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            Abstract
Fine-scale genetic variation between human populations is interesting as a signature of historical demographic events and because of its potential for confounding disease studies. We use haplotype-based statistical methods to analyse genome-wide single nucleotide polymorphism (SNP) data from a carefully chosen geographically diverse sample of 2,039 individuals from the United Kingdom. This reveals a rich and detailed pattern of genetic differentiation with remarkable concordance between genetic clusters and geography. The regional genetic differentiation and differing patterns of shared ancestry with 6,209 individuals from across Europe carry clear signals of historical demographic events. We estimate the genetic contribution to southeastern England from Anglo-Saxon migrations to be under half, and identify the regions not carrying genetic material from these migrations. We suggest significant pre-Roman but post-Mesolithic movement into southeastern England from continental Europe, and show that in non-Saxon parts of the United Kingdom, there exist genetically differentiated subgroups rather than a general â€˜Celticâ€™ population.
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                    Figure 1: Clustering of the 2,039 UK individuals into 17 clusters based only on genetic data.[image: ]


Figure 2: European ancestry profiles for the 17 UK clusters.[image: ]


Figure 3: Major events in the peopling of the British Isles.[image: ]
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Extended data figures and tables

Extended Data Figure 1 The effect of setting a threshold on the confidence of cluster assignment for the genetic clusters in the UK inferred by the fineSTRUCTURE analysis.
The UK map depicts the clustering of the 2,039 UK individuals into 17 clusters on the basis of genetics alone. See Fig. 1 for further details. Here a threshold is set on the measurement of confidence used for assigning individuals to clusters (see Methods). This measure is defined on the interval [0, 1], where the value 1 is interpreted as meaning complete certainty of cluster assignment and 0 as being complete lack of certainty. The plot illustrates the effect of setting a threshold of 0.7 so that a UK individual is only assigned to a cluster if the measure of assignment for that individual is greater than 0.7. All of the samples that have small, faded symbols are assigned to their clusters with confidence greater than 0.7. Those samples for which the assignment is less confident (that is, the measure is less than or equal to 0.7) are plotted with large, bold symbols. The table shows the number of individuals with confidence measure above and below the 0.7 threshold together with the total for each UK cluster. The slight discrepancy between the totals in this figure and Supplementary Information Fig. 1.16 is due to differences in the method for assigning individuals to clusters (see Methods). The threshold of 0.7 was chosen for illustrative purposes only. Similar patterns relate to other thresholds. Contains OS data Â© Crown copyright and database right 2012. Â© EuroGeographics for some administrative boundaries.


Extended Data Figure 2 Convergence of the algorithm implemented in fineSTRUCTURE.
The fineSTRUCTURE clustering algorithm was run twice on the UK samples (a) and twice on the European samples (b) to assess convergence. The displayed heatmap depicts the proportion of sampled MCMC iterations for which each pair of UK individuals is assigned to the same cluster. The values above and below the diagonal represent two different runs of fineSTRUCTURE. Individuals are ordered along each axis according to the inferred tree from the fineSTRUCTURE run above the diagonal, with tick marks on the axes at the middle of each cluster. Comparison between runs is made by comparing the plot above the diagonal (run two) with that below the diagonal (run one). The high degree of symmetry in the plot confirms the similarity between the runs and hence that each MCMC run has converged to very similar clusters.


Extended Data Figure 3 Application of standard methods for detecting population structure to the UK data.
a, Genome-wide principal component analysis of the UK samples. The UK samples plotted against all pairs of principal component axes, for the first five axes, as determined in the genome-wide principal components analysis. Each individual is depicted by a symbol representing the district from which it was collected. The labels of the sample collection districts are interpreted as follows: CUM, Cumbria; LIN, Lincolnshire; NEA, north east England; OXF, Oxfordshire; YOR, Yorkshire; CHE, Cheshire; NTH, Northamptonshire; NOT, Nottinghamshire; DOR, Dorset; SUS, Sussex; NOR, Norfolk; WOR, Worcestershire; DEV, Devon; SPE, south Pembrokeshire; COR, Cornwall; NWA, north Wales; ARG, Argyle and Bute; NPE, North Pembrokeshire; BAN, Banff and Buchan; NIR, Northern Ireland; ORK, Orkney; SUF, Suffolk; LEI, Leicestershire; FOD, Forest of Dean; HER, Herefordshire; HAM, Hampshire; DER, Derbyshire; LAN, Lancashire; KEN, Kent; GLO, Gloucestershire. b, Clustering the UK samples using the program ADMIXTURE. ADMIXTURE was applied in three scenarios, corresponding to different preset values for K, the number of clusters into which the UK samples are divided. Here K = 2, 3 and 17 (see Methods). A map is shown for each value of K. Each symbol on the map corresponds to one of the sampled individuals and is plotted at the centroid of their grandparentsâ€™ birthplace. Each cluster is represented by a unique combination of colour and plotting symbol, with individuals depicted with the symbol of the cluster to which they are assigned. The ellipses centred on each cluster give a sense of the extent of the cluster by showing the 90% probability region of the two-dimensional t-distribution (5 degrees of freedom) which best fits the locations of the individuals in the cluster. Contains OS data Â© Crown copyright and database right 2012. Â© EuroGeographics for some administrative boundaries.


Extended Data Figure 4 Potential recent shared ancestry in the genetic clusters in the UK inferred by the fineSTRUCTURE analysis.
a, The UK map on the left depicts the clustering of the 2,039 UK individuals into 17 clusters on the basis of genetics alone. See Fig. 1 for further details. Pairwise identity by descent (IBD) within clusters and across the whole UK sample for all of the 2,039 UK individuals is shown to the right. For each of the inferred UK clusters a box and whisker plot shows the distribution of the pairwise IBD statistic (see Methods). Each box is filled by the colour of the cluster to which it relates, and the outlier points have the same shape as the cluster to which they relate. For comparison the distribution of the pairwise IBD statistic across the whole UK sample is shown on the far right, with the box coloured grey. The light grey horizontal lines indicate the upper and lower quartiles of the IBD statisticâ€™s distribution for the whole UK sample. Along the x axis the number of samples in the associated cluster is shown. The y axis gives the value of the pairwise IBD statistic. b, The same information as a but with 53 clusters of UK individuals. Note that only clusters of size 4 or less depart substantially from the average relatedness. Contains OS data Â© Crown copyright and database right 2012. Â© EuroGeographics for some administrative boundaries.


Extended Data Figure 5 Population structure in the European samples.
a, Number of samples derived from each European sampling region. The 6,209 European samples used for the analyses were sampled from ten countries and various locations within each country. Each sample has a specific sampling location (often a city, but in some cases only a whole country). The numbers shown give the number of samples derived from a particular location. Some numbers are depicted out of position for clarity. In these cases a line leads from the number to the actual location. Where the sample locations are well-localized (for example, the city of sampling is known) the box surrounding the number is white. When only information about the country of sampling is known the box is coloured yellow. The numbers are overlain on a faded version of the pie charts from panel b for easy reference. b, European population structure inferred by fineSTRUCTURE. The 6,209 European samples divided into 51 genetic groups (represented by colours and labelled with a subset of the numbers between 1 and 145) using fineSTRUCTURE. For clarity the colour space has been skewed to emphasize the differences between groups 1 to 18 as these groups are the major contributors to the ancestry profiles of the UK clusters. Each sample has a specific sampling location (often a city, but in some cases only a country, see panel a). The pie charts are located at these sampling locations, and depict the proportion of the samples from that location assigned to each of the 51 genetic groups. Each genetic group also has a label number, which is displayed for the larger sectors of each of the pie charts. The area of the pie chart is proportional to the number of samples from that location. Pie charts with black borders correspond to well-localized samples. In contrast, for samples where only the country of sampling is known, they are combined in a single pie chart for the country, which is shown with white borders. Some pie charts are depicted out of position for clarity; in these cases a line leads from the chart to the actual location. Â© EuroGeographics for the administrative boundaries.


Extended Data Figure 6 European ancestry profiles of the UK clusters.
a, The map of the UK shown relates to the map with 17 UK clusters shown in Fig. 1. Ellipses indicate the extent of the UK clusters as in Fig. 1. The pie charts represent the ancestry profile of the UK clusters from Fig. 1. Each pie chart is plotted at the centroid of the corresponding cluster, although some pie charts have been moved for clarity; in the cases where the relocation is substantial a red line leads from the pie chart to the centroid. The sectors of the pie charts are coloured with the colours of the European genetic groups (for the larger sectors the number of the European group is also given). They indicate the ancestry profiles of each UK cluster, namely the proportion of the cluster ancestry that is best represented by each of the European groups. The magnitude of the angle of a sector is proportional to the contribution of that European group to the ancestry profile of the associated UK cluster. The symbols in the grey bar to the left of the map represent the UK clusters as in Fig. 1. The bar chart in the left part of the plot depicts the same ancestry profiles of the UK clusters in a different way. Each row represents a UK cluster (arranged roughly north to south) with the symbols for the clusters from Fig. 1 indicated at each end of the row. Each column represents a European group, with group numbers listed with a three letter prefix that, for clarity, relates to the country or countries where the cluster is most represented. The colour of each bar also indicates the European group to which the bar relates. Confidence intervals (95%) obtained from 1,000 bootstraps of the ancestry profile analysis (see Methods) are indicated on each bar. b, Renormalized ancestry profiles of the UK clusters illustrating possible early European contributions to the UK population. A representation of the relative contributions to the UK clusters from the three European groups (GER6-W. Germany, BEL11- Belgium, and FRA14-NW France) hypothesized to be the major contributors to the earliest migrations into the UK after the last ice age from which DNA survives to the present in substantial proportions (see Supplementary Note). Interpretation of the map, pie charts and bar chart is as for a. In this case, however, the proportions were renormalized to sum to 1 for the contributions from GER6, BEL11 and FRA14. Contains OS data Â© Crown copyright and database right 2012. Â© EuroGeographics for some administrative boundaries.


Extended Data Figure 7 More major events in the peopling of the British Isles.
See Supplementary Note for further details. a, The arrival of agriculture and subsequent migrations from 4000â€“2500 bc. b, The major iron age tribes of Britain around the year 40. Â© EuroGeographics for the administrative boundaries (coastlines).


Extended Data Figure 8 Application of GLOBETROTTER to infer simulation of ancestry 40 generations ago between groups from Northern Germany (GER3, 25%) and Italy (ITA36, 75%).
Twenty-five admixed individuals were simulated, and the individuals used to construct these simulated individuals were then removed from the list of potential donors (see Methods). Left barplot, and map: the barplot shows the true population and proportion contributed for each of the two admixing groups. The map shows, for each of the European sampling locations, the true proportion of individuals sampled from that location assigned to each of the admixing groups, coloured according to the barplot. Central three plots: example curves constructed by GLOBETROTTER to infer admixture times, and infer details of admixing groups (see Methods and Supplementary Note). For each pair of populations A and B (A can be the same as or different from B) the points show the empirical probability, relative to under independence, as a function of genetic distance x, that two positions separated by distance x correspond to ancestry donated by population A, and by population B, respectively. The green line shows GLOBETROTTER fitted exponential decay curves for the underlying (that is, expected) value of this relative probability estimate. Under a model of a single admixture event occurring g generations ago, this probability decays at a rate g according to theory, providing an estimate of the admixture time (and 95% CI) shown overlaying the curve ITA36 versus GER3. If ancestries A and B associate with the same admixing group, for example, whenever A = B the fitted curve will have a negative slope, as seen for the GER3 versus GER3 plot. If a positive slope is seen, as for the ITA36 versus GER3 plot, this implies these populations contribute to the two different respective admixing groups. Right bar-plot, and map: GLOBETROTTER produces an inference of the genetic composition of (haplotypes carried by) the two admixing groups, as a mixture of (haplotypes carried by) populations actually sampled. This mixture inference jointly uses curves for pairs of sampled populations, and the overall haplotypic makeup of different sampled populations, including the admixed group. The bar-plot shows the inferred mixture representation (dominated in each case by the true admixing groups) and estimated admixture proportion (24%, close to the truth of 25%), with more red/blue populations respectively giving a larger contribution. The map shows populations inferred as contributing to the first (pink/red shades) or second (blue shades) admixing group, respectively, as for the left map, with populations coloured according to the bar-plot. This shows populations falsely inferred as contributing material to the admixing groups were still sampled, mainly, from locations close to those of the true admixing groups. We caution that in this setting of admixture between genetically similar European groups, estimation of admixture fraction is very uncertain (see Methods) (for example, contributing populations are often impossible to definitively assign to a â€˜sideâ€™ of the event). For further details of the analysis, for example, tests for admixture presence in this simulation, see Methods and Supplementary Note. Â© EuroGeographics for the administrative boundaries.


Extended Data Figure 9 Application of GLOBETROTTER to infer details of admixture in the UK clusters.
a, Inferring admixture in a population of 1,044 UK individuals from central and southern England. Left hand plot: the bold red squares show mean grandparental birthplace for each individual in this cluster. Central three plots: example curves constructed by GLOBETROTTER to infer admixture times, and infer details of admixing groups (see Methods and Supplementary Note). For each pair of populations A and B (A can be the same as or different from B) the points show the empirical probability, relative to under independence, as a function of genetic distance x, that two positions separated by distance x correspond to ancestry donated by population A, and by population B, respectively. The green line shows GLOBETROTTER fitted exponential decay curves for the underlying (that is, expected) value of this relative probability estimate. Under a model of a single admixture event occurring g generations ago, this probability decays at a rate g according to theory, providing an estimate of the admixture time (and 95% CI) shown overlaying curves SFS31 versus GER3 and SFS31 versus SFS31. If ancestries A and B associate with the same admixing group, for example, whenever A = B the fitted curve will have negative slope, as seen for the GER3 versus GER3 plot. If a positive slope is seen, as for the SFS31 versus GER3 plot, this implies these populations contribute to the two different respective admixing groups. Right bar-plot, and map: GLOBETROTTER inference shows one possibility for the genetic composition of (haplotypes carried by) the two unsampled historical admixing groups, as a mixture of (haplotypes carried by) populations actually sampled. This mixture inference jointly uses curves for pairs of sampled populations, and the overall haplotypic makeup of different sampled populations, including the admixed group. The bar-plot shows the inferred mixture representation (with largest contributions in each case by GER3/DEN18, sampled most frequently from northern Germany and Denmark, and SFS31/ITA52, sampled mainly from southern France and Spain and northern Italy) and estimated admixture proportion (34%), with more intense red/blue populations respectively implying a larger contribution. The map shows populations inferred as contributing to the first (pink/red shades) or second (blue shades) admixing group respectively, with populations coloured according to the bar-plot. We caution that in this setting of admixture between genetically similar European groups, estimation of admixture fraction is very uncertain (see Methods and Supplementary Note) (for example, contributing populations are often impossible to definitively assign to a side of the event), so that other closely related scenarios, for example, a somewhat lower admixture fraction from a more completely â€˜GER3â€™-like group than that inferred, are likely consistent with the GLOBETROTTER results seen. b, Inferring admixture in a population of 51 UK individuals from Orkney. Left hand plot: the bold purple squares show mean grandparental birthplace for each individual in this cluster. Central three plots: example curves constructed by GLOBETROTTER to infer admixture times, and infer details of admixing groups (see Methods and Supplementary Note). For each pair of populations A and B (A can be the same as or different from B) the points show the empirical probability, relative to under independence, as a function of genetic distance x, that two positions separated by distance x correspond to ancestry donated by population A, and by population B, respectively. The green line shows GLOBETROTTER fitted exponential decay curves for the underlying (that is, expected) value of this relative probability estimate. Under a model of a single admixture event occurring g generations ago, this probability decays at a rate g according to theory, providing an estimate of the admixture time (and 95% CI) shown overlaying curves NOR90 versus FRA12 and NOR90 versus NOR90. If ancestries A and B associate with the same admixing group, for example, whenever A = B the fitted curve will have negative slope, as seen for the NOR90 versus NOR90 plot. If a positive slope is seen, as for the NOR90 versus FRA12 plot, this implies these populations contribute to the two different respective admixing groups. Right bar-plot, and map: GLOBETROTTER inference shows one possibility for the genetic composition of (haplotypes carried by) the two unsampled historical admixing groups, as a mixture of (haplotypes carried by) populations actually sampled. This mixture inference jointly uses curves for pairs of sampled populations, and the overall haplotypic makeup of different sampled populations, including the admixed group. The bar-plot shows the inferred mixture representation (with largest contribution in each case by GER3/NOR90, sampled most frequently from northern Germany and Norway, and FRA12/FRA14, both sampled mainly from France) and estimated admixture proportion (42%), with more intense red/blue populations respectively implying a larger contribution. The map shows populations inferred as contributing to the first (pink/red shades) or second (blue shades) admixing group respectively, with populations coloured according to the bar-plot. We caution that in this setting of admixture between genetically similar European groups, estimation of admixture fraction is very uncertain (see Methods and Supplementary Note) (for example, contributing populations are often impossible to definitively assign to a â€˜sideâ€™ of the event). In particular, inspection of curves involving GER3 does not yield a clear â€˜sideâ€™ of the event for this population, unlike the NOR90 versus FRA12 case that implies French-like and Norwegian-like haplotype presence must occur mainly in distinct admixing groups. Therefore the GER3 component might in fact capture haplotypes for either (or both) the French-like or Norwegian-like admixing groups, and the inferred scenario shows only one possibility. Contains OS data Â© Crown copyright and database right 2012. Â© EuroGeographics for some administrative boundaries.
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Genetic data have been used widely to inform our understanding of population history and migrations. Now with the advent of genome-wide analysis of single nucleotide polymorphism (SNP) data â€” cataloguing variation between individuals at a single position in the genome sequence â€” fine-scale genetic variation between human populations can be used as a signature of historical demographic events. Peter Donnelly and colleagues use such data from a selected geographically diverse sample of more than 2,000 individuals from the United Kingdom to reveal remarkable concordance between genetic clusters and geography. The results throw new light on several aspects of the peopling of Britain. For instance the genetic contribution to southeastern England from Anglo-Saxon migrations is under half, suggesting significant pre-Roman but post-Mesolithic population movement from the European continent. The data also reveal that non-Saxon regions contain genetically differentiated subgroups rather than a general 'Celtic' population.
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