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The arrival of farming in Europe beginning around 8,500 years ago required adaptation to 1 
new environments, pathogens, diets, and social organizations. While evidence of natural selection 2 
can be revealed by studying patterns of genetic variation in present-day people1-6, these pattern are 3 
only indirect echoes of past events, and provide little information about where and when selection 4 
occurred. Ancient DNA makes it possible to examine populations as they were before, during and 5 
after adaptation events, and thus to reveal the tempo and mode of selection7,8. Here we report the 6 
first genome-wide scan for selection using ancient DNA, based on 83 human samples from Holocene 7 
Europe analyzed at over 300,000 positions. We find five genome-wide signals of selection, at loci 8 
associated with diet and pigmentation. Surprisingly in light of suggestions of selection on immune 9 
traits associated with the advent of agriculture and denser living conditions, we find no strong 10 
sweeps associated with immunological phenotypes. We also report a scan for selection for complex 11 
traits, and find two signals of selection on height: for short stature in Iberia after the arrival of 12 
agriculture, and for tall stature on the Pontic-Caspian steppe earlier than 5,000 years ago. A 13 
surprise is that in Scandinavian hunter-gatherers living around 8,000 years ago, there is a high 14 
frequency of the derived allele at the EDAR gene that is the strongest known signal of selection in 15 
East Asians and that is thought to have arisen in East Asia. These results document the power of 16 
ancient DNA to reveal features of past adaptation that could not be understood from analyses of 17 
present-day people. 18 

 19 
We analyzed genome-wide data from 83 ancient individuals who lived in Europe over the last 20 

eight thousand years. The data for 64 samples was obtained by using in-solution hybridization with 21 
synthesized oligonucleotide probes to enrich ancient DNA libraries for 394,577 single nucleotide 22 
polymorphisms (SNPs), including 29,075 chosen based on evidence of functional importance9. We merged 23 
this data with shotgun sequence data from 19 published samples7,10-13 and co-analyzed these ancient 24 
samples with 503 present-day European samples from five populations from phase 3 of the 1000 Genomes 25 
Project14. After quality control, we were left with 364,618 SNPs genome-wide, and a mean effective 26 
sample size of 81 chromosomes at each SNP (Table 1, Methods).  27 
  28 
 Present-day European populations can be modeled as a mixture of three ancient populations: 29 
western hunter-gatherers, early European farmers, and Yamnaya pastoralists from the Pontic-Caspian 30 
steppe9,11, all of which are represented by samples in our study. To scan for selection, we tested every SNP 31 
to evaluate whether its observed frequency distribution across present-day Europeans from the 1000 32 
Genomes Project was consistent with this model (Figure 1, Extended data Figure 1, Methods). SNPs with 33 
frequencies in present-day populations that are inconsistent with a neutral mixture of the ancestry of the 34 
ancient populations are likely to be influenced by selection. A strength of this test is that it does not make 35 
the simplifying assumption of population continuity over time, which is problematic in light of the 36 
population replacements that are now known to have occurred in many places in the world including in 37 
Europe9,11,15. Of the 307,494 non-monomorphic SNPs that we tested, the 25,017 that were in the set of 38 
potentially functional SNPs were, as a group, significantly more inconsistent with the model than neutral 39 
SNPs (Figure 1A). This result held across all SNP categories, including genome-wide association study 40 
(GWAS) hits and human leukocyte antigen (HLA) haplotype tag SNPs (Figure 1B), suggesting pervasive 41 
selection on polymorphisms of biological importance. 42 
 43 
 Using a conservative significance threshold of p=1.6× 10-7 (0.05/307,494), and a genomic control 44 
correction of 1.21 (Ref. 16), we identified five loci that contained SNPs achieving genome-wide 45 
significance. Three of these have previously been identified as targets of selection8,17-19: the LCT lactase 46 
persistence locus (rs4988235, p=4.8× 10-33), the SLC45A2 pigmentation locus (rs16891982, p=6.9× 10-25) 47 
and the HERC2/OCA2 eye color locus (rs12913832, p=3.2× 10-11). We also identified two novel signals at 48 
NADSYN1 (rs7940244, p=7.1× 10-8) and FADS1 (rs174546, p=1.6× 10-7) (Figure 2C, Extended Data 49 
Figure 1). All of these signals except FADS1 remained significant in a less powerful but more robust 50 
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analysis in which we called a single majority allele for each sample at each site instead of computing 51 
genotype likelihoods (Extended Data Figure 2).  52 
 53 

The SNP (rs4988235) responsible for lactase persistence in Europe20,17 gives the strongest signal in 54 
our analysis. We estimated the selection coefficient on the derived allele to be 0.015 (95% confidence 55 
interval; CI=0.010-0.034) using a method that fits a hidden Markov model to the population allele 56 
frequencies as they change over time21. Our data strengthens previous reports of the late appearance of 57 
lactase persistence in Europe7,22, with the earliest appearance of the allele in a central European Bell 58 
Beaker sample (individual I0112) who lived approximately 4,300 years ago. We detect no evidence of 59 
lactase persistence in Early Neolithic farming populations like the Linearbandkeramik (LBK), or in the 60 
steppe pastoralist Yamnaya, despite their use of domesticated cattle (Figure 2).  61 
 62 

We also found evidence of selection at two loci that affect skin pigmentation. The derived alleles 63 
of rs1426654 at SLC24A5 and rs16891982 at SLC45A2 are, respectively, fixed and almost fixed in present-64 
day Europeans23,24.  As previously reported7,11,12, both derived alleles are absent or very rare in western 65 
hunter-gatherers. suggesting that mainland European hunter-gatherers may have had dark skin 66 
pigmentation. SLC45A2 first appears in our data at low frequency in the Early Neolithic, and increases 67 
steadily in frequency until the present, when it has frequency 1 in all populations except Spanish (IBS, 68 
Figure 2; estimated selection coefficient 𝑠 =0.020, CI=0.011-0.031).  In contrast, the derived allele of 69 
SLC24A5 increases rapidly in frequency to around 0.9 in the Early Neolithic, suggesting that most of the 70 
increase in frequency of this allele is due to its high frequency in the early farmers who migrated to Europe 71 
from the southeast at this time, although there is still strong evidence of ongoing selection after the arrival 72 
of farming (p=5.5× 10-7, 𝑠 =0.025, CI=0.003-0.21).  73 
 74 
 The derived allele of rs12913832 at the HERC2/OCA2 locus is the primary determinant of blue 75 
eyes in Europeans, and may also contribute to light skin and hair pigmentation25-28. Our analysis detects a 76 
genome-wide signal of selection at this locus, but instead of the signal being one of positive selection with 77 
a coefficient of 0.036 as in a previous study of ancient DNA in the eastern Europe steppe8, our signal is of 78 
weakly negative selection (𝑠 =-0.007, CI = -0.011 to -0.001). One possible explanation is local adaptation: 79 
that the allele is advantageous in the north and disadvantageous in the south of Europe. This hypothesis is 80 
supported by the fact that our data shows that an extreme north-south gradient in allele frequencies has 81 
been maintained in Europe for the last 8,000 years (Figure 2C, Extended data Figure 3). 82 
 83 

The remaining two genome-wide signals are both located on chromosome 11 in the genes FADS1 84 
and NADSYN1. FADS1 (and its linked family member FADS2), are involved in fatty acid metabolism, and 85 
variation at this locus is associated with plasma lipid and fatty acid concentration29-31. The derived allele of 86 
the most significant SNP in our analysis, rs174546, is associated with decreased triglyceride levels31. This 87 
locus is therefore a plausible target of selection related to changes in diet. Variants at NADSYN1 (and the 88 
nearby DHCR1), have been associated with circulating vitamin D levels32,33 and the most associated SNP 89 
rs7940244 in our dataset is highly differentiated across closely related Northern European populations34,35, 90 
suggesting the possibility of selection related to variation in environmental sources of vitamin D.  91 
 92 
 We find a surprise in seven Scandinavian hunter-gatherers from the Motala site in southern 93 
Sweden who lived around 7,700 years before present. While the western hunter-gatherers of central and 94 
southern Europe largely have the ancestral allele at the two major European skin pigmentation loci, the 95 
closely related Scandinavian hunter-gatherers have both the derived alleles contributing to light skin 96 
pigmentation at high frequency (Figure 2B). Thus, the derived allele of SLC24A5 was common in both the 97 
Scandinavian hunter-gatherers and Early European farmers, but not in the geographically intermediate 98 
western hunter-gatherers.  Further, in four out of seven Motala samples, we observe the derived allele of 99 
rs3827760 in the EDAR gene, which has effects on tooth morphology and hair thickness36,37 This allele has 100 
been the subject of a selective sweep in East Asia38, and today it is at high frequency in East Asians and 101 
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Native Americans. The EDAR derived allele is largely absent in present-day Europe except in Scandinavia, 102 
which is plausibly due to Siberian movements into the region associated with the arrival of the Finno-103 
Ugric languages  many millennia after the date of the Motala samples - we estimate a date of admixture of 104 
East Asian and Sardinian like ancestry in present-day Finns at 56 ± 7 generations using ALDER39. The 105 
derived allele in the Motala samples lies on the same haplotype as in modern East Asians (Extended Data 106 
Figure 4) implying a shared origin. The statistic f4(Yoruba, Scandinavian hunter-gatherers, Han, Onge 107 
Andaman Islanders) is significantly negative (Z=-3.9) implying gene flow between the ancestors of 108 
Scandinavian hunter-gatherers and Han so this shared haplotype is likely the result of ancient gene flow 109 
between groups ancestral to these two populations.  110 
 111 

We also tested for selection on complex traits, which are controlled by many genetic variants, each 112 
with a weak effect. Under the pressure of natural selection, these variants are expected to experience small 113 
but correlated directional shifts, rather than any single variant changing dramatically in frequency, and 114 
recent studies have argued that this may be a predominant mode of natural selection in humans40. The best 115 
documented example of this process in humans is height, which has been shown to have been under recent 116 
selection in Europe41. At alleles known from GWAS to affect height, northern Europeans have, on average, 117 
a significantly higher probability of carrying the height-increasing allele than southern Europeans, which 118 
could either reflect selection for increased height in the ancestry of northern Europeans or decreased height 119 
in the ancestry of southern Europeans. To test for this signal in our data, we used a statistic that tests 120 
whether trait-affecting alleles are more differentiated than randomly sampled alleles, in a way that is 121 
coordinated across all alleles consistent with directional selection42. We applied the test to all populations 122 
together, as well as to pairs of populations in order to localize the signal (Figure 3, Extended Data Figure 123 
5, Methods).  124 

 125 
We detect a significant signal of directional selection on height in Europe (p=0.002), and our 126 

ancient DNA data allows us to determine when this occurred and also to determine the direction of 127 
selection. Both the Iberian Early Neolithic and Middle Neolithic samples show evidence of selection for 128 
decreased height relative to present-day European Americans (Figure 3A; p=0.002 and p < 0.0001, 129 
respectively). Comparing populations that existed at the same time (Figure 3B), there is a significant signal 130 
of selection between central European and Iberian populations in each of the Early Neolithic, Middle 131 
Neolithic and present-day periods (p=0.011, 0.012 and 0.004, respectively). Therefore, the selective 132 
gradient in height in Europe has existed for the past 8,000 years. This gradient was established in the Early 133 
Neolithic, increased into the Middle Neolithic and decreased at some point thereafter. Since we detect no 134 
significant evidence of selection or change in genetic height among Northern European populations, our 135 
results further suggest that selection operated mainly on Southern rather than Northern European 136 
populations. There is another possible signal in the Yamnaya, related to people who migrated into central 137 
Europe beginning at least 4,800 years ago and who contributed about half the ancestry of northern 138 
Europeans today9. The Yamnaya have the greatest predicted genetic height of any population, and the 139 
difference between Yamnaya and the Iberian Middle Neolithic is the greatest observed in our data (Z=6.2, 140 
p<0.0001, Extended data Figure 6). This observation is consistent with archaeological evidence that the 141 
Yamnaya were taller than populations contemporary to them43. 142 

 143 
We also detect a significant signal of selection on body mass index (BMI) around the central 144 

European Late Neolithic/Bronze Age (LNBA; selection for increased BMI in CEU, Central_LNBA-CEU, 145 
p=0.022), although this does not persist when analyzed with the more weakly powered majority-called data 146 
(Extended Data Figure 5) and when we test all populations together the result is not significant (p=0.14). 147 
This could be due to reduced power for BMI relative to height, since the variance explained by the tested 148 
BMI SNPs is much lower than that is explained by the height SNPs. We observe no other significant 149 
signals of polygenetic selection among the six complex traits we tested, which included not just height44 150 
and BMI45, but also waist-hip ratio46, type 2 diabetes47, inflammatory bowel disease48 and lipid levels31.  151 
 152 
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 Our results show that ancient DNA can be used to perform genome-wide scans for selection, and 153 
to reveal the histories of phenotypically important alleles. This study has power to detect strong selection, 154 
with selective advantages greater than one percent, over the last eight thousand years of European history 155 
(Extended Data Figure 7). The negative results – the fact that we detect only five alleles with genome-wide 156 
evidence of selection – are equally interesting, as they suggest that there were only a small number of 157 
strong selective sweeps on single alleles since the advent of agriculture in Europe. None of these strong 158 
sweeps involved immune-related loci despite the fact that it has been argued that very strong selection on 159 
disease resistance would be common following the introduction of agriculture. However there are signs in 160 
our analysis of weaker selection on immune phenotypes, for example at the HLA or in the region around 161 
TLR1 and TLR6 (rs7661887, p=9.8× 10-7). From the genome-wide analysis we also see evidence for a long 162 
tail of more weakly selected alleles implying that, with additional ancient samples, similar studies would 163 
identify many loci with smaller or more complex effects. These results demonstrate the power of ancient 164 
DNA to reveal the nature of natural selection, and highlight the importance of applying approaches such as 165 
the one here beyond Europe, and to non-human species. 166 
 167 
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Methods	
  180 
 181 

Selection	
  of	
  potentially	
  functional	
  sites	
  182 
 183 
The in-solution capture reagent targets 394,577 SNPs9. Of these, 34,747 are “potentially functional” sites 184 
chosen as follows: 1,290 SNPs identified as targets of selection in Europeans by the Composite of Multiple 185 
Signals (CMS) test2; 14,814 SNPS identified as significant hits by genome-wide association studies, or 186 
with known phenotypic effect (GWAS); 1,289 SNPs with extremely differentiated frequencies between 187 
HapMap populations49 (HiDiff); 9,116 immunochip SNPs chosen for study of immune phenotypes and 188 
largely centered at the HLA locus (Immune); 347 SNPs phenotypically relevant to South America (mostly 189 
altitude adaptation SNPs in EGLN1 and EPAS1) and 5,387 SNPs which tag HLA haplotypes (HLA). The 190 
reagent also targets 2,524 Y chromosome SNPs, which we do not analyze in this study.  191 

Sample	
  selection	
  and	
  merging	
  192 
 193 
From the set of 69 ancient samples first published by Ref. 9, we excluded five from our main analyses. 194 
Two of these were Eastern hunter-gatherers (I0061 and I0124), two were relatives of others in the set 195 
(I0411 and I0114) and one had low coverage and uncertain assignment (I0550). The Loschbour and 196 
Stuttgart samples had been genotyped at every callable site in the genome so we took the intersection of 197 
these sites with the 394,577 targeted sites9. For other published samples we obtained shotgun sequence 198 
data from the authors and counted reads at the 394,577 sites.  199 
 200 
For the western hunter-gatherer sample from La Braña in present-day Spain12, we generated additional data 201 
beyond the published data, using the extraction, library preparation and capture protocols described in Ref.  202 
9. We generated a total of 94,246,843 sequences passing standard Illumia filters, of which 42,952,907 203 
mapped to the SNP targets and 22,389,493 remained after removing duplicate molecules. The fraction of 204 
terminal sites that were C→T substitutions from the reference sequence (indicating authentic ancient 205 
DNA) was 12.3%, and the average coverage on the SNP targets was 58.8-fold. The BAM file associated 206 
with these data is available at xx. 207 
 208 
We downloaded integrated phase 3 variant calls from the 1,000 Genomes ftp site (ftp://ftp-209 
trace.ncbi.nih.gov/1000genomes/ftp/release/20130502/; downloaded on 17th September 2014) and merged 210 
these with the ancient data. This resulted in a loss of 29,995 sites that were not present in the 1,000 211 
Genomes VCF. For each sample we took the midpoint of its date range (usually calibrated 14C dates) as a 212 
point estimate of its age. For each population, we took the mean of the sample age estimates and used that 213 
as the age of the population. 214 

Genotype	
  calls	
  and	
  likelihood	
  215 
 216 
For most ancient samples we did not have sufficient coverage to make reliable diploid calls. We therefore 217 
used the read counts at each SNP to compute the likelihood of the allele frequency in each population. 218 
Suppose that at a particular site, for population 𝑖, we have N samples with read level data, and 𝑀 samples 219 
for which we made hard genotype calls (Loschbour, Stuttgart and the 1,000 Genomes samples). For 220 
samples 𝑖 = 1…𝑁, with genotype data, we observe X copies of the reference allele out of 2𝑁  total 221 
chromosomes. For each of samples 𝑖 = (𝑁 + 1)… (𝑁 +𝑀), with read data, we observe 𝑅! reads with the 222 
reference allele out of 𝑇! total reads. Then, the likelihood of the population reference allele frequency, 𝑝 223 
given data 𝐷 = 𝑋,𝑁,𝑅,𝑇  is given by 224 
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 225 
𝐿 𝑝;𝐷 = 𝐵 𝑋, 2𝑁, 𝑝 𝑝!𝐵 𝑅!,𝑇! , 𝜀 + 2𝑝 1 − 𝑝 𝐵 𝑅!,𝑇! , 0.5 + 1 − 𝑝 !𝐵 𝑅!,𝑇! , 1 − 𝜀 ,!!!

!!!!!   226 
 227 
where 𝐵 𝑘, 𝑛, 𝑝 = 𝑛

𝑘 𝑝!" 1 − 𝑝 !!! is the binomial probability distribution and 𝜀 is a small probability 228 
of error, which we set to 0.001. We write ℓ𝓁 𝑝;𝐷  for the log-likelihood. To estimate allele frequencies, for 229 
example in Figure 2 or for the polygenic selection test, we maximized this likelihood numerically for each 230 
population.  231 
 232 
We also constructed a dataset where we called a single allele at each site for each sample by choosing the 233 
allele most commonly seen in the reads mapped to that site. This results in a reduction in effective sample 234 
size of around 40% but should be more robust to small levels of contamination. We reran our main 235 
analyses on this “majority-called” dataset to check that they were not confounded by systematic 236 
contamination.  237 

Genome-­‐wide	
  scan	
  for	
  selection	
  238 
 239 
To scan for selection across the genome, we used the following test. Consider a single SNP. Assume that 240 
we can model the allele frequencies 𝑝!"#   in A modern populations as a linear combination of allele 241 
frequencies in B ancient populations 𝑝!"#. That is, 𝑝!"# = 𝐶𝑝!"#, where C is an A by B matrix with 242 
columns summing to 1.We have data 𝐷! from population 𝑗 which is some combination of read counts and 243 
genotypes as described above. Then, writing 𝑝 = 𝑝!"# , 𝑝!"# = [𝑝!… 𝑝!!!] the log-likelihood of the 244 
allele frequencies equals the sum of the log-likelihoods for each population.   245 
 246 

ℓ𝓁(𝑝,𝐷) = ℓ𝓁 𝑝!;𝐷!

!!!

!!!

 

 247 
To test for deviations in allele frequency, we test the null hypothesis 𝐻!: 𝑝!"# = 𝐶  𝑝!"#   against the 248 
alternative 𝐻!: 𝑝!"#   unconstrained. We numerically maximized this likelihood in both the constrained 249 
and unconstrained model and used the fact that twice the difference in log-likelihood is approximately 𝜒!! 250 
distributed to compute a test statistic and a p-value.  251 
 252 
As in Ref. 9, we used western hunter-gatherers, Early Neolithic, and Yamnaya as the ancient source 253 
populations and the 1000 Genomes CEU, GBR, IBS and TSI as the present-day populations. We did not 254 
use FIN, because they do not fit this three-population model well. We estimated the proportions of 255 
(western hunter-gatherers, Early Neolithic, Yamnaya) to be CEU=(0.164, 0.366, 0.470), 256 
GBR=(0.213,0.337,0.450), IBS= (0, 0.773, 0.227) and TSI=(0, 0.712, 0.288). In practice we found that 257 
there was substantial inflation in the test statistic, most likely due to unmodeled ancestry or additional drift. 258 
To correct for this we applied a genomic control correction, dividing all the test statistics by a constant, 𝜆 259 
chosen so that the median p-value matched the median of the null 𝜒!! distribution16. Excluding sites in the 260 
potentially functional set, we estimated 𝜆 = 1.21 and used this value as a correction throughout. 261 

 262 
To estimate the power of this test, we randomly sampled allele counts from the full dataset, restricting to 263 
polymorphic sites with a mean frequency across modern populations of less than 0.1. We then simulated 264 
what would happen if the allele had been under selection in one of the modern populations by simulating a 265 
Wright-Fisher trajectory for 50, 100 or 200 generations. We took the final frequency from this simulation, 266 
sampled observations to replace the actual observations in that population, and counted the proportion of 267 
simulations that gave a genome-wide significant result after GC correction. We also performed a similar 268 
simulation, assuming that the site was selected in every population (Extended data Figure 7A).  269 
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 270 
We investigated how robust the test was to misspecification of the mixture matrix C. We reran the power 271 
simulations using a matrix 𝐶! = 𝑝𝐶 + 1 − 𝑝 𝑅 for 𝑝 ∈    [0,1] where 𝑅 was a random matrix chosen so 272 
that for each modern population, the mixture proportions of the three ancient populations were jointly 273 
normally distributed on [0,1]. Increasing 𝑝 increases the genomic inflation factor and reduces power, 274 
demonstrating the advantage of explicitly modeling the ancestries of the modern populations (Extended 275 
data Figure 7B). Finally, we investigated how the genomic control correction responded when we 276 
simulated small amounts of admixture from a highly diverged population (Yoruba; 1000 Genomes YRI) 277 
into to a randomly chosen modern population. The genomic inflation factor increased from around 1.2 to 278 
around 1.6 with 10% admixture (Extended data Figure 7C).  279 

Estimating	
  selection	
  coefficients	
  	
  280 
 281 
Using the time-serial component of this dataset, we investigated in detail the trajectories of loci which 282 
were genome-wide significant, or for which strong evidence of selection in Europe had previously been 283 
reported. We estimated selection coefficients by fitting a hidden Markov model to the observed allele 284 
counts using an EM algorithm21. Since this model relies on a binomial sampling likelihood, we used the 285 
majority call alleles for this analysis. While this model assumes a continuous, constant size population, 286 
which is not the case for Europe, we reasoned that the effect of turnover and admixing populations would 287 
be to increase the variance of the allele frequency trajectory, and that we could compensate for this to some 288 
extent by excluding western hunter-gatherers and estimating the effective population size from neutral 289 
sites. Using 1,000 randomly sampled sites, the maximum likelihood estimate of the diploid effective 290 
population size 2Ne was 5,998 (95% confidence interval, CI=5,199-6,979). For each sample we assumed 291 
its age was given by the midpoint of the estimated age range (archaeological or 14C), and converted to 292 
generations by assuming a mean generation time of 29 years.  293 
 294 

Test	
  for	
  polygenic	
  selection	
  295 
 296 
We implemented the test for polygenic selection described by Ref. 42. This test evaluates whether trait-297 
associated alleles, weighted by their effect size, are overdispersed compared to randomly sampled alleles, 298 
in the directions associated with the effects measured by genome-wide association studies (GWAS). For 299 
each trait, we obtained a list of significant SNP associations and effect estimates from GWAS data, and 300 
then applied the test both to all populations combined and to selected pairs of populations. We estimated 301 
frequencies in each population by computing the MLE, using the likelihood described above. For each test, 302 
we sampled SNPs frequency matched in 20 bins, computed the test statistic 𝑄! and for ease of comparison, 303 
converted these to Z scores, signed according the direction of the genetic effects. Theoretically 𝑄! has a 304 
𝜒!distribution but in practice it is overdispersed so we report bootstrap p-values computed by sampling 305 
10,000 sets of frequency matched SNPs. For this analysis we grouped populations together by period and 306 
location so, for example, “Central_MN” means all Middle Neolithic populations from Central Europe 307 
(present-day Germany, see Table 1). We repeated the analysis using the majority-called dataset. 308 
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Group	
   Population	
   Location	
   Sample	
  size	
   Majority	
  size	
   Diploid	
  size	
   Date	
  (kybp)	
   Reference	
  (samples)	
  

Western	
  Hunter-­‐gatherers	
  	
   	
  	
   3	
   3.60	
   4.85	
   7.7-­‐8.1	
   	
  	
  
	
  WHG	
   Loschbour	
   Luxembourg	
   1	
   1.98	
   1.98	
   8.1	
   11	
  
	
  	
   LaBrana1	
   Spain	
   1	
   0.94	
   1.60	
   7.8	
   12	
  
	
  	
   HungaryGamba_HG	
   Hungary	
   1	
   0.69	
   0.88	
   7.7	
   7	
  (K01)	
  
Early	
  Neolithic	
  	
   	
  	
   	
  	
   26	
   15.27	
   22.77	
   6.9-­‐7.2	
   	
  	
  
	
  EN	
   Starcevo_EN	
   Hungary	
   1	
   0.28	
   0.32	
   7.6	
   9	
  
	
  	
   Stuttgart	
   Germany	
   1	
   1.97	
   1.97	
   7.2	
   11	
  
	
  	
   Spain_EN	
   Spain	
   4	
   3.08	
   5.21	
   7.2	
   9	
  
	
  	
   LBK_EN	
   Germany	
   12	
   6.56	
   10.41	
   7.1	
   9	
  
	
  	
   LBKT_EN	
   Hungary	
   1	
   0.09	
   0.09	
   7.1	
   9	
  
	
  	
   HungaryGamba_EN	
   Hungary	
   7	
   3.29	
   4.77	
   6.9	
   7	
  (K02,NE1-­‐NE7)	
  
Middle	
  Neolithic	
  	
   	
  	
   	
  	
   9	
   5.27	
   9.62	
   5.2-­‐5.8	
   	
  	
  
	
  MN	
   Spain_MN	
   Spain	
   4	
   2.84	
   4.99	
   5.8	
   9	
  
	
  	
   Baalberge_MN	
   Germany	
   3	
   0.64	
   0.71	
   5.4	
   9	
  
	
  	
   Iceman	
   Italy	
   1	
   0.99	
   1.93	
   5.3	
   10	
  
	
  	
   Esperstedt_MN	
   Germany	
   1	
   0.79	
   1.99	
   5.2	
   9	
  
Late	
  Neolithic	
  	
   	
  	
   	
  	
   15	
   8.90	
   14.01	
   4.2-­‐4.8	
   	
  	
  
	
  LN	
   HungaryGamba_CA	
   Hungary	
   1	
   0.62	
   0.77	
   4.8	
   7	
  (C01)	
  
	
  	
   Alberstedt_LN	
   Germany	
   1	
   0.99	
   1.93	
   4.4	
   9	
  
	
  	
   Corded_Ware_LN	
   Germany	
   4	
   2.56	
   4.47	
   4.4	
   9	
  
	
  	
   Bell_Beaker_LN	
   Germany	
   6	
   3.19	
   4.63	
   4.3	
   9	
  
	
  	
   BenzigerodeHeimburg_LN	
   Germany	
   3	
   1.55	
   2.21	
   4.2	
   9	
  
Bronze	
  Age	
  	
   	
  	
   	
  	
   10	
   6.66	
   10.86	
   3.6-­‐4.8	
   	
  	
  
	
  BA	
   Unetice_EBA	
   Germany	
   7	
   4.20	
   6.48	
   4.0	
   9	
  
	
  	
   HungaryGamba_BA	
   Hungary	
   2	
   1.51	
   2.59	
   3.6	
   7	
  (BR1,2)	
  
	
  	
   Halberstadt_LBA	
   Germany	
   1	
   0.95	
   1.79	
   2.1	
   9	
  
Scandinavian	
  Hunter-­‐gatherers	
   	
  	
   11	
   6.79	
   10.88	
   4.8-­‐7.7	
   	
  	
  
	
  SHG	
   SwedenSkoglund_MHG	
   Sweden	
   1	
   0.09	
   0.09	
   7.4	
   13	
  (StoraForvar11)	
  
	
  	
   Motala_HG	
   Sweden	
   7	
   5.55	
   9.14	
   7.7	
   9	
  
	
  	
   SwedenSkoglund_NHG	
   Sweden	
   3	
   1.14	
   1.64	
   4.8	
   13	
  (Ajvide52,58,70)	
  
Yamnaya	
   	
  	
   	
  	
   9	
   5.11	
   7.60	
   5.0	
   	
  	
  
	
  	
   Yamnaya	
   Russia	
   9	
   5.11	
   7.60	
   5.0	
   9	
  
Modern	
   	
  	
   	
  	
   503	
   1006	
   1006	
   0.0	
   	
  	
  
	
  	
   CEU	
   NW	
  Europe	
   99	
   198	
   198	
   0.0	
   14	
  
	
  	
   FIN	
   Finland	
   99	
   198	
   198	
   0.0	
   14	
  
	
  	
   GBR	
   Great	
  Britain	
   91	
   182	
   182	
   0.0	
   14	
  
	
  	
   IBS	
   Spain	
   107	
   214	
   214	
   0.0	
   14	
  
	
  	
   TSI	
   Italy	
   107	
   214	
   214	
   0.0	
   14	
  

 
Table 1: Samples analyzed in this study. Population: samples grouped by a combination of date, archaeology and 
genetics. Population: Labels used in Ref. 9. Location: Present-day country where samples originated. In the main text, 
we refer to samples from present-day Spain, Germany, Hungary and Sweden as Iberian, Central European, Eastern 
European and Scandinavian, respectively. Sample size: Number of individuals sampled. Majority size: Average over 
sites of the number of chromosomes observed at each SNP targeted, if we make a single majority call at each site for 
each individual. Equivalently, the average number of samples hit at least once. Diploid size: Average over sites of the 
effective number of chromosomes when we use genotype likelihoods. Computed as 2 per sample for samples with 
genotype calls, or 2 − 0.5(!!!) for samples with read depth c.  Date: Mean of the best date available for the samples in 
each population, thousands of years before present. Reference: Original reference for each sample (and specific sample 
names, where appropriate).  
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Figure 1: Genome-wide scan for selection. A: Quantile-quantile (QQ) plot of -log10 p-value for potentially 
functional SNPs (red) and probably neutral SNPs (blue), after genomic control (GC) correction. B: QQ plots 
for different categories of potentially functional SNPs (Methods). All curves are significantly different from 
neutral expectation. C: Plot showing the GC-corrected –log10 p-value for each marker. The red dashed line 
represents a genome-wide significance level of 10-6.79. Insets show chromosomes 11 and 15 on a larger scale.  
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Figure 2: Time series of derived allele frequencies for alleles with genome-wide significant signals of 
selection, or otherwise mentioned in the text. A: Estimated mainland European frequencies. Boxes show the 
estimated frequency and approximate time range of the observations. Small numbers give the effective 
sample size as described in Table 1. B: Frequencies in other ancient populations. C: Frequencies in modern 
European populations from the 1000 Genomes Project.  
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Figure 3: Evidence for polygenic selection in Europe. A-C: Each row represents a different trait (Height, 
body mass index, waist-hip ratio, type 2 diabetes, irritable bowel disease, and lipid levels), and each point 
represents a test statistic. Red, labeled points have bootstrap p-values < 0.01. A: Z scores for each population 
tested against CEU B: Z scores for the difference between populations existing at approximately the same 
time. Populations ordered so the difference is positive. C:  Z scores for the difference between populations 
existing at the same location. Populations ordered so the difference is positive. D: A hypothesis, based on 
these results, for when selection on height may have occurred (see Table 1 for abbreviations). 
  

●● ●● ●●● ●● ● ●●
Iberian_MN

Iberian_EN

IBS
Height

●●● ●● ●●● ●●●
Central_LNBA

IBS BMI

● ●●●●● ●● ●●● WHR

●●●● ●●●● ●● ●
Central_EN

T2D

●● ●●● ●● ●●● ● IBD

● ●● ●●●●● ●● ● Lipids

e
●●●●●●
a

B

a

N

●●

●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●

−6 −4 −2 0 +2 +4

● ●●● ● ● ●●● ● ●●● ●● ●●●

IBS−Iberian_EN

WHG−Iberian_MN

IBS−Iberian_MN
Height

●● ●●●● ● ● ●●● ●●● ● ●●

WHG−Central_LNBA CEU−Central_LNBA
BMI

●●● ●● ●●●● ●●● ●●● ●● WHR

●●●● ●● ●● ●●●● ●●● ●●
CEU−Central_EN T2D

● ● ●● ●●●● ●●●●● ●●● ● IBD

●●● ●●●● ●●●●●●●●● ● Lipids

●●●●●●●●●●●●●●●●●●●

●●●

●●

●●●●●●●●●●●●●

●●

−

t

U

●●●

n

B

U

HH

BB

WW

TT

II

LL

0 +2 +4 +6

●● ●●● ● ●●●● ● ●

Yamnaya−Central_LNBA

Central_EN−Iberian_EN CEU−IBS

Yamnaya−Iberian_MN Height

●●● ●● ●●● ●● ●
CEU−IBS

BMI

●● ●●● ●● ●●● ● WHR

● ● ●●● ●●●●● ● T2D

●● ●● ●● ● ●● ●● IBD

●●●●●●●● ●● ● Lipids

●●

m

n
●●●●●

●●●●●

●●●●●●●●●

●●

a

i
●●●

U

a

0 +2 +4 +6 +8

EN

Yamnaya
Iberian_MN Central_MN

Iberian_LNBA Central_LNBA

IBS CEU

WHG

Iberian_EN Central_EN

1

2

Increasing
height

Decreasing
height

Central_MN−Iberian_MN
A B

C D

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 14, 2015. ; https://doi.org/10.1101/016477doi: bioRxiv preprint 

https://doi.org/10.1101/016477
http://creativecommons.org/licenses/by-nc-nd/4.0/


References	
  
 
1 Bustamante, C. D. et al. Natural selection on protein-coding genes in the human genome. Nature 

437, 1153-1157 (2005). 
2 Grossman, S. R. et al. Identifying recent adaptations in large-scale genomic data. Cell 152, 703-713 

(2013). 
3 Nielsen, R. et al. A scan for positively selected genes in the genomes of humans and chimpanzees. 

PLoS biology 3, e170 (2005). 
4 Voight, B. F., Kudaravalli, S., Wen, X. & Pritchard, J. K. A map of recent positive selection in the 

human genome. PLoS biology 4, e72 (2006). 
5 Pickrell, J. K. et al. Signals of recent positive selection in a worldwide sample of human populations. 

Genome research 19, 826-837 (2009). 
6 Grossman, S. R. et al. A composite of multiple signals distinguishes causal variants in regions of 

positive selection. Science 327, 883-886 (2010). 
7 Gamba, C. et al. Genome flux and stasis in a five millennium transect of European prehistory. 

Nature communications 5, 5257 (2014). 
8 Wilde, S. et al. Direct evidence for positive selection of skin, hair, and eye pigmentation in 

Europeans during the last 5,000 y. Proceedings of the National Academy of Sciences of the United 
States of America 111, 4832-4837 (2014). 

9 Haak, W. et al. Massive migration from the steppe was a source for Indo-European languages in 
Europe. Nature Advance Online Publication (2015). 

10 Keller, A. et al. New insights into the Tyrolean Iceman's origin and phenotype as inferred by whole-
genome sequencing. Nature communications 3, 698 (2012). 

11 Lazaridis, I. et al. Ancient human genomes suggest three ancestral populations for present-day 
Europeans. Nature 513, 409-413 (2014). 

12 Olalde, I. et al. Derived immune and ancestral pigmentation alleles in a 7,000-year-old Mesolithic 
European. Nature 507, 225-228 (2014). 

13 Skoglund, P. et al. Genomic diversity and admixture differs for Stone-Age Scandinavian foragers 
and farmers. Science 344, 747-750 (2014). 

14 The 1000 Genomes Project Consortium. An integrated map of genetic variation from 1,092 human 
genomes. Nature 491, 56-65 (2012). 

15 Skoglund, P. et al. Origins and genetic legacy of Neolithic farmers and hunter-gatherers in Europe. 
Science 336, 466-469 (2012). 

16 Devlin, B. & Roeder, K. Genomic control for association studies. Biometrics 55, 997-1004 (1999). 
17 Bersaglieri, T. et al. Genetic signatures of strong recent positive selection at the lactase gene. 

American journal of human genetics 74, 1111-1120 (2004). 
18 Donnelly, M. P. et al. A global view of the OCA2-HERC2 region and pigmentation. Human genetics 

131, 683-696 (2012). 
19 Sabeti, P. C. et al. Positive natural selection in the human lineage. Science 312, 1614-1620 (2006). 
20 Enattah, N. S. et al. Identification of a variant associated with adult-type hypolactasia. Nat Genet 30, 

233-237 (2002). 
21 Mathieson, I. & McVean, G. Estimating selection coefficients in spatially structured populations 

from time series data of allele frequencies. Genetics 193, 973-984 (2013). 
22 Burger, J., Kirchner, M., Bramanti, B., Haak, W. & Thomas, M. G. Absence of the lactase-

persistence-associated allele in early Neolithic Europeans. Proceedings of the National Academy of 
Sciences of the United States of America 104, 3736-3741 (2007). 

23 Lamason, R. L. et al. SLC24A5, a putative cation exchanger, affects pigmentation in zebrafish and 
humans. Science 310, 1782-1786 (2005). 

24 Quillen, E. E. et al. OPRM1 and EGFR contribute to skin pigmentation differences between 
Indigenous Americans and Europeans. Human genetics 131, 1073-1080 (2012). 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 14, 2015. ; https://doi.org/10.1101/016477doi: bioRxiv preprint 

https://doi.org/10.1101/016477
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 Sturm, R. A. et al. A single SNP in an evolutionary conserved region within intron 86 of the HERC2 
gene determines human blue-brown eye color. American journal of human genetics 82, 424-431 
(2008). 

26 Eiberg, H. et al. Blue eye color in humans may be caused by a perfectly associated founder mutation 
in a regulatory element located within the HERC2 gene inhibiting OCA2 expression. Human 
genetics 123, 177-187 (2008). 

27 Han, J. et al. A genome-wide association study identifies novel alleles associated with hair color and 
skin pigmentation. PLoS genetics 4, e1000074 (2008). 

28 Branicki, W., Brudnik, U. & Wojas-Pelc, A. Interactions between HERC2, OCA2 and MC1R may 
influence human pigmentation phenotype. Annals of human genetics 73, 160-170 (2009). 

29 Bokor, S. et al. Single nucleotide polymorphisms in the FADS gene cluster are associated with delta-
5 and delta-6 desaturase activities estimated by serum fatty acid ratios. Journal of lipid research 51, 
2325-2333 (2010). 

30 Tanaka, T. et al. Genome-wide association study of plasma polyunsaturated fatty acids in the 
InCHIANTI Study. PLoS genetics 5, e1000338 (2009). 

31 Teslovich, T. M. et al. Biological, clinical and population relevance of 95 loci for blood lipids. 
Nature 466, 707-713 (2010). 

32 Ahn, J. et al. Genome-wide association study of circulating vitamin D levels. Human molecular 
genetics 19, 2739-2745 (2010). 

33 Wang, T. J. et al. Common genetic determinants of vitamin D insufficiency: a genome-wide 
association study. Lancet 376, 180-188 (2010). 

34 Price, A. L. et al. The impact of divergence time on the nature of population structure: an example 
from Iceland. PLoS genetics 5, e1000505 (2009). 

35 Wellcome Trust Case Control, C. Genome-wide association study of 14,000 cases of seven common 
diseases and 3,000 shared controls. Nature 447, 661-678 (2007). 

36 Fujimoto, A. et al. A scan for genetic determinants of human hair morphology: EDAR is associated 
with Asian hair thickness. Human molecular genetics 17, 835-843 (2008). 

37 Kimura, R. et al. A common variation in EDAR is a genetic determinant of shovel-shaped incisors. 
American journal of human genetics 85, 528-535 (2009). 

38 Kamberov, Y. G. et al. Modeling recent human evolution in mice by expression of a selected EDAR 
variant. Cell 152, 691-702 (2013). 

39 Loh, P. R. et al. Inferring admixture histories of human populations using linkage disequilibrium. 
Genetics 193, 1233-1254 (2013). 

40 Pritchard, J. K., Pickrell, J. K. & Coop, G. The genetics of human adaptation: hard sweeps, soft 
sweeps, and polygenic adaptation. Current biology 20, R208-215 (2010). 

41 Turchin, M. C. et al. Evidence of widespread selection on standing variation in Europe at height-
associated SNPs. Nature genetics 44, 1015-1019 (2012). 

42 Berg, J. J. & Coop, G. A population genetic signal of polygenic adaptation. PLoS genetics 10, 
e1004412 (2014). 

43 Kruts, S. Палеоантропологические исследования степного Приднепровья: эпокха бронзы 
(Paleoanthropological investigation of the Pridnepr steppe).  (Наук. думка, 1984). 

44 Lango Allen, H. et al. Hundreds of variants clustered in genomic loci and biological pathways affect 
human height. Nature 467, 832-838 (2010). 

45 Speliotes, E. K. et al. Association analyses of 249,796 individuals reveal 18 new loci associated with 
body mass index. Nature genetics 42, 937-948 (2010). 

46 Heid, I. M. et al. Meta-analysis identifies 13 new loci associated with waist-hip ratio and reveals 
sexual dimorphism in the genetic basis of fat distribution. Nature genetics 42, 949-960 (2010). 

47 Morris, A. P. et al. Large-scale association analysis provides insights into the genetic architecture 
and pathophysiology of type 2 diabetes. Nature genetics 44, 981-990 (2012). 

48 Jostins, L. et al. Host-microbe interactions have shaped the genetic architecture of inflammatory 
bowel disease. Nature 491, 119-124 (2012). 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 14, 2015. ; https://doi.org/10.1101/016477doi: bioRxiv preprint 

https://doi.org/10.1101/016477
http://creativecommons.org/licenses/by-nc-nd/4.0/


49 International HapMap Consortium. A second generation human haplotype map of over 3.1 million 
SNPs. Nature 449, 851-861 (2007). 

50 Pruim, R. J. et al. LocusZoom: regional visualization of genome-wide association scan results. 
Bioinformatics 26, 2336-2337 (2010). 

   

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 14, 2015. ; https://doi.org/10.1101/016477doi: bioRxiv preprint 

https://doi.org/10.1101/016477
http://creativecommons.org/licenses/by-nc-nd/4.0/


Extended	
  data	
  
 
 

 
	
  
Generated	
  using	
  locuszoom50	
  (http://csg.sph.umich.edu/locuszoom/).	
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Extended'data'Figure'1:"Fine"scale"maps"of"
genome0wide"significant"signals"of"selec5on."In"
each"case,"the"most"significant"SNP"is"labeled,"
and"other"SNPs"are"colored"according"to"their"LD"
with"the"most"significant"SNP."The"blue"line"
shows"the"recombina5on"rate"and"the"lower"
panel"in"each"plot"shows"gene"loca5ons.""
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Extended'data'Figure'2:"Genome"wide"scan"for"selec1on"using"majority"called"alleles."As"Figure"1"in"
the"main"text"but"calling"a"single"majority"allele"for"each"site"for"the"ancient"samples."A:"QQ"plot"of"
neutral"(blue)"and"possibly"func1onal"(red)"sites."B:"QQ"plot"of"possibly"func1onal"sites"broken"down"
by"category.'C:"ManhaDan"plot"of"scan"results.""
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Extended	
  data	
  Figure	
  3:	
  Estimated	
  frequencies	
  of	
  the	
  derived	
  allele	
  of	
  rs12913832	
  in	
  HERC2.	
  We	
  divided	
  
our	
  samples	
  by	
  date	
  and	
  location.	
  Boxes	
  show	
  the	
  maximum	
  likelihood	
  estimate	
  of	
  the	
  frequency	
  as	
  in	
  
main	
  text	
  Figure	
  2	
  and	
  vertical	
  lines	
  show	
  approximate	
  95%	
  confidence	
  intervals.	
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Extended'data'Figure'4:&Motala&haplotypes&carrying&the&derived,&selected&EDAR&allele.&This&figure&
compares&the&genotypes&at&all&sites&within&100kb&of&rs3827760&(in&blue)&for&the&7&Motala&samples&
and&20&randomly&chosen&CHB&(Chinese&from&Beijing)&and&CEU&(Central&European)&samples.&Each&
row&is&a&sample,&and&each&column&is&a&SNP.&Grey&means&homozygous&for&the&minor&(in&CEU)&allele.&
Pink&denotes&heterozygotes&and&red&homozygotes&for&the&other&allele.&For&the&Motala&samples,&an&
open&circle&means&that&there&is&only&a&single&read,&otherwise&the&circle&is&colored&according&to&the&
number&of&reads&observed.&Note&that&the&original&haplotype&on&which&rs3827760&arose&appears&to&
be&common&in&CEU&(marked&with&arrows&on&the&right).&Four&of&the&Motala&samples&appear&to&be&
heterozygous&for&the&rs3827760&&haplotype,&and&one&of&the&samples&carries&the&original&haplotype&
without&the&derived&rs3827760&&allele.&&

rs3827760&&
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Extended data Figure 5: Test for polygenic selec!on 
using frequencies es!mated from majority-called alleles 
rather than genotype likelihoods. As panels A-C in main 
text Figure 3. Comparisons with bootstrap p<0.01 are in 
red and labeled. A: Z scores for tests rela!ve to CEU. B: Z 
scores for tests between popula!ons that exist at the 
same !mes. C: Z scores for tests between popula!ons 
that exist in the same place.  
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Extended	
  data	
  Figure	
  6:	
  Predicted	
  genetic	
  heights	
  for	
  populations	
  split	
  up	
  by	
  region	
  and	
  date.	
  We	
  
computed	
  the	
  maximum	
  likelihood	
  allele	
  frequencies	
  for	
  each	
  SNP	
  that	
  was	
  significant	
  in	
  the	
  analysis	
  in	
  
Ref.	
  44	
  and	
  multiplied	
  by	
  the	
  effect	
  size	
  from	
  that	
  study.	
  The	
  genetic	
  height	
  here	
  is	
  expressed	
  in	
  terms	
  of	
  
regression	
  effect	
  sizes	
  (roughly,	
  number	
  of	
  standard	
  deviations	
  after	
  correction	
  for	
  age	
  and	
  sex),	
  translated	
  
so	
  that	
  the	
  mean	
  across	
  populations	
  is	
  zero.	
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