbers of mutations. This procedure results in a total of 6 summary statistics.

Choice of priors for the mutation and recombination rates.

For the mutation rate, we choose an empirical Bayes approach in which the prior depends on the data [START_REF] Casella | An introduction to empirical Bayes data analysis[END_REF]. We choose a Gamma distribution for the mutation rate and we estimate the parameters so that the Gamma distribution fits the empirical distribution of the 40 estimated mutation rates. We obtain a Gamma distribution with a shape parameter of 15.18 and a scale parameter of 6.50 × 10 -11 . This results in a median mutation rate of 9.65 × 10 -10 mutations/bp/year and 95% of the simulated mutation rates are between 5.54 × 10 -10 and 1.54 × 10 -9 mutations/bp/year. For the crossing-over rate, we consider a log-normal distribution with a mean and standard deviation (on a log scale) of -18.148 and 0.5802 [START_REF] Voight | Interrogating multiple aspects of variation in a full resequencing data set to infer human population size changes[END_REF]. We assume homogeneous cross-over rate along each sequence-region.

Computation of the relative model probabilities.

We introduce an indicator variable Y = {1, 2, 3, 4} that indicates, for each simulation, which one of the four different demographic scenarios (described in the Results and Discussion Section) generated the data. We perform the same number of simulations for each scenario. We then regress the indicator variable Y by the 6 summary statistics Posterior predictive simulations.

To perform goodness-of-fit of the scenarios of human evolution (Figure 2), we perform posterior predictive checks [START_REF] Gelman | Bayesian Data Analysis, Second Edition[END_REF]. We sample, with replacement, 10,000 multivariate demographic parameters at random from the posterior distribution obtained with the ABC algorithm. Using ms [START_REF] Hudson | Generating samples under a Wright-Fisher neutral model of genetic variation[END_REF], we simulate, for each multivariate demographic parameter, gene trees along a 20kb sequence, and compute the median of the (potentially different) simulated TMRCAs found along the sequence.

For each scenario, this results in a total of 10,000 median TMRCAs that are displayed in Figure 2.

Results and Discussion

Genome-wide estimation of the TMRCAs.

The data comprise 40 re-sequenced independent intergenic regions from the autosomes and the X-chromosome provided by a public DNA sequence database that has been designed for the purpose of analyzing human prehistory [START_REF] Wall | A novel DNA sequence database for analyzing human demographic history[END_REF]). To compute genome-wide estimation of the TMRCA, we consider the statistic of [START_REF] Thomson | Recent common ancestry of human Y chromosomes: evidence from DNA sequence data[END_REF], which has been used for instance to date the ancestor of the human Ychromosome [START_REF] Thomson | Recent common ancestry of human Y chromosomes: evidence from DNA sequence data[END_REF] and the human FOXP2 gene (Coop et al. 2008a).

For each DNA fragment, the TMRCA estimate is obtained by computing the number of mutations between each sample (gene-copy) and a reconstructed ancestral sequence,

and averaging across the gene-copies of the sample. Generally, the bias of this estimator has been shown to be small (Hudson 2007), and we demonstrate that it is also robust to recombination (see Figure 1). To affix a time scale in years to the TMRCA estimates, we assume a molecular divergence of 6 millions years between human and chimpanzee [START_REF] Glazko | Estimation of divergence times for major lineages of primate species[END_REF], and a generation time of 25 years. For each region of 20kb, we compute one TMRCA estimate so that this estimate captures an average TMRCA for the possibly different TMRCAs found along the 20kb region.

Figure 2 displays the distribution of the TMRCAs for the 20 autosomal loci (Figure 2A) and the 20 loci located on the X-chromosome (Figure 2B). The median of the TMRCA is approximately 1,500,000 years for the autosomes (first quartile = 950,000, third quartile = 1,700,000) and approximately 1,000,000 years for the X-chromosome (first quartile = 700,000, third quartile = 1,350,000). These numbers are close to what [START_REF] Garrigan | Reconstructing human origins in the genomic era[END_REF] found by collecting TMRCA estimates from the literature. However, they are at odds with numerical predictions obtained by [START_REF] Fagundes | Statistical evaluation of alternative models of human evolution[END_REF] for the recent Out-of-Africa model. They found that the distribution of autosomal TMRCAs should peak around the time when modern humans emerged (100,000 to 200,000 years ago) and that 50% of the TMRCAs should be more recent than 650,000 years. In contrast, we find that only two out of 20 autosomal TMRCAs are more recent than 650,000 years.

A number of authors have argued that deep genealogical histories are incompatible with the recent Out-of-Africa hypothesis, and instead claimed that these deep genealogies are evidence in favor of archaic admixture [START_REF] Harris | X chromosome evidence for ancient human histories[END_REF]Harding and McVean 2004;[START_REF] Garrigan | Deep haplotype divergence and long-range linkage disequilibrium at Xp21.1 provide evidence that humans descend from a structured ancestral population[END_REF][START_REF] Evans | Evidence that the adaptive allele of the brain size gene microcephalin introgressed into homo sapiens from an archaic homo lineage[END_REF][START_REF] Garrigan | Reconstructing human origins in the genomic era[END_REF][START_REF] Hayakawa | Fixation of the humanspecific CMP-N-acetylneuraminic acid hydroxylase pseudogene and implications of haplotype diversity for human evolution[END_REF][START_REF] Patin | Deciphering the ancient and complex evolutionary history of human arylamine N-acetyltransferase genes[END_REF][START_REF] Cox | Testing for archaic hominin admixture on the x chromosome: Model likelihoods for the modern human RRM2P4 region from summaries of genealogical topology under the structured coalescent[END_REF][START_REF] Kim | Population genetic analysis of the n-acylsphingosine amidohydrolase gene associated with mental activity in humans[END_REF]. In the following sections, we investigate to what extent the genome-wide distribution of the TMRCAs is compatible with the recent Out-of-Africa model. We also consider alternative models that assume archaic admixture and check if they provide a better fit to the TMRCA distribution.

TMRCA distributions predicted by different scenarios of human evolution.

We compare observed TMRCAs to simulated TMRCAs for four different scenarios of modern human origin (Figure 3 and Supplementary Table 1). The two first scenarios are versions of the Out-of-Africa model, and the last two scenarios are versions of the Multi-Regional model: 3. 'Recent Admixture' A Multi-Regional scenario in which archaic and modern humans were isolated during 300-600,000 years and admixed recently in Eurasia, 30-70,000 years ago [START_REF] Plagnol | Possible ancestral structure in human populations[END_REF], and 4. 'Long-Standing Admixture' A Multi-Regional scenario with continuous and long-standing admixture between archaic and modern humans.

To find the range of demographic parameter-values that yield TMRCAs similar to the 40 estimates from the empirical data, we use Approximate Bayesian Computation (ABC) [START_REF] Beaumont | Approximate Bayesian computation in population genetics[END_REF][START_REF] Csilléry | Approximate Bayesian Computation in practice[END_REF]) and coalescent simulations [START_REF] Hudson | Generating samples under a Wright-Fisher neutral model of genetic variation[END_REF]. The empirical genetic data is summarized by six summary statistics that capture the divergence of gene trees. For each DNA fragment, we compute, for the human polymorphic sites, the mean number of mutations between the gene-copies of the sample and the reconstructed ancestral sequence (see Materials and Methods). We compute -separately for the X-chromosome and the autosomes -the three quartiles of these averaged number of mutations.

We estimate the ancestral effective population size of archaic humans (Figure 4 and Supplementary Table 2) and find, for the recent Out-of-Africa scenario, that the most likely value is 14,500 (95% CI = 12,000-17,000) similar to previous estimates [START_REF] Takahata | Allelic genealogy and human evolution[END_REF][START_REF] Harding | Archaic African and Asian lineages in the genetic ancestry of modern humans[END_REF][START_REF] Wall | Estimating ancestral population sizes and divergence times[END_REF][START_REF] Voight | Interrogating multiple aspects of variation in a full resequencing data set to infer human population size changes[END_REF]). In scenario 2, which assumes a structured population in Africa before the emergence of modern humans, we find a slightly lower estimate on the order of 8,000 individuals (95% CI = 5,000-15,000)

reflecting that several archaic African populations contribute to the modern gene pool.

In addition to parameter inference, the ABC approach also offers a convenient way to assign a probability to each of the scenarios [START_REF] Fagundes | Statistical evaluation of alternative models of human evolution[END_REF][START_REF] François | Demographic History of European Populations of Arabidopsis thaliana[END_REF][START_REF] Verdu | Origins and genetic diversity of pygmy huntergatherers from Western Central Africa[END_REF]. We find that the four different models are almost equally supported by the divergence of gene trees since the four posterior probabilities range between 20% and 30% (Supplementary Figure 1). These even probabilities reflect that the relatively ancient lineages found in the autosomes and X-linked genes neither favor nor disfavor the models with archaic admixture (models 2-4).

To check if the different scenarios of human evolution provide a good fit to the data, we compare the empirical TMRCA estimates to the TMRCAs predicted by the different scenarios. All four models predict, on average, lineages as old as 1,500,000 years for autosomal fragments (Figure 2A) and as old as 1,000,000 years for X-linked fragments (Figure 2B). In short, we find that both the simple replacement model and the models with archaic admixture are perfectly compatible with the deep divergences found in the empirical data.

However, not all aspects of the empirical TMRCAs are well captured by the modeled scenarios of human evolution. The variance of the empirical TMRCAs is larger than the variance predicted by three of the four different models of human evolution (see Figure 2 and Supplementary Table 3), and this large variance has been interpreted as the result of archaic sub-structure in Africa (Harding and McVean 2004). Indeed, the Multiple Archaic Populations' (scenario 2) shows similar variance of TMRCAs as the empirical data, but the inflated variance of the empirical TMRCA estimates can also be due to variation in mutation or recombination rate across the 40 sequence-regions [START_REF] Mcvean | The fine-scale structure of recombination rate variation in the human genome[END_REF]).

The mitochondrion and the Y-chromosome.

We also investigate the distribution of TMRCAs that is expected for the Y-chromosome and the mitochondrial chromosome (Figure 2C). The models of human evolution typically predict older TMRCAs compared to the estimated 170,000 years for mtDNA [START_REF] Ingman | Mitochondrial genome variation and the origin of modern humans[END_REF] and the upper estimate of 100,000 years for the Y-chromosome [START_REF] Tang | Frequentist estimation of coalescence times from nucleotide sequence data using a tree-based partition[END_REF][START_REF] Wilder | Genetic evidence for unequal effective population sizes of human females and males[END_REF][START_REF] Shi | A Worldwide Survey of Human Male Demographic History Based on Y-SNP and Y-STR Data from the HGDP-CEPH Populations[END_REF]. For mtDNA, a TMRCA of 170,000 years is within the range of values predicted by the 'Multiple Archaic Populations' scenario (P(TMRCA < 170, 000) = 0.21), but the mitochondrial TMRCA estimate is difficult to reconcile with the remaining three scenarios (P < 4 × 10 -2 ). For the Y-chromosome, a TMRCA of 100,000 years is clearly at odds with three of the models (P < 6 × 10 -4 ), but for the 'Multiple Archaic Populations' scenario with archaic African admixture, the proportion of simulated gene trees with TMRCAs younger than 100,000 years is larger than for the other three models, albeit quite small (P = 1.5×10 -2 ). Although assuming an archaic structured population in Africa, as in scenario 2, reduces the Y-chromosome and mtDNA TMRCAs, the model cannot fully explain a Y-chromosome ancestor living as recently as 100,000 years ago. In scenario 2, we consider three archaic populations, and increasing the number of archaic populations will further decrease the effective population size of each sub-population, which will decrease the predicted haploid TM-RCAs, bringing them in line with the empirical estimates. However, since the mtDNA and the Y-chromosome are non-recombining units, their young TMRCAs can also be explained by recent selective sweeps, caused by directional selection at any gene within the non-recombining units [START_REF] Kreitman | Methods to detect selection in populations with applications to the human[END_REF][START_REF] Jobling | The human Y chromosome: an evolutionary marker comes of age[END_REF].

A bottleneck when anatomically modern humans emerged

An alternative explanation for young haploid TMRCA involves a demographic bottleneck concomitant with the emergence of anatomically modern humans. The earliest known suite of derived morphological traits associated with modern humans appears in fossil remains from Ethiopia dated to 150-190 kya [START_REF] White | Pleistocene homo sapiens from middle awash, Ethiopia[END_REF][START_REF] Mcdougall | Stratigraphic placement and age of modern humans from kibish, Ethiopia[END_REF]. A model of the origin and spread of modern humans proposed by [START_REF] Lahr | Multiple dispersals and modern human origins[END_REF] assumes that the emerging modern humans experienced bottlenecks within Africa during the penultimate glacial age (130-190 kya) when cold, dry climates caused isolation of populations within Africa (see also [START_REF] Ambrose | Late Pleistocene human population bottlenecks, volcanic winter, and differentiation of modern humans[END_REF]). Here we consider a bottleneck that occurred 150,000 years ago, and we measure the bottleneck intensity by the inbreeding coefficient during the bottleneck

F = 1 -(1 - 1 2bN A ) D ,
where bN A is the diploid population size during the bottleneck and D corresponds to the duration (in generations) of the bottleneck. To give a reference value, the inbreeding coefficient F corresponding to the Out-of-Africa bottleneck was inferred at F = 0.175 [START_REF] Akey | Population history and natural selection shape patterns of genetic variation in 132 genes[END_REF][START_REF] Voight | Interrogating multiple aspects of variation in a full resequencing data set to infer human population size changes[END_REF]. Considering an uniform prior between 0 and 1 for F , we find that there is a large range of parameter values compatible with the autosomal and X-linked TMRCAs (Figure 5). For instance, both pairs of parameter values (F = 0, N A = 14, 000) and (F = 0.4, N A = 18, 000) are clearly within the range of the bivariate posterior distribution found with our ABC approach. The relatively large bivariate posterior range of the inbreeding coefficient F and of the ancestral size N A shows that a strong bottleneck can still produce an average autosomal TMRCA of 1.5 million year provided that the ancestral size was large enough before the bottleneck.

To investigate if a bottleneck 150,000 years ago in Africa can account for both recent haploid and old autosomal ancestors, we simulate TMRCAs for the different chromosomes by sampling the demographic parameters from the posterior distribution that was obtained using ABC. We find that the recent mtDNA TMRCA is clearly within the range of predicted values (P=0.37, Figure 2C) as well as the old X-linked and autosomal TMRCAs (Figure 2A-B). The fact that a bottleneck can accommodate an 8-fold discrepancy between autosomal and mtDNA TMRCA can be seen by plotting TMRCAs as a function of F and N A (Figure 6). Setting the inbreeding coefficient at F = 0.4 for instance, Figure 6 shows that the mean mtDNA TMRCA is smaller than 200,000 years, for a large range of values of N A , whereas the 20kb-averages of TMRCAs, for autosomal and X-linked markers, are older than 1.5 and 1 million years when N A > 16, 000 individuals. Finally, as for the other models of human evolution, the TMRCA of 100,000 years for the Y-chromosome remains unexpectedly young (P = 4 × 10 -4 ).

We find that both the 'multiple archaic population' model and a sudden bottleneck, 150,000 years ago in Africa, can account for the 8-fold discrepancy between autosomal and mtDNA TMRCA. Although modeling different patterns of human evolution, these two scenarios are different versions of a bottleneck in the human lineage that arose before the succeeding migration out of Africa. Previous attempts to detect an ancestral African bottleneck have often been inconclusive and the genetic evidence in favor of the Out-of-Africa bottleneck are more salient [START_REF] Marth | The allele frequency spectrum in genome-wide human variation data reveals signals of differential demographic history in three large world populations[END_REF][START_REF] Voight | Interrogating multiple aspects of variation in a full resequencing data set to infer human population size changes[END_REF]).

However, it is more difficult to detect this potential middle-Pleistocene bottleneck compared to the Out-of-Africa bottleneck since it is more ancient [START_REF] Depaulis | Power of neutrality tests to detect bottlenecks and hitchhiking[END_REF].

Additionally, the unexpected large levels of African LD that has been interpreted as evidence of archaic admixture [START_REF] Plagnol | Possible ancestral structure in human populations[END_REF][START_REF] Wall | Detecting ancient admixture and estimating demographic parameters in multiple human populations[END_REF]) may potentially be explained by an ancient bottleneck [START_REF] Schmegner | Genetic variability in a genomic region with long-range linkage disequilibrium reveals traces of a bottleneck in the history of the european population[END_REF]. We therefore suggest that an ancestral bottleneck, possibly following ancestral sub-structure and admixture, is important to consider when investigating demographic models of human evolution [START_REF] Schaffner | Calibrating a coalescent simulation of human genome sequence variation[END_REF][START_REF] Gutenkunst | Inferring the joint demographic history of multiple populations from multidimensional SNP frequency data[END_REF][START_REF] Laval | Formulating a historical and demographic model of recent human evolution based on resequencing data from noncoding regions[END_REF].

A simple population genetic prediction

Although we perform coalescent simulations, standard population genetic theory can predict the TMRCAs found for the autosomes and the X-chromosome in the Out-of-Africa model when there is no ancestral bottleneck or admixture. For a population of constant diploid size N in which the effective number of males and females is the same, the expected waiting time (in generations) before the coalescence of a (reasonably large) sample of genes is approximately 4N for the autosomes and 3N for the X-linked genes (see e.g. [START_REF] Hein | Gene Genealogies, Variation and Evolution[END_REF]. Using a generation time of 25 years and an effective population size of 14,000 individuals, the computation leads to an average TMRCA of 1,400,000 years for autosomal genes and 1,050,000 years for X-linked genes, which are both very close to our estimates from the sequence data. This theoretical argument

shows that the difference between the TMRCAs of the autosomes and the X-linked genes is easily explained by the difference in effective population size. The same argument yields an average TMRCA of 350,000 years for both the mtDNA and Y-chromosome, clearly deviating from the estimates based on empirical data [START_REF] Ingman | Mitochondrial genome variation and the origin of modern humans[END_REF][START_REF] Wilder | Genetic evidence for unequal effective population sizes of human females and males[END_REF][START_REF] Shi | A Worldwide Survey of Human Male Demographic History Based on Y-SNP and Y-STR Data from the HGDP-CEPH Populations[END_REF].

Conclusion

We provide 20 autosomal and 20 X-linked estimates of TMRCAs of a sample of contemporary humans and find that the autosomal ancestors of modern humans lived ∼1,500,000 years ago and that the X-linked ancestors lived ∼1,000,000 years ago. The ranges of values for the TMRCAs are quite large: 450,000-2,400,000 years for the autosomes, and 380,000-2,000,000 for the X-chromosome. These values are in the same range as previous estimates for autosomal and X-linked genes (see e. 

  using local multinomial logistic regression to obtain the model probabilities P (Y |s) as a function of the summary statistics s (Fagundes et al. 2007; Beaumont 2008). Local logistic regression differs from standard logistic regression because larger weights are given to the simulations for which the summary statistics are close to the observed summary statistics. By computing the logistic regression equation for the observed summary statistics P (Y |s = s obs ), we obtain the relative model probabilities. To perform local multinomial logistic regression, we use the R package VGAM (Yee 2010).

  1. 'Single Origin Population' A recent Out-of-Africa scenario in which modern humans descended from one subpopulation of archaic humans that was a separate population for a long time in Africa, 2. 'Multiple Archaic Populations' A recent Out-of-Africa scenario in which different archaic African populations were connected by gene flow, even though only one archaic population eventually colonized the globe(Harding and McVean 2004;[START_REF] Garrigan | Reconstructing human origins in the genomic era[END_REF][START_REF] Campbell | African genetic diversity: Implications for human demographic history, modern human origins, and complex disease mapping[END_REF] 

  g.[START_REF] Templeton | Out of Africa again and again[END_REF][START_REF] Garrigan | Reconstructing human origins in the genomic era[END_REF][START_REF] Tishkoff | Human origins within and out of Africa[END_REF]. We investigate to what extent the recent Out-of-Africa model reproduces the pattern of estimated TMRCAs, and when setting the ancestral effective size of humans to ∼14,000, this model reproduces the old TMRCAs of the empirical data. Deep divergences in human gene trees are therefore not incompatible with the recent Out-of-Africa hypothesis and the observation of deep gene genealogies should not be taken as evidence for the Multi-Regional hypothesis. Finally, we show that an ancestral bottleneck in Africa, possibly arising in a structured population, can account for the unexpectedly large discrepancy between young mtDNA and Y-chromosome ancestors and old autosomal and X-linked ancestors.
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 12456 Figure1: Average errors of the TMRCA estimate for n = 100 individuals. We compare estimated TMRCAs T to true averaged TMRCAs T av . The true TMRCAs are averaged using the median along the 20kb sequences. The relative bias is defined as the average over simulations of ( T -T av )/T av and the relative quadratic error is the average of ( T -T av ) 2 /T 2 av . The effective recombination rate is equal to 4 times the ancestral population size times the recombination rate. In all simulations, we use the mutation rate estimated from the data.
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recent Out-of-Africa scenario in which modern humans descended from one subpopulation of archaic humans that was a separate population for a long time in Africa. The recent Out-of-Africa scenario potentially includes a bottleneck before the exodus from Africa, 150,000 years ago. 2) 'Multiple Archaic Populations' A recent Out-of-Africa scenario in which different archaic African populations were connected by gene flow, even though only one archaic population eventually colonized the globe (Harding and McVean 2004;[START_REF] Garrigan | Reconstructing human origins in the genomic era[END_REF]. 3) 'Recent Admixture' A Multi-Regional scenario in which archaic and modern humans were isolated during 300-600,000 years and admixed recently in Eurasia, 30-70,000 years ago [START_REF] Plagnol | Possible ancestral structure in human populations[END_REF]. 4) 'Long-Standing Admixture' A Multi-Regional scenario with continuous and long-standing admixture between archaic and modern humans. Ancestral population size: N A , time of the migration out of Africa: T , inbreeding coefficient during the bottleneck: F , time of structuring of archaic African population: T + T S + T M , ending of structured archaic African population: T + T S , time of archaic humans exiting Africa: T 0 , time of admixture: T admix , and migration rate: M .