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Evidence of Polygenic Adaptation in Sardinia at Height-
Associated Loci Ascertained from the Biobank Japan

Minhui Chen,1,* Carlo Sidore,2 Masato Akiyama,3,4 Kazuyoshi Ishigaki,3 Yoichiro Kamatani,3,5

David Schlessinger,6 Francesco Cucca,2 Yukinori Okada,3,7 and Charleston W.K. Chiang1,8,*

Adult height is one of the earliest putative examples of polygenic adaptation in humans. However, this conclusion was recently chal-

lenged because residual uncorrected stratification from large-scale consortium studies was considered responsible for the previously

noted genetic difference. It thus remains an open question whether height loci exhibit signals of polygenic adaptation in any human

population. We re-examined this question, focusing on one of the shortest European populations, the Sardinians, in addition to main-

land European populations. We utilized height-associated loci from the Biobank Japan (BBJ) dataset to further alleviate concerns of

biased ascertainment of GWAS loci and showed that the Sardinians remain significantly shorter than expected under neutrality

(�0.22 standard deviation shorter than Utah residents with ancestry from northern and western Europe [CEU] on the basis of polygenic

height scores, p ¼ 3.89 3 10�4). We also found the trajectory of polygenic height scores between the Sardinian and the British popula-

tions diverged over at least the last 10,000 years (p¼ 0.0082), consistent with a signature of polygenic adaptation driven primarily by the

Sardinian population. Although the polygenic score-based analysis showed amuch subtler signature inmainland European populations,

we found a clear and robust adaptive signature in the UK population by using a haplotype-based statistic, the trait singleton density score

(tSDS), driven by the height-increasing alleles (p ¼ 9.1 3 10�4). In summary, by ascertaining height loci in a distant East Asian popula-

tion, we further supported the evidence of polygenic adaptation at height-associated loci among the Sardinians. In mainland Europeans,

the adaptive signature was detected in haplotype-based analysis but not in polygenic score-based analysis.
Introduction

Because of the highly polygenic nature of many human

complex traits, polygenic adaptation was thought to be

an important mechanism of phenotypic evolution in hu-

mans. Since each genetic locus contributes a small effect

to complex traits, polygenic adaptation is expected to be

different from the classic selective sweep, where a benefi-

cial allele is driven to near-fixation in a population because

of strong positive selection.1 In polygenic adaptation, only

a subtle but coordinated allele frequency shift across loci

underlying the selected trait is expected. In human beings,

height is one of the earliest putative examples of polygenic

adaptation. Northern Europeans are known to be taller

than southern Europeans on average.2,3 By evaluating

the changes of allele frequencies at height-associated loci,

either weighted or unweighted by the effect sizes on

height, multiple studies have suggested polygenic adapta-

tion as the reason for differences in human height in Euro-

pean and other populations.4–10 It is important to note

that the signals of adaptation were inferred at height-asso-

ciated loci; height itself might not be the target of selection

because it could be due to a trait that shares genetic archi-

tecture with height. Nevertheless, these inferred signals of

adaptation suggest that natural selection contributed to

the differentiation of height between human populations.
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However, the adaptative signature at height-associated

loci was recently called into question by two papers.11,12

The authors of both papers found that the adaptive signa-

ture disappeared if genome-wide association study (GWAS)

summary statistics based on the UK Biobank (UKB) indi-

viduals were used in the analysis. This suggested that pre-

vious studies of adaptation might have been confounded

because of the ascertainment of a set of height-associated

loci with biased estimates of effect sizes, the aggregation

of which across a large number of height-associated loci

led to the apparent difference in genetic height scores be-

tween northern and southern Europeans. It was suggested

that the biased effect sizes were due to residual uncorrected

stratification from large-scale consortium studies of hu-

man height, such as that by the GIANT (Genetic Investiga-

tion of ANthropometric Traits) consortium,13 where the

control for population stratification implemented at the

level of smaller individual studies was insufficient. In

contrast, large-scale biobank-level studies where individual

data were available enabled much more effective control

for stratification either through principal component anal-

ysis (PCA) or linear mixed models.11,12

Although these studies and others14 investigated the de-

gree to which over-estimated effect sizes in GWASs led to

unrealistic polygenic height scores and differences be-

tween populations, it remains an open question of
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whether height-associated loci exhibit signals of polygenic

adaptation in any human populations. For one, the orig-

inal report of polygenic adaptation on height in Europe

relied solely on frequency changes between populations

and the direction of association among alleles most associ-

ated with height.4 By not taking into account the effect

sizes, this approach should be more robust to uncorrected

stratification in GWASs. Moreover, loci most strongly asso-

ciated with height appear to still exhibit a strong signal in a

haplotype-based trait singleton density score (tSDS) anal-

ysis.11,12 Furthermore, estimated temporal trajectory of

polygenic height scores also showed a small but significant

uptick in the recent history.15 Finally, pygmies from the

Indonesian island Flores exhibited lower genetic height

than expected on the basis of height loci ascertained in

the distantly related UKB population.10

In thepresent study,we re-examinedwhetherheight-asso-

ciated loci exhibit signs of adaptation in Europe. In light

of reported stratification16 and polygenic selection for

height17 in the UKB population, and our finding here that

height-associated loci ascertained from the UKB dataset are

still significantly associated with structure in Europe, we

chose to conduct our analysis by using height-associated

SNPs ascertained from summary statistics based on the Bio-

bank Japan (BBJ) individuals. Because it is a population

distant from Europe, differences in frequencies and patterns

of linkage disequilibrium (LD) could lead to a decrease in the

accuracy of polygenic score predictions of a trait18 and thus

lower thepowerofpolygenic scores todetectpolygenic selec-

tion. However, we reasoned and demonstrated that height-

associated loci ascertained in BBJ were still significantly pre-

dictive of height in European populations, and in exchange

for thedecreasedaccuracy inprediction these lociweremuch

less associated with the structure in Europe. As such, in the

absence of a very large-scale family-based analysis to ascer-

tain height-associated loci, our approach to ascertain

height-associated SNPs from BBJ is the least likely to be

impacted by any cryptic covariances due to population strat-

ification. Using this approach,we found that the Sardinians,

one of the shortest populations in Europe, have significantly

lower polygenic height scores than expected given their ge-

netic relatedness to other European populations, consistent

with previous reports.6 In mainland Europe, however, the

adaptive signaturebasedonallele frequencieswasmuchsub-

tler, although we observed a strong haplotype-based signa-

ture by using the tSDS. Together, findings of our study pro-

vided additional evidence of polygenic adaptation at

height-associated loci in some European populations.
Material and Methods

GWAS Panels
To calculate polygenic height score, we obtained GWAS summary

statistics from three studies.

The first study is GIANT,13 a meta-analysis of 79 separate

GWASs for height using a total of �253,000 individuals of Euro-

pean ancestry with �2.5 M variants. Each study imputed their
The
genetic data to HapMap Phase II CEU (Utah residents with

ancestry from northern and western Europe) genotypes and

then tested for association with sex-standardized height,

assuming an additive inheritance model and adjusting for age

and other study-specific covariates (including principal compo-

nents [PCs]). Studies with related samples used variance-compo-

nent or other linear mixed-effects modeling to account for relat-

edness in the regression, and studies with unrelated individuals

tested for association under a linear regression framework. Meta-

analysis was performed via an inverse-variance fixed-effect

method. On the basis of all variants with a minor allele fre-

quency (MAF) > 1% in the summary statistics, the genomic con-

trol parameter, lGC, is 2.00.

The second study is UKB, a GWAS based on �361,000 individ-

uals of white British ancestry in the UK Biobank. These individuals

were genotyped with either the Affymetrix UK BiLEVE Axiom

Array or the Affymetrix UK Biobank Axiom Array and imputed

to whole-genome sequencing data from Haplotype Reference

Consortium (HRC), UK10K (coverage ¼ 73), and 1000 Genomes

for �13.8 M variants. Association testing was done on standard-

ized height correcting for age, age2, sex, age*sex, and age2*sex in-

teractions. Population structure was adjusted by including 20 PCs.

On the basis of all variants with anMAF> 1% in the summary sta-

tistics, lGC ¼ 2.25.

The third study is BBJ,19 a GWAS based on�159,000 individuals

of Japanese ancestry from Biobank Japan.20,21 These individuals

were genotyped on either the Illumina HumanOmniExpressEx-

ome BeadChip or a combination of the Illumina HumanOmniEx-

press and HumanExome BeadChips and imputed to combined

whole-genome sequencing data from BBJ1K (coverage ¼ 303 )22

and 1000 Genomes for �27.9 M variants. Individuals not of Japa-

nese origins were excluded by self-report or PCA. Using standard-

ized residuals of height after adjusting for age, age2, and sex, a

GWAS was conducted with a linear mixed model implemented

in the software BOLT-LMM to control for cryptic relatedness and

population structure.23 On the basis of all variants with an MAF

> 1% in the summary statistics, lGC ¼ 1.69.
Population Genetic Data
We separately evaluated polygenic selection on height-associated

loci in mainland Europeans and in Sardinians. For mainland Euro-

peans, we analyzed two populations with northern European

ancestry, i.e., the GBR (British in England and Scotland) and the

CEU, and two populations from southern Europe, i.e., the IBS (Ibe-

rian population in Spain) and the TSI (Toscani in Italia), by using

data from the 1000 Genomes phase three release.24 We did not

include the FIN (Finnish in Finland) population because of its

known unique demographic history;25 we also did not include

the FIN population to achieve a better balance of sample sizes be-

tween the two comparison populations. For Sardinians, we

included frequency estimates from 615 unrelated Sardinian indi-

viduals whole-genome sequenced (coverage ¼ 43 ) in the Sardi-

NIA study.26,27 All Sardinian participants gave informed consent;

protocols were approved by the institutional review boards of

the University of Cagliari, the National Institute on Aging, and

the University of Michigan.
Population Structure Analysis
We first conducted PCA on the four mainland European popula-

tions (CEU, GBR, IBS, and TSI) from 1000 Genomes. We used var-

iants that were present in all three GWAS panels and that had an
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MAF > 5% in the four European populations. We pruned SNPs in

windows of 50 SNPs, moving in steps of 5, such that no two SNPs

have r2 > 0.2 (via the option of ‘‘–indep-pairwise 50 5 0.2’’ in

PLINK version 1.9)28 to remove correlated variants. We further

removed SNPs in regions of long-range LD.29 PCA was performed

on the remaining variants via Eigensoft version 7.2.1.We also con-

ducted PCA in the samemanner by using the four mainland Euro-

peans plus 91 Sardinian individuals randomly selected for poly-

genic height score trajectory analysis (below). We used 91

Sardinian individuals instead of all 615 individuals so that each

population in the PCA has an approximately equal sample size.

To measure the impact of uncorrected stratification on esti-

mated effect sizes for a set of ascertained height-associated vari-

ants, we computed the correlation between PC loadings and SNP

effect sizes estimated from GWASs. We performed linear regres-

sions of the PC value on the allelic genotype count for each poly-

morphic variant in the four mainland European populations and

Sardinia, and we used the resulting regression coefficients as the

variant’s PC loading estimates. For each PC, we then computed

Pearson correlation coefficients of PC loadings and effect sizes

(of variants with an MAF > 0.01) from each GWAS panel (GIANT,

UKB, and BBJ). We estimated p values on the basis of jackknife

standard errors by splitting the genome into 1,000 blocks with

an equal number of variants.
Population-Level Polygenic Height Score Calculation
To compute polygenic scores, we ascertained independent GWAS

variants associated with height by selecting a set of genome-

wide significant variants (p < 5 3 10�8) that had an MAF > 1%

in a GWAS panel and that were polymorphic in test populations.

To obtain independent height loci, we first pruned variants such

that no two variants were within 1 Mb of each other. We then

further pruned by LD by using 1000 Genomes as the reference

such that no two variants would have a r2 > 0.1. In both pruning

steps, we preferentially retain the variant with a lower p value. We

used CEU, GBR, and JPT (Japanese in Tokyo, Japan) populations to

compute reference LD for pruning GIANT, UKB, and BBJ summary

statistics, respectively. In total, there were 26,593, 227,794, and

65,291 variants reaching genome-wide significance in the GIANT,

UKB, and BBJ summary statistics, respectively. Using this pruning

approach, we identified 457, 774, and 371 independent height-

associated variants from GIANT, UKB, and BBJ summary statistics,

respectively.

We additionally ascertained height-associated variants by using

an alternative approach. Previous studies11,12 also ascertained

height-associated variants from approximately independent LD

blocks across the genome. In order to compare to these studies,

we similarly divided the genome into approximately independent

LD blocks computed by Berisa and Pickrell30 (�1,700 blocks in the

European population for GIANTand UKB panels;�1,400 blocks in

the Asian population for the BBJ panel) and retained within each

LD block the variant (MAF > 0.01) with the lowest p value for as-

sociation with height, regardless of whether the variant reached

the genome-wide significance level. Out of the 1,702 variants

found in GIANT, 474 (28%) were genome-wide significant. Out

of the 1,703 variants found in UKB, 812 (48%) were genome-

wide significant. Finally, out of 1,444 variants found in BBJ, 380

(26%) were genome-wide significant.

Given a set of L height-associated SNPs, the estimated effect

sizes from each GWAS panel were then used to compute polygenic

height scores for each population by
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Z¼
XL

l¼1

2blpl;

where pl and bl were the allele frequency and effect size at SNP l.
Signature of Selection at Height-Associated Loci
To evaluate the evidence of selection at height-associated loci, we

applied the following three methods: excess variance test, poly-

genic height score trajectory, and tSDS analysis.

Excess Variance Test

We conducted the QX test5 to determine whether the estimated

polygenic scores exhibited more variance among populations

than null expectation under genetic drift:

QX ¼Z0!T

F�1Z0!
2VA

;

where Z
!

was a vector of estimated genetic values (i.e., a sum of

sample allele frequencies weighted by effect size) for test popula-

tions, F was a matrix describing the correlation structure of allele

frequencies across populations, and VA was the additive genetic

variance of the ancestral (global) population. To construct the F

matrix, we sampled 20,000 variants from the same GWAS panels,

matched to the height-associated SNPs by MAF, recombination

rate, and background selection as measured by B values.31 Specif-

ically, we partitioned variants into a three-way contingency table

in each GWAS panel with 25 bins for MAF (i.e., a bin size of

0.02), 100 bins for recombination rate, and 10 bins for B value.

For recombination rate, we used the CEU, GBR, and JPT (Japanese

in Tokyo, Japan) genetic maps generated from the 1000 Genomes

phased OMNI data for GWAS panels GIANT, UKB, and BBJ, respec-

tively. The Qx statistic follows a c2 distribution withM � 1 degrees

of freedom under neutrality, where M is the number of test popu-

lations, from which an asymptotic p value was estimated. Signifi-

cant excess of variance among populations would be consistent

with the differential action of natural selection among

populations.

To identify outlier populations that contributed to the excess of

variance, we further estimated the conditionalZ score proposed by

Berg and Coop.5 Specifically, we excluded one population at a time

and then calculated the expected mean and variance of genetic

value in the excluded population given the values observed in

the remaining populations and the covariance matrix relating

them. Using this conditional mean and variance, we calculated a

Z score to describe the fit of the estimated genetic value of the

excluded population by the drift model conditioned on the values

in the remaining populations. An extreme Z score would suggest

that the excluded population had experienced directional selec-

tion that was not experienced by the conditioned populations in

the analysis on the trait of interest.

In practice, we also generated the empirical null distributions of

the QX statistic and conditional Z scores by calculating 10,000 null

genetic values via resampled SNPs genome-wide matched by MAF,

recombination rate, and B value, just as how the Fmatrix was con-

structed. The empirical p values for conditional Z scores tended to

match well with the asymptotic p values (data not shown). There-

fore, throughout the study, we used the asymptotic p value for the

QX statistic and conditional Z score. The scripts we used to imple-

ment these analyses are available on GitHub (see Web Resources).



Polygenic Height Score Trajectory

Using the framework proposed by Edge and Coop,15 we con-

structed the history of polygenic height scores in the GBR and

Sardinian populations. Using a geneticmap fromHapMap as refer-

ence, we first phased 91 Sardinian individuals from the SardiNIA

study26 together with 503 Europeans from 1000 Genomes via Ea-

gle v2.4.1.32 Extracting out 91 individuals each from the GBR and

Sardinian populations, we then used the software RELATE v1.0.833

to reconstruct ancestral recombination graphs in these two popu-

lations together. We only included bi-allelic SNPs that are found in

the genomic mask provided with the 1000 Genomes Project data-

set. We used an estimate of the human ancestral genome to iden-

tify the most likely ancestral allele for each SNP. We initially esti-

mated branch lengths by using a constant effective population

size of 11,314 and a mutation rate of 1.253 10�8 per base per gen-

eration. We then calculated mutation rate and coalescent rate

through time given the branch lengths by using default parame-

ters (30 bins between 1,000 and 10,000,000 years before present

and 28 years per generation). By averaging coalescence rates over

all pairs of haplotypes and taking the inverse, we obtained a pop-

ulation-wide estimate of effective population size. We then used

this population size estimate to re-estimate branch lengths. We

iterated these two steps five times to convergence, as suggested

by Speidel et al.,33 then obtained a final estimate of branch lengths

and the effective population size. On the basis of the output ances-

tral recombination graphs, we estimated the time courses of poly-

genic height scores as the estimated sum of allele frequencies

weighted by effect sizes for the GBR and Sardinian populations

separately by using the three estimators proposed by Edge and

Coop:15 (1) the proportion-of-lineages estimator, (2) the waiting-

time estimator, and (3) the lineages-remaining estimator. The first

estimator estimated allele frequency at a specified time in the past

as the proportion of lineages that carry the allele of interest. The

latter two estimators estimated allele frequency as the relative sizes

of the two subpopulations carrying ancestral and derived alleles.

The former used waiting times between coalescent events to esti-

mate subpopulation sizes, whereas the latter used the number of

coalescence events that occur between specified time points. The

same set of SNPs (genome-wide significantly associated variants

in BBJ or UKB, after pruning by distance and LD) was used to

compute the polygenic height score in both the GBR and

Sardinian populations. We focused on the proportion-of-lineages

estimators because it had been shown to be the most powerful

at detecting selection because of its improved precision,15 but all

three estimators were provided for completeness.

We tested for significant differences in polygenic height score

trajectory between the GBR and Sardinian populations over time

by performing 10,000 permutations of the signs of effect sizes

across these SNPs. We specifically tested whether polygenic height

score in the Sardinian population is changing relative to in the

GBR population for two time intervals: between 20,000 years

and 10,000 years ago and between 10,000 years ago and the pre-

sent time. The former time point was chosen because it is approx-

imately the time point for the first evidence of human inhabita-

tion on Sardinia (up to 18,000 years ago).34,35 The latter time

point was chosen because it is around the beginning of the

Neolithic period (�8,000 years ago) when Sardinia became iso-

lated and genetically diverged from mainland Europeans

(�7,000 years ago).26 We also conducted post hoc tests of direc-

tional changes of individual population trajectories at time points

10,000 years, 5,000 years, and 1,000 years before the present to see

whether and when the polygenic height score trajectories in the
The
GBR or Sardinian populations are individually deviating from

the null. These time points were chosen on the basis of visual in-

spection of the inferred trajectory. To estimate courses of poly-

genic height scores and conduct the significance test, we adopted

code from Edge and Coop15 available at GitHub (see Web

Resources).

tSDS Analysis

We tested whether height-associated loci are under recent selec-

tion in a mainland European population by examining the distri-

bution of tSDSs. Recent selection results in shorter tip branches for

the favored allele. The SDS8 leveraged the average distance be-

tween the nearest singletons on either side of a test SNP across

all individuals to estimate the mean tip-branch length of the

derived and ancestral alleles and used this measure to infer evi-

dence of selection. The sign of an SDS can be polarized such that

positive scores indicate increased frequency of the trait-increasing

(or trait-decreasing) allele instead of derived allele. This metric is

referred to as a tSDS. We obtained pre-computed SDSs for

4,451,435 autosomal SNPs from 3,195 white British individuals

from the UK10K project. In each GWAS panel (UKB and BBJ), we

included only SNPs with a reported SDS prior to distance and LD

pruning to obtain a set of genome-wide significant SNPs. For

each variant, we looked up the effect size of the derived allele

then determined the sign of a tSDS value as positive if the derived

allele is height-increasing or negative if the derived allele is height-

decreasing. Therefore, a positive tSDS indicates that a height-

increasing allele has risen in frequency in the recent past; a nega-

tive tSDS indicates a height-increasing allele has dropped in fre-

quency in the recent past. To estimate whether an observed

mean tSDS across a set of height-associated SNPs was significantly

different from the null expectation, we performed 100,000 permu-

tations of the sign of the effect size of derived alleles across these

SNPs and reported the empirical p value.
Results

European Population Structure Underlying GWAS

Summary Statistics

Incomplete control of population structure could lead to

biases in the estimated effect sizes in GWASs. As a result,

polygenic scores constructed on the basis of these GWASs

would show elevated population differentiation relative

to neutral genetic drift.7 For example, because the primary

feature of genetic differentiation in mainland Europe is

along the north-south axis, if human height is differenti-

ated along this axis because of non-genetic effects, any

variant that is also differentiated along this axis would

have an overestimated effect size if the population struc-

ture is not well controlled in GWASs.36 Using GWAS sum-

mary statistics from a geographically and genetically

distant population should alleviate this issue because the

effect of stratification in the GWAS panel would be inde-

pendent from that of the test populations for polygenic

adaptation.

We first evaluated the impact of population stratification

on height-associated variants ascertained from different

GWAS panels that are available to us: the GIANT con-

sortium, the UKB, and the BBJ datasets. Specifically, we

examined the correlation between effect sizes estimated
American Journal of Human Genetics 107, 60–71, July 2, 2020 63



Figure 1. Evidence of Stratification in
GWAS Summary Statistics
Pearson correlation coefficients of PC load-
ings and SNP effects from GIANT, UKB, and
BBJ. PCs were computed in four 1000 Ge-
nomes European populations and Sardin-
ians. p values are based on jackknife stan-
dard errors (1,000 blocks). p values lower
than 0.05/20 (for testing 20 PCs; Figures
S1–S3) are indicated on each bar.
from each GWAS panel and the PC loading on a PCA con-

ducted in four 1000 Genomes European populations

(Figure S1). The first three PCs reflected geographical or

population structure in mainland Europe: the first two

described the north-south and southeast-southwest axes

of variation, whereas PC3 reflected variation within the

GBR population (Figure S1). We found that the effect sizes

estimated in GIANT were highly correlated with the

loading of the first PC of population structure (rho ¼
0.124, p ¼ 1.57 3 10�92 for PC1) (Figure S2). Compared

to the situation in GIANT, the correlations were smaller

in UKB, and even more so in BBJ (e.g., rho ¼ �0.0049, p

¼ 0.258 in BBJ versus rho ¼ 0.014, p ¼ 0.0063 in UKB for

PC1). Both measures were not significant after correcting

for 20 PCs tested, although the correlation in UKB (p ¼
0.0063) would have been significant if only accounting

for the three PC axes associated with geographical struc-

ture, PCs 1–3 (Figure S2).

We also conducted a similar PCA and included Sardin-

ians (Figure S3). In this case, up to the first five PCs

showed evidence of geographical or population structure:

the first three PCs because of variations attributable to the

population groups, whereas PC4 and PC5 were reflecting

variation within the GBR and Sardinian populations,

respectively (Figure S3). As was the case in the main-

land-only analysis, effect sizes from GIANT were highly

correlated with the loading of the first two PCs (Figures

1 and S2) and, to a lesser but significant extent, with

the loading of PC3 and PC5 (rho ¼ �0.026, p ¼ 1.45 3

10�7 for PC3; rho ¼ 0.021, p ¼ 2.26 3 10�5 for PC5).

Compared to the situation in GIANT, the correlations in

UKB were again much smaller. Most worryingly, however,

is the significant correlation with PC1 (rho ¼ 0.020, p ¼
6.27 3 10�5), which was driven by the northern Europe-

southern Europe-Sardinia axis of variation (Figures 1, S2,

and S3). This correlation could in principle be driven by

selection, or alternatively, the effect sizes on height esti-

mated from UKB were not completely free from stratifica-

tion. On the other hand, effect sizes from BBJ were gener-

ally non-significantly associated with any population

structure in Europeans. More importantly, the magnitude

of the correlation was at least an order of magnitude lower
64 The American Journal of Human Genetics 107, 60–71, July 2, 2020
for PC1 (e.g., rho ¼ �0.0007 in BBJ versus rho ¼ 0.0202 in

UKB for PC1) (Figures 1 and S2), the axis most likely to

confound an analysis of height in Europe. Even though

we cannot strictly rule out that the smaller sample size

in BBJ would have less power to detect a genome-wide

correlation of effect size estimates with PC loadings, we

believe the conservative approach is to use height-associ-

ated SNPs ascertained from BBJ as the set of SNPs used in

primary analysis.

Signals of Polygenic Adaptation in Sardinians

In order to evaluate the signal of polygenic adaptation in

Sardinians by using height loci ascertained from BBJ, we

first needed to demonstrate that these height loci, despite

being ascertained from a geographically and genetically

distant population, are predictive of height. On the basis

of independent SNPs associated with height with p <

5 3 10�8 in GIANT (457 SNPs), UKB (774 SNPs), and BBJ

(371 SNPs), we constructed a polygenic height score

(Methods) and tested its correlation with height in 572 un-

related Sardinians with available height information. As

expected, we found that polygenic scores constructed

from all three GWAS panels were significantly correlated

with sex-standardized height (Figure S4), although the cor-

relation was smallest in BBJ compared to GIANT or UKB

(rho¼ 0.21, R2 ¼ 0.043 in BBJ; rho¼ 0.35, R2 ¼ 0.122 in GI-

ANT; rho ¼ 0.38, R2 ¼ 0.142 in UKB; Figure S4).

We then calculated the polygenic scores for Sardinians

and the four mainland European populations (CEU, TSI,

GBR, and IBS) on the basis of height loci ascertained

from each of the three GWAS panels and used Berg and

Coop’s Qx and conditional Z score framework to evaluate

the significance of differences in polygenic scores across

populations. Qualitatively, we found that across all

GWAS panels the estimated polygenic height scores in Sar-

dinians remain significantly lower than would be expected

on the basis of its genetic relatedness to European popula-

tions (Figure 2). Although a direct comparison across the

three GWAS panels is complicated by differences in

GWAS populations, estimated effect sizes, and study po-

wer, among others factors, the degree to which Sardinians

were genetically shorter was more attenuated when using



Figure 2. Excess Variance Tests in Sardinia
(A–C) The polygenic score was constructed on the basis of independent genome-wide significant SNPs fromGIANT (A), UKB (B), and BBJ
(C) GWAS summary statistics. Pval(Qx) denotes p values for Qx tests. The p values for conditional Z scores are represented by the size of
each circle, and those lower than 0.01 are shown in the plot. The following abbreviations are used for each population: SDI, Sardinians;
IBS, Iberian Population in Spain; TSI, Toscani in Italia; GBR, British in England and Scotland; and CEU, Utah residents with ancestry from
northern and western Europe.
summary statistics derived from UKB and BBJ, relative to

GIANT (Sardinians were 0.22, 0.31, and 0.72 units of SD

shorter than those in the CEU population when we used

polygenic scores computed from UKB, BBJ, and GIANT,

respectively).

We constructed polygenic height scores by using

only variants surpassing the genome-wide significance

threshold to be better protected from uncorrected stratifi-

cation, particularly when using summary statistics from

European populations. In addition to this approach, previ-

ous reports11,12 also used an alternative approach to iden-

tify height-associated variants, namely by selecting the

lowest p value SNPs from approximately independent LD

blocks across the genome.30 This resulted in approximately

1,700 variants via the GIANT or UKB GWAS panels, or

1,400 variants via the BBJ panel. We reasoned that by

including more sub-threshold variants in the construction

of polygenic scores, particularly from a GWAS panel less

effective in controlling for population structure, the statis-

tical evidence consistent with polygenic adaptation would

be spuriously improved. We thus examined the impact of

this alternative ascertainment scheme in our study.

When using SNPs from approximately independent LD

blocks as compared to genome-wide significant SNPs, we

observed that the difference in polygenic height scores be-

tween Sardinians and the CEU population increased from

0.72 to 1.61 units of SD when we used summary statistics

from GIANT. More strikingly, the statistical evidence for

adaptation, based on Qx and the conditional Z score for

Sardinians, became much stronger (p for conditional Z

score decreased from 6.48 3 10�9, Figure 2, to 3.33 3

10�15, Figure S5). These results suggest that the exagger-

ated signature of polygenic adaptation using GIANT was

at least partly due to the practice of ascertaining SNPs in

approximate linkage equilibrium blocks, which are en-

riched for loci that escaped statistical control of stratifica-
The
tion. We observed a similar trend, although to a lesser

extent, when using summary statistics from UKB

(Figure S5). In contrast, when using summary statistics

from BBJ, the LD-block-based ascertainment scheme actu-

ally decreased the statistical evidence of adaptation (p

increased from 3.89 3 10�4 to 9.03 3 10�4, Figure S5).

These results are consistent with the observation that the

strongest correlation between effect sizes and PC loadings

are found in GIANT, followed by UKB, followed by BBJ

(Figure 1), and they suggest that a better analytical practice

would be analyzing a set of independent variants ranked

by p values such that true height-associated variants will

be highly enriched.

The interpretation of the conditional Z score results

(Figure 2) implicitly assumes that all other populations

tested in this framework are evolving neutrally. Our

finding of a significant conditional Z in Sardinians could

also be explained if height-associated loci were evolving

neutrally in Sardinia but the height-increasing alelles

were collectively increasing in frequency in all mainland

European populations. To further investigate if selection

is acting on height-associated loci in Sardinia, we

compared the trajectory of polygenic height scores in the

Sardinian population to that from the GBR population. Us-

ing the proportion-of-lineages estimator from Edge and

Coop,15 we observed that the population-mean polygenic

score for height between the Sardinian and GBR popula-

tions had been diverging in at least the past �7–10 ky

(thousand years) (Figure 3). We tested whether the differ-

ence in polygenic score trajectories between the Sardinian

and GBR populations was significant for two time points:

20 ky and 10 ky before present. The former time point is

approximately the time with the first evidence of human

inhabitation on Sardinia.34,35 The latter time point is

approximately the beginning of the Neolithic period and

the estimated divergence time between the Sardinian and
American Journal of Human Genetics 107, 60–71, July 2, 2020 65
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Figure 3. The Trajectory of Mean Poly-
genic Height Scores in British (GBR) and
Sardinian (SDI) Populations over the Past
25 ky
The past polygenic scores are estimated by
the proportion-of-lineages estimators from
Edge and Coop with height loci and effect
sizes ascertained from BBJ. The left panel
shows the mean polygenic scores in the
GBR and SDI populations via the propor-
tion-of-lineages estimator. The right panel
shows the difference between GBR and
SDI populations in the mean polygenic
scores via this estimator. Shaded areas

denote the 95% confidence interval. The dashed lines indicate two epochs (10 kya and 20 kya) where we tested whether the polygenic
height score in the Sardinian population changed relative to that in the GBR population. The mean polygenic height score in the
Sardinian population began significantly decreasing in comparison to that in the GBR population since at least 10 kya (p ¼ 0.0082),
whereas the difference was not significant between 20 kya and 10 kya (p ¼ 0.7406).
mainland northern European populations.26 We found

that the mean difference in polygenic height score was sig-

nificant 10 kya (thousand years ago) (p ¼ 0.0082). The

trend was not significant between 20 kya and 10 kya (p

¼ 0.7406). When using the other two estimators of poly-

genic score trajectory presented in Edge and Coop, the

pattern was much less obvious (Figure S6); these estimators

are known to be significantly noisier and thus have much

less power to detect selection.15 When using height-associ-

ated loci ascertained from UKB, we observed similar results

(Figure S7; p ¼ 0.017 and p ¼ 0.6641 for differences be-

tween 10 kya to present and 20 kya to 10 kya, respectively).

Because visual inspections of the polygenic score trajectory

in GBR and Sardinian populations suggested that the

scores diverged in opposite directions in the recent past,

we tested for changes in the trajectory in each population

at three time points: 10 kya, 5 kya, and 1 kya (Table 1). We

found that polygenic height scores appeared to be

increasing (though only marginally significant, if at all)

in the GBR population since at least 10 kya (Table 1).

Over the same time, the polygenic height scores appeared

to be decreasing in the Sardinian population (Table 1).

Although this test is post hoc and the p values generally

would not be significant after multiple testing correction,

these results were consistent with a stronger signal of

decreasing height scores in Sardinia, but also potentially

consistent with natural selection acting in opposing direc-

tions between the two populations.

Signals of Polygenic Adaptation in Mainland Europeans

We then focused on evaluating whether there is a signal of

polygenic adaptation in mainland Europeans, in which

the original findings of polygenic adaptation4,5,7,8 were

recently challenged and attributed to uncorrected stratifi-

cation.11,12 Using Berg and Coop’s QX and conditional Z

score, we observed a clear signal of adaptation when we as-

certained height loci from GIANT, but not when we ascer-

tained them from BBJ (Figure S8), suggesting the signal

from Qx analysis may be largely driven by uncorrected

stratification in the GIANT data. Height loci ascertained

from BBJ tended to be rarer in Europe than those ascer-
66 The American Journal of Human Genetics 107, 60–71, July 2, 2020
tained from UKB (Figure S9), and rare BBJ-ascertained loci

were less associated with height in Europe than common

BBJ-ascertained loci (Figure S10). For example, of the 77

BBJ-ascertained variants with an MAF < 0.1 in Europeans

and present in the UKB, 41.56% of them (32 variants)

were not associated with height in UKB (p> 0.05), suggest-

ing possibly that differences in LD between UKB and BBJ

dissociated the causal SNP from the proxy we selected or

that the effect on height was specific to BBJ. We investi-

gated whether these factors impacted the power of the

Qx statistic. Restricting analysis to BBJ-ascertained variants

that are common or significantly associated with height in

the UKB did not qualitatively change the results

(Figure S11). Furthermore, direct comparisons of frequency

changes of BBJ-ascertained variants in 1000 Genomes Eu-

ropean populations (Table S1) or gnomAD populations (Ta-

ble S2 and Figure S12) did not show any difference. Taken

together, we concurred with previous authors that the Qx

analyses do not support a signal of polygenic adaptation

in mainland Europe. Any signal of adaptation in the main-

land Europe, if it exists, is undoubtedly weaker than that in

Sardinia on the basis of our Qx analysis.

Haplotype-based analysis might bemore sensitive for de-

tecting adaptation. For example, the SDSs previously

computed for a UK population might be better powered

than our Qx analyses to detect adaptation over the last

2,000–3,000 years.8 We thus evaluated the signal of poly-

genic adaptation in 3,195 white British individuals from

UK10K dataset by using SDSs polarized to the height-

increasing allele (tSDSs; Methods). Using independent var-

iants surpassing genome-wide significance in UKB, we

found that tSDSs for height-increasing alleles were signifi-

cantly elevated (p ¼ 3.4 3 10�4; Figure 4), consistent with

previous reports for the most strongly associated height

loci.11,12 More reassuringly, when we examined the signif-

icant height loci ascertained from BBJ, we observed a

similar pattern (p ¼ 9.1 3 10�4; Figure 4). This suggests

that the height-increasing alleles, compared to the

height-decreasing alleles at the same genomic site, were

more likely to be found on the longer haplotype, consis-

tent with positive selection in the recent past in the British



Table 1. Changes in Historical Polygenic Scores in British and Sardinian Populations

GWAS Panel Test Population

Estimated Polygenic Height scores at Different Time Points (p value)

Present 1 kya 5 kya 10 kya

UKB GBR �0.713 �0.769 (p ¼ 0.006) �0.730 (p ¼ 0.707) �0.801 (p ¼ 0.166)

SDI �0.975 �0.932 (p ¼ 0.067) �0.874 (p ¼ 0.063) �0.846 (p ¼ 0.091)

BBJ GBR �0.904 �0.944 (p ¼ 0.045) �0.997 (p ¼ 0.049) �0.970 (p ¼ 0.367)

SDI �1.153 �1.094 (p ¼ 0.015) �1.041 (p ¼ 0.044) �0.971 (p ¼ 0.031)

Test was conducted in British (GBR) and Sardinian (SDI) populations at three time points (10 kya, 5 kya, and 1 kya) relative to the present. Polygenic height score
trajectories estimated from variants ascertained from UKB and BBJ are shown in Figure S7 and Figure 3, respectively.
UK10K population. The tSDS result also corroborated our

observation of an upward but marginally insignificant

trend in polygenic score trajectory in the 1000 Genomes

GBR population (Figure 3 and Table 1). Together our results

imply that outside of the Sardinian population, height dif-

ferences in some populations in mainland Europe might

be driven by polygenic selection in the recent past,

although this conclusion should still be taken with caution

because it is not supported by the Qx analyses above.
Discussion

By ascertaining height-associated alleles from the BBJ GWAS

panel, we showed that frequencies of these alleles were not

impacted by population structure in Europe as represented

by the first 20 PCs (Figure 1 and Figure S2). Using this set

of height loci, our study has demonstrated that height al-

leles appear to be under selection in some European popula-

tions. Our observation among the Sardinians is qualitatively

consistent with previous reports in this population,6

although the signal we find is more attenuated (Figure 2).

Moreover, using the recently developed method to infer

the trajectory of polygenic height scores, we showed a

decrease in polygenic height scores in the Sardinians over

the last 10,000 years or so (Table 1). Using BBJ-ascertained

alleles, we could not detect a signature of polygenic adapta-

tion in mainland Europe via frequency-based methods,

such as the Qx test (Figures S8 and S11 and Tables S1 and

S2). This is consistent with previous suggestions11,12 that se-

lection signals, if any, would bemuchmore attenuated after

controlling for population stratification. However, we did

find an upward, although marginally insignificant, trend
The
in polygenic height scores in the British population within

the last 5,000 years (Figure 3 and Table 1). We also observed

a robust signal of selection for height-increasing alleles in an

independent British population by using tSDSs (Figure 4),

which replicated previous findings based on height loci as-

certained from the UKB GWAS panel.11,12 This tSDS result,

although not corroborated by our Qx test in 1000 Genome

populations, implies that any robust selection signal in the

British population is most likely due to selection of the

recent past.

A major consideration in detecting signals of polygenic

selection is examining the causal SNPs for the trait of inter-

est. As such, we would advocate focusing on genome-wide

significant variants, which could be more robust to con-

founding by population stratification (although the effect

sizesmight still reflect some residual stratification in a poly-

genic score style of analysis). On the other hand, trait-asso-

ciated variants found in GWASs using genotyping data are

only proxies for causal variation. Differences in LD across

populations could thus lead to a decrease in the accuracy

of polygenic score prediction and lowered power in detect-

ing polygenic selection. Fine-mapping could help identify

the causal or the best-tagging variants at associated loci.

We elected not to conduct a fine-mapping analysis because

currently the largest GWAS datasets are in Europeans and

East Asians; fine-mapping approaches using Europeans

might cause residual stratification to seep into the ascertain-

ment scheme. As larger non-European GWAS datasets

become available, fine-mapping studies outside of Europe

might provide a better set of causal alleles associated with

height to address the question of adaptation in Europe.

A second consideration is that the lack of signals in the

analysis of mainland Europeans using direct comparison
Figure 4. The Average of tSDSs in Height-
Associated SNPs Ascertained from UKB
and BBJ
The histogram is the null distribution of
average tSDSs from 100,000 permutations,
from which we estimate the empirical p
value shown. The dashed line indicates
the observed average of tSDSs.
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Figure 5. Possible Models of Natural Se-
lection for Human Height
Assuming that natural selection has
occurred and can be detected by the frame-
work utilized in this paper, we illustrate two
scenarios in which we cannot infer the
timing and the location of selection. Each
figure represents a modern or ancestral
population and has a pseudo-score repre-
senting genetic height labeled in the circle,
whose size corresponds to this score. Model
1 (left) illustrates the island effect in which
an island population, possibly like the one
in Sardinia, was selected for shorter stature
after arriving at the island. The non-island
populationwas assumed to be not under se-
lection. Model 2 (right) illustrates an alter-
native model in which selection occurred
much more anciently such that differentia-
tion between populations has occurred. It is
unclear the direction of selection in this
scenario, and it might be in opposite direc-
tions in different populations because of
differential interactions with the geogra-
phy or environment. At this point, height
no longer needs to be selected, but the sub-
sequent migration between populations es-
tablishes the pattern of height variability.
Note that if natural selection did not occur,

alternative mechanisms, such as a genetic drift or GxE interaction, could also lead to differences in genetic and/or phenotypic height.
Also note that instead of height, a trait or collection of traits proxied by height could be under selection, although we focused on height
in this illustration.
of allele frequencies (Table S1) might be partly due to the

small sample sizes in publicly available, geographically in-

dexed, whole-genome sequences. Because only a subtle

allele frequency shift would be expected in mainland Eu-

rope, the imprecision in allele frequency estimates can

mask the signal of adaptation (subtle coordinated allele fre-

quency shifts between populations).We note that Berg and

Coop’s framework of excess variance tests and conditional

Z scores5 could also possibly be impacted by this issue with

precision of allele frequency estimates.

Concerns of both the imprecise ascertainment of

causal allele and of allele frequency estimates could be

partly overcome by haplotype-based methods. Using

height-associated loci ascertained from BBJ, where popu-

lation stratification should no longer be an issue, we

observed a robust signal of recent selection for height-

increasing alleles by using the tSDS, which was calcu-

lated on a sample size of > 3,000 UK individuals8

(Figure 4). This finding was also corroborated by our

polygenic score trajectory analysis, which did also

show a potential uptick in polygenic height scores over

the last 5,000 years or so (Figure 3). Even though the sta-

tistical evidence was marginal (Table 1), our observation

was consistent with previous findings in the same popu-

lation15 (but we estimated the ancestral recombination

graphs by using a more recent method). The polygenic

score trajectory analysis is a hybrid approach based on

an inferred ancestral recombination graph that combines

both haplotype and genotype information, so the same

shortcomings in a frequency-based approach could be
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similarly in play here. Moreover, computationally this

approach is currently limited to smaller sample sizes,

which might also limit our resolution in the recent

past. Therefore, future scalable inference on genome-

wide genealogies from an independent northern Euro-

pean population might help address this discrepancy.

Taken together, our findings remain consistent with nat-

ural selection leading to shorter stature in the Sardinians.

Taking into account recent evidence of selection for shorter

stature in the island of Flores, these observationsmight sug-

gest a general impact due to the island effect, akin to what

has been observed in some island mammals who became

adaptively smaller relative to their mainland counter-

parts37 (Model 1 in Figure 5). However, because the power

of polygenic score trajectory to detect betweenpopulation

differences decreases going further back in time,15 we

cannot definitively infer the onset of adaptation toward

shorter height on the island of Sardinia. It is possible that

adaptation occurred in the ancestors of modern Sardinians.

Because of the relative isolation in Sardinia,26 the Sardinian

population is expected to exhibit the strongest effect among

European populations today (Model 2 in Figure 5). This

might be consistent with the recent observation that

Neolithic European populations are shorter than both their

predecessors and their successors in Europe in both genetic

height scores and skeletal stature;38 Sardinians retained the

largest amount of Neolithic ancestry among a number of

extant European populations tested.26,39 Furthermore, the

two models are not mutually exclusive and might be acting

alongwith non-additive components of height variation6,40



to lead to the large difference in height observed between

Sardinians and mainland Europeans. Further explorations

to differentiate these two models will most likely rely on

examining a large number of ancient specimens from Sardi-

nia,41,42 as well as studying other isolated island popula-

tions across the world.

When considering Europe at large, our tSDS and poly-

genic score trajectory findings in the British population

suggest that selection for taller height might have occurred

in the more recent past, within the last 5,000 years and

more likely within the last 1,000–2,000 years. However,

this finding could still be consistent with previous sugges-

tions that the post-Neolithic Eurasian Steppe populations

might have been selected for increased height38,43 and

that admixture of these populations, in different propor-

tions in mainland Europe, provided the tSDS signal and

contributed to the pattern of height variation across Eu-

rope (Model 2 in Figure 5). Note that because the signal

of height adaptation is weaker in mainland European pop-

ulations, we cannot rule out higher order confounding fac-

tors, such as more subtle substructures within the British

population (e.g., varying degrees of Steppe admixture), or

gene-by-environment (GxE) interaction effects among

the populations used to ascertain height alleles and test

for selection. Large-scale family-based ascertainment of

height-associated loci might ultimately be illuminating.

What does seem clear is that if selection did occur in pre-

sent-day mainland European populations, it would have

been independent of a selection for shorter height in Sar-

dinians or their ancestors because we observed a diverging

trend in polygenic height scores between Sardinians and

individuals of British ancestry (Figure 3).

In summary, although the timing and geographical loca-

tion of selection for height (or alternatively, for a set of traits

correlated with height) remain elusive, it seems evident that

human height differences in Europe have been driven by se-

lection in at least some instances. Multiple episodes of adap-

tationmighthaveoccurredand influenced theheightof past

populations. Signatures of these adaptive eventsmight have

stemmed from outside of Sardinia, but today they are much

more obscured, or have even changed direction, because of

recent population migrations and admixture. Furthermore,

muchof the literature characterizing polygenic scoremodels

has focused on its prediction accuracy in the population in

which the GWAS summary statistics were derived and the

poor transferability of this model to other populations.18

Our results here demonstrate that although polygenic score

estimators derived from a distant population might have

reduced prediction accuracy (Figure S4), they are also less

biased by fine-scale population structure in a population of

interest (Figure 1) and can greatly help addressing important

population genetic questions.
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Web Resources

BBJ summary association statistics, https://humandbs.

biosciencedbc.jp/en/hum0014-v15

Code for Qx test, https://github.com/jjberg2/

PolygenicAdaptationCode

Code for polygenic score trajectory, https://github.com/mdedge/

rhps_coalescent

Eagle version 2.4.1, https://data.broadinstitute.org/alkesgroup/

Eagle/

Eigensoft version 7.2.1, https://github.com/DReichLab/EIG/

archive/v7.2.1.tar.gz

Genetic maps generated from the 1000 Genomes phased OMNI

data, http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/

working/20130507_omni_recombination_rates/

Genomic mask file, ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/

release/20130502/supporting/accessible_genome_masks/

GIANT summary association statistics, https://portals.

broadinstitute.org/collaboration/giant/images/0/01/GIANT_

HEIGHT_Wood_et_al_2014_publicrelease_HapMapCeuFreq.

txt.gz

Human ancestral genome, ftp://ftp.1000genomes.ebi.ac.uk/vol1/

ftp/phase1/analysis_results/supporting/ancestral_alignments/

PLINK version 1.9, www.cog-genomics.org/plink/1.9/

RELATE version 1.0.8, https://myersgroup.github.io/relate/

SDS from UK10K, http://web.stanford.edu/group/pritchardlab/

UK10K-SDS-values.zip

UKB summary association statistics, https://storage.googleapis.

com/ukbb-robert/height_ukb_giant/robert1/50.imputed_v3.

results.both_sexes.tsv.gz
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Finucane, H.K., Salem, R.M., Chasman, D.I., Ridker, P.M.,

Neale, B.M., Berger, B., et al. (2015). Efficient Bayesian

mixed-model analysis increases association power in large co-

horts. Nat. Genet. 47, 284–290.

24. 1000 Genomes Project Consortium, Auton, A., Brooks, L.D.,

Durbin, R.M., Garrison, E.P., Kang, H.M., Korbel, J.O., March-

ini, J.L., McCarthy, S., McVean, G.A., et al. (2015). A global

reference for human genetic variation. Nature 526, 68–74.

25. Locke, A.E., Steinberg, K.M., Chiang, C.W.K., Service, S.K., Ha-

vulinna, A.S., Stell, L., Pirinen, M., Abel, H.J., Chiang, C.C.,

Fulton, R.S., et al.; FinnGen Project (2019). Exome sequencing

of Finnish isolates enhances rare-variant association power.

Nature 572, 323–328.

26. Chiang, C.W.K., Marcus, J.H., Sidore, C., Biddanda, A., Al-

Asadi, H., Zoledziewska, M., Pitzalis, M., Busonero, F., Ma-

schio, A., Pistis, G., et al. (2018). Genomic history of the

Sardinian population. Nat. Genet. 50, 1426–1434.

27. Sidore, C., Busonero, F., Maschio, A., Porcu, E., Naitza, S., Zo-

ledziewska, M., Mulas, A., Pistis, G., Steri, M., Danjou, F., et al.

(2015). Genome sequencing elucidates Sardinian genetic ar-

chitecture and augments association analyses for lipid and

blood inflammatory markers. Nat. Genet. 47, 1272–1281.

28. Chang, C.C., Chow, C.C., Tellier, L.C., Vattikuti, S., Purcell,

S.M., and Lee, J.J. (2015). Second-generation PLINK: rising to

the challenge of larger and richer datasets. Gigascience 4, 7.

29. Price, A.L., Weale, M.E., Patterson, N., Myers, S.R., Need, A.C.,

Shianna, K.V., Ge, D., Rotter, J.I., Torres, E., Taylor, K.D.D.,

et al. (2008). Long-range LD can confound genome scans in

admixed populations. Am. J. Hum. Genet. 83, 132–135,

author reply 135–139.

30. Berisa, T., and Pickrell, J.K. (2016). Approximately indepen-

dent linkage disequilibrium blocks in human populations.

Bioinformatics 32, 283–285.

http://refhub.elsevier.com/S0002-9297(20)30161-0/sref3
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref3
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref3
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref4
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref4
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref4
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref4
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref4
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref5
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref5
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref6
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref7
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref7
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref7
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref7
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref7
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref8
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref8
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref8
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref8
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref9
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref10
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref11
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref11
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref11
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref11
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref11
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref12
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref12
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref12
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref12
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref13
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref14
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref14
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref14
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref14
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref14
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref15
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref15
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref15
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref16
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref16
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref16
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref16
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref16
https://doi.org/10.1101/357483
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref18
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref18
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref18
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref19
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref19
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref19
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref19
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref19
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref20
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref20
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref20
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref20
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref21
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref22
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref23
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref24
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref24
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref24
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref24
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref25
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref26
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref26
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref26
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref26
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref27
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref28
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref28
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref28
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref29
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref29
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref29
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref29
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref29
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref30
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref30
http://refhub.elsevier.com/S0002-9297(20)30161-0/sref30


31. McVicker, G., Gordon, D., Davis, C., and Green, P. (2009).

Widespread genomic signatures of natural selection in homi-

nid evolution. PLoS Genet. 5, e1000471.

32. Loh, P.R., Danecek, P., Palamara, P.F., Fuchsberger, C., A Re-

shef, Y., K Finucane, H., Schoenherr, S., Forer, L., McCarthy,

S., Abecasis, G.R., et al. (2016). Reference-based phasing using

the Haplotype Reference Consortium panel. Nat. Genet. 48,

1443–1448.

33. Speidel, L., Forest, M., Shi, S., and Myers, S.R. (2019). A

method for genome-wide genealogy estimation for thousands

of samples. Nat. Genet. 51, 1321–1329.
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