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            Abstract
The availability of complete human genome sequences from populations across the world has given rise to new population genetic inference methods that explicitly model ancestral relationships under recombination and mutation. So far, application of these methods to evolutionary history more recent than 20,000â€“30,000 years ago and to population separations has been limited. Here we present a new method that overcomes these shortcomings. The multiple sequentially Markovian coalescent (MSMC) analyzes the observed pattern of mutations in multiple individuals, focusing on the first coalescence between any two individuals. Results from applying MSMC to genome sequences from nine populations across the world suggest that the genetic separation of non-African ancestors from African Yoruban ancestors started long before 50,000 years ago and give information about human population history as recent as 2,000 years ago, including the bottleneck in the peopling of the Americas and separations within Africa, East Asia and Europe.
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                    Figure 1: MSMC locally infers branch lengths and coalescence times from observed mutations.[image: ]


Figure 2: Testing MSMC on simulated data.[image: ]


Figure 3: Inference of population size from whole-genome sequences.[image: ]


Figure 4: Genetic separation between population pairs.[image: ]
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Supplementary Figure 1 Recombination rate inference from PSMC'.
MSMC for two haplotypes is a special case that we call PSMC', in contrast to PSMC, because we use SMC' (Supplementary Note) as the underlying coalescent model. Here we show the iterative estimation of the recombination rate for two demographic scenarios: (i) a constant population size and (ii) a bottleneck in the past. As can be seen, in both cases, the estimated recombination rate converges quickly to the true value with very high accuracy.


Supplementary Figure 2 Simulations of other scenarios.
See the Supplementary Note for details on these additional simulations. (a) MSMC results from simulated data that represent a much simplified CEU population size history with sharp changes. (b) Similar to a, but with a simplified YRI-like history. (c) A population split with subsequent migration. (d) A population split with subsequent changes in population size. (e) Inference from 8 and 16 haplotypes. For 16 haplotypes, we needed to reduce the computational complexity by reducing the simulated sequence to 1Gb instead of 3 Gb, and we used a coarse-grained set of parameters with 20 time intervals instead of 40.


Supplementary Figure 3 Testing singleton branch length estimates.
Here we compare MSMC estimates based on the estimates of Ts obtained via the HMM described in section 7 of the Supplementary Note (solid) with the true values of singleton branch length as output in the simulation (dotted). (a) Population size estimates. (b) Split estimates.


Supplementary Figure 4 Simulations with recombination hotspots.
To assess the effect of heterogeneous recombination rates across the genome, we simulated 100 chromosomes with 4 haplotypes of 1 Mb each (Supplementary Note). For practical reasons, we could not scale up this simulation to 3 Gb of total sequence or to more haplotypes. We used as input random chunks of the real human recombination map from the HapMap Project. (a) This plot shows the effective population size estimates from both the standard simulation and simulations with the human recombination map. We see only small effects of variable recombination rates, mostly at the two extreme ends of the estimated time interval. Some of that difference may also be caused by the much smaller total sequence length of the hotspot simulation in comparison to the standard simulation. (b) Here we show the two split scenarios at 10,000 and 100,000 years ago. Again, the differences between the hotspot simulation and the standard simulation are only small.


Supplementary Figure 5 Application to unphased data.
We generated data sets in which we deliberately â€˜unphasedâ€™ one or both diploid genomes in a setting of four haplotypes. (a) Plot of the population size estimates from two diploid individuals of which both are phased (red), one is unphased (blue) and both are unphased (purple). (b) Plot of the relative cross coalescence rate estimates based on similarly unphased data.


Supplementary Figure 6 Comparison of trio- versus population-based phasing and effect of unphased sites.
We tested whether results from trio-based phased data differ from population-based phased data. We checked this for CEU and YRI, for which we have trio sequences available. As shown in (a) and (b), the trio-phased results do not differ strongly from the population-phased results (solid versus dashed lines). When using population-based phasing of our sequences, there are rare sites that are not present in the reference data set and are therefore not phased. There are two possibilities: (i) leave them in as unphased sites (â€˜allâ€™) or (ii) remove them from the analysis (â€˜restrictedâ€™). The two cases are shown in a and b as solid versus dotted lines. As shown, for population size inference, removing unphased sites does not appear to improve estimates (in comparison to the trio-phased estimates), but, for the population separation analysis, removing unphased sites gives smoother estimates in the most recent times and removes some non-monotonic artifacts (in CHB/GIH).


Supplementary Figure 7 Comparisons of population size estimates with two, four and eight haplotypes.
(a) We show the estimates based on four haplotypes (solid lines) together with estimates from two haplotypes (dotted lines). For clarity, we separated the curves on the basis of African and non-African samples. (b) This plot shows estimates based on eight haplotypes (thick lines) in comparison with the estimates based on four haplotypes (thin lines).


Supplementary Figure 8 Replicate analysis with four haplotypes.
We generated a replicate set of population size and relative cross coalescence rate estimates, on the basis of the two individuals in each population not used for the main analysis, as presented in Figures 3 and 4. In both figures, the replicate estimate is shown as a dashed line, and the original estimate is shown as a solid line. For clarity, African and non-African estimates are separated.


Supplementary Figure 9 Comparison of relative cross coalescence rate estimates with four and eight haplotypes.
Here we show relative cross coalescence rate estimates based on eight haplotypes (four haplotypes from each population, in solid lines) with estimates from four haplotypes (two haplotypes from each population, in dotted lines).


Supplementary Figure 10 Comparison with diCal.
A different method to estimate historical population sizes from multiple phased haplotypes was recently implemented in the software diCal (Supplementary Note). Here we have applied diCal to eight haplotypes, each 10 Mb long, simulated using the zigzag population size history as in Figure 2. The relatively short length of 10 Mb is the same length as used in Sheehan et al. 2013; with the current diCal implementation, analysis of larger data sets is not practical. We tested three different time intervals, using the parameter â€œ-tâ€�, which sets the left boundary of the last time interval in scaled units. With the â€œ-t 1â€� option in the plot below, diCal obtains correct estimates between 20,000 and 200,000 years ago (red curve), roughly the same period addressed by MSMC with two haplotypes. To explore more recent times that we access with four or eight haplotypes, we tried to change the default time interval by using lower â€œ-tâ€� values (see Supplementary Note for details), but the resulting population size estimates were not very good (purple and blue lines). The method may be able to perform better if a more efficient implementation allows it to run on wholegenomeâ€“sized data sets.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“10, Supplementary Tables 1â€“4 and Supplementary Note (PDF 2688 kb)





Source data
Source data to Fig. 1

Source data to Fig. 2




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Schiffels, S., Durbin, R. Inferring human population size and separation history from multiple genome sequences.
                    Nat Genet 46, 919â€“925 (2014). https://doi.org/10.1038/ng.3015
Download citation
	Received: 30 October 2013

	Accepted: 30 May 2014

	Published: 22 June 2014

	Issue Date: August 2014

	DOI: https://doi.org/10.1038/ng.3015


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Reconstructing the ancestral gene pool to uncover the origins and genetic links of Hmongâ€“Mien speakers
                                    
                                

                            
                                
                                    	Yang Gao
	Xiaoxi Zhang
	Shuhua Xu


                                
                                BMC Biology (2024)

                            
	
                            
                                
                                    
                                        Impact of population structure in the estimation of recent historical effective population size by the software GONE
                                    
                                

                            
                                
                                    	Irene Novo
	Pilar OrdÃ¡s
	Armando Caballero


                                
                                Genetics Selection Evolution (2023)

                            
	
                            
                                
                                    
                                        Resequencing of Rosa rugosa accessions revealed the history of population dynamics, breed origin, and domestication pathways
                                    
                                

                            
                                
                                    	Fengqi Zang
	Yan Ma
	Dekui Zang


                                
                                BMC Plant Biology (2023)

                            
	
                            
                                
                                    
                                        Indigenous Australian genomes show deep structure and rich novel variation
                                    
                                

                            
                                
                                    	Matthew Silcocks
	Ashley Farlow
	Stephen Leslie


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Whole genomes from Angola and Mozambique inform about the origins and dispersals of major African migrations
                                    
                                

                            
                                
                                    	Sam Tallman
	Maria das Dores Sungo
	Sandra Beleza


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
