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% Check for updates European-ancestry populations are recognized as stratified but not as

admixed, implying that residual confounding by locus-specific ancestry can
affect studies of association, polygenic adaptation, and polygenic risk scores.
We integrate individual-level genome-wide data from ~19,000 European-
ancestry individuals across 79 European populations and five European
American cohorts. We generate a new reference panel that captures ancestral
diversity missed by both the 1000 Genomes and Human Genome Diversity
Projects. Both Europeans and European Americans are admixed at the sub-
continental level, with admixture dates differing among subgroups of Eur-
opean Americans. After adjustment for both genome-wide and locus-specific
ancestry, associations between a highly differentiated variant in LCT
(rs4988235) and height or LDL-cholesterol were confirmed to be false positives
whereas the association between LCT and body mass index was genuine. We
provide formal evidence of subcontinental admixture in individuals with
European ancestry, which, if not properly accounted for, can produce spurious
results in genetic epidemiology studies.

Human genetic studies have primarily considered admixed popula-
tions to have resulted from interbreeding between two or more con-
tinentally separated populations'™. However, continental ancestry is
not necessarily a single homogenous component of genetic diversity,
but rather can be a composite of diverse subcontinental ancestries*”.
In some instances, differentiation between intra-continental popula-
tions is on par with or higher than differentiation between inter-
continental populations"®. Also, there are examples from pharmaco-
genetics of variants that are differentiated at the intra-continental
level, such as in the case of abacavir hypersensitivity syndrome, for

which the causal allele (HLA-B*5701) has a prevalence of 13.6% among
Maasai in Kenya but a prevalence of -0% among Yoruba in Nigeria’.
Despite genetic studies highlighting a clear pattern of North-to-
South genetic variation in Europe®'° and strong evidence of admixture
within Europe by ancient DNA analysis'"", European-ancestry popula-
tions are generally treated in association models as stratified but not as
admixed at the subcontinental level. As a result, genetic epidemiology
studies of Europeans or European Americans usually control for
potential confounding effects of population stratification using
genome-wide ancestry estimated by principal components analysis®,
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but do not control for locus-specific ancestry, which is inherent to
admixed populations™. Potential consequences are that detection of
causal genetic variation is hampered and estimation of effect sizes can
be biased, leading to further negative consequences such as mis-
estimation of polygenic adaptation® and poor predictive performance
of polygenic risk scores'.

Recently developed approaches have enabled the use of genome-
wide data (either array-based genotype or whole genome sequence
data) to assess admixture at two levels: genome-wide ancestry (also
known as global ancestry)*"%, which is the individual’'s ancestry
averaged across the entire genome, and locus-specific ancestry (also
known as local ancestry)**, which allows for inference of an indivi-
dual’s ancestry at each locus. The power, resolution, and specificity of
disease or trait mapping studies can be improved by leveraging both
genome-wide and locus-specific ancestries>>”. To assess both
genome-wide and locus-specific ancestries in admixed individuals,
present-day populations are used as proxies for ancestral populations
that serve as references for ancestry estimation. Considering that ~96%
of participants in genome-wide association studies (GWAS) have Eur-
opean ancestry**, a comprehensive analysis is needed to evaluate the
adequacy of European reference panels for ancestry analysis using
European-ancestry individuals.

The prevalence of lactase persistence varies widely across Eur-
ope and the most strongly associated variant rs4988235 in the lac-
tase gene (LCT) has been reported to be under positive selection and
associated with height, body mass index (BMI), and low-density
lipoprotein (LDL)*", The SNP rs4988235 is one of the most highly
differentiated variants in Europe®, with derived allele (A) frequencies
ranging from 93.1% in Swedes to 2.9% in Sardinians®. Importantly,
rs4988235 and height are well known to covary following a north-to-
south axis*, and the association between rs4988235 and height has
been suggested to be spurious based on attenuation following
adjustment for genome-wide ancestry”. Nonetheless, there are no
association studies in European-ancestry populations that control for
confounding at both the genome-wide and locus-specific ancestry
levels to test the validity of the association between rs4988235 and
reported associated traits.

To test for the existence of subcontinental ancestries within Eur-
ope, we integrated genome-wide data from 1,216 individuals across 79
European populations. Then, to examine population structure and
admixture, we integrated genome-wide data from 17,669 European
Americans from five genetic epidemiology cohorts in the US. Finally, to
illustrate the potential implications of confounding by subcontinental
ancestry and admixture, we interrogated the association between
rs4988235 and height, LDL-cholesterol, and BMI.

We found that the 1000 Genomes and Human Genome Diversity
Projects provided incomplete coverage of European ancestries, so we
generated a new reference panel to capture additional European
ancestral diversity. Our admixture analyses yielded formal evidence
that European-ancestry individuals are admixed at the subcontinental
level, with admixture dates differing among European American sub-
groups. After adjustment for both genome-wide and locus-specific
ancestry, previously reported associations between rs4988235 and
height or LDL were no longer statistically significant, strongly sup-
porting that they are false positives due to uncorrected stratification.
We observed that better fits can be obtained when models were
adjusted for principal components (PCs) derived from projection of
European Americans onto our new reference panel, rather than for PCs
derived from study-specific unsupervised analysis. Altogether, this
study indicates that full adjustment for subcontinental European
admixture (at both genome-wide and locus-specific levels) should
become best practice in genetic association studies using European-
ancestry individuals, including the UK Biobank?? in Europe and the All
of Us Research Program™® and the VA Million Veteran Program® in the
United States.

Results

Reference panels of European diversity

We generated a new reference panel capturing genetic diversity from
79 European populations from five population genetics studies: the
1000 Genomes Project®, the Human Genome Diversity Project
(HGDP)*, the Human Origins dataset”, a study of the Caucasus
Mountains®®, and a study of the Jewish Diaspora®® (Fig. 1A and Sup-
plementary Data 1). After quality control to reduce batch effects, our
European panel included 1,216 unrelated individuals and 104,414
genotyped SNPs. Principal component analysis (PCA)” showed that
North Europeans (e.g., Finnish, Lithuanian, and Estonian) vs Southeast
Europeans (e.g., Armenian, Georgian Jew, and Georgian Megrel)
represented the extremes along the first principal component (Fig. 1B).
Along the second principal component, Southwest Europeans (e.g.,
Sardinian, Basque, and Spanish) vs Southeast Europeans (e.g., South
Caucasus) represented the extremes. Subsequent principal compo-
nents separated population-specific genetic variability (Fig. S1). To
compare our panel with commonly used European reference panels
from the Human Genome Diversity Project (HGDP)*® and the 1000
Genomes Project’™*, we calculated convex hull areas*® defined by the
first two principal components (Fig. 1B, C), which captured 1.06% of the
genetic variance. Compared to our panel, the 1000 Genomes Project
and the HGDP covered 26.8% and 61.3% of European diversity,
respectively, while the combination of the 1000 Genomes Project and
the HGDP covered 77.3% (Fig. 1C). These results indicate that the 1000
Genomes Project and the HGDP, separately and combined, provide
incomplete coverage of European genetic diversity.

Subcontinental stratification in individuals with European
ancestry

To expand and refine our understanding of subcontinental stratifica-
tion and admixture in European-ancestry populations, we integrated
genome-wide genotype data from approximately 19,000 European-
ancestry individuals (Fig. 2). These data included our European panel
(1216 unrelated individuals) and 17,669 European Americans from five
genetic epidemiology cohorts in the US: Atherosclerosis Risk in
Communities (ARIC, n=9633), Coronary Artery Risk Development in
Young Adults (CARDIA, n=1675), Framingham Heart Study (FHS,
n=2451), Genetic Epidemiology Network of Arteriopathy (GENOA,
n=1384), and Multi-Ethnic Study of Atherosclerosis (MESA, n=2526).
To assess continental-level structure, we evaluated our European-
ancestry dataset with a worldwide reference panel (Fig. S2). Most
Europeans formed a discrete cluster along the first two principal
components, as previously observed®°. Similarly, by projecting Eur-
opean Americans (Supplementary Data 2) onto the worldwide refer-
ence panel, we observed that >99% of European Americans clustered
with European reference individuals, with few individuals distributed
along the first principal component (European-African gradient) or the
second principal component (European-Asian gradient). These results
suggest that the Europeans included in our panel represent a cluster in
relation to worldwide genetic diversity and that European Americans
in genetic epidemiology cohorts in the US have small to negligible
population stratification at the inter-continental scale.

Next, to evaluate European subcontinental stratification in Eur-
opean American cohorts, we projected individuals from each Eur-
opean American cohort onto our European reference panel,
represented by the first two principal components. We calculated that
European American cohorts collectively covered 68.2% of European
diversity in our panel (Fig. 2), with differential coverage by cohort:
55.7% in MESA, 51.2% in ARIC, 44.1% in CARDIA, 28.4% in FHS, and 9.7%
in GENOA. The ARIC, CARDIA, FHS, and MESA individuals formed at
least three clusters: one with North Europeans (e.g., British and Scan-
dinavian), one with Southeast Europeans (e.g., Ashkenazi Jew and
Romanian Jew), and one overlapping Finnish individuals. GENOA
individuals mostly overlapped British or Scandinavian reference
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individuals, with few individuals overlapping South Europeans. Most
FHS samples overlapped with or were between North and South Eur-
opeans, with a large number of individuals clustering with Italian
reference individuals. Most European Americans clustering with Fin-
nish reference samples were from the ARIC cohort.

Subcontinental admixture in individuals with European
ancestry

Unsupervised analysis with ADMIXTURE" using our European refer-
ence panel identified the most likely number of ancestry clusters as
three (Fig. 3A), suggesting that Europeans have three-way admixture
among North, Southwest, and Southeast Europeans. The stacked bar
plot of mixture proportions showed that the North European-
associated ancestry cluster decreased along the north-to-south
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Fig. 1| European reference panels and coverage of European genetic diversity.
A) Map of Europe showing the geographic location of samples from 79 European
populations. The map was drawn using the R package “maps” version 3.4.1. B) The
first two principal components (PC1 and PC2) of genetic diversity and the percent

geographic direction (Fig. 3A). Formal correlation tests between
population ancestry means and geographic coordinates revealed that
latitude was significantly correlated (p <2.85 x 107%) with the North
European-associated ancestry cluster (Spearman’s rho=0.814), and
longitude was correlated with Southwest- (Spearman’s rho = —0.859)
and Southeast-associated (Spearman’s rho = 0.579) European ancestry
clusters (Fig. 3B). We observed similar levels of genetic differentiation
(Fst) between the inferred European ancestry clusters: Fsy=0.033
between North and Southwest, Fsy=0.032 between North and
Southeast, and Fs7=0.028 between Southwest and Southeast. For
these comparisons, European-associated ancestry clusters are geneti-
cally homogeneous populations identified by ADMIXTURE, not real-
world populations. To put these amounts of genetic differentiation
into perspective, Fst estimates between European ancestry clusters are

0.06
0.04
0.02
9
< |
S 0.00
N
£-0.02
-0.04
== Full Panel
-0.06 | == 1000G
== HGDP
T T T T T T T
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

PC 1 (0.65%)

variance explained. C) Coverage of genetic diversity over the first two principal
components (convex hull area). 1000G = 1000 Genomes Project, HGDP Human
Genome Diversity Project.
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Fig. 2| Projection analysis of European Americans onto our European reference
panel. We plotted the convex hull area for all cohorts combined and for each
European American cohort. The full legend as well as the geographic location of
samples from 79 European populations can be found in Fig. 1. Convex hull area =
Coverage of genetic diversity over the first two principal components. European

Americans cohorts in the US: Atherosclerosis Risk in Communities (ARIC), Cor-
onary Artery Risk Development in Young Adults (CARDIA), Framingham Heart
Study (FHS), Genetic Epidemiology Network of Arteriopathy (GENOA), and Multi-
Ethnic Study of Atherosclerosis (MESA).

comparable to Fst between British (GBR) and either Mexican (MXL,
which have ~50% Native American ancestry, Fst=0.031) or Punjabi in
Pakistan (PJL, who have >70% South Asia Ancestry, Fst=0.027) sam-
ples (Supplementary Data 3). Additionally, Fst estimates between
European ancestry clusters are at least three-fold higher than Fst
between Mandenka from Gambia in West Africa and Luhya from Kenya
from East Africa (Fst=0.011, Supplementary Data 3). Even when
comparing real-world European populations, Fst estimates between
Finnish in North Europe and Armenians or Georgians in South Europe
are approximately twofold higher (Fst~0.02) than Fst between Man-
denka and Luhya (Fst = 0.011), i.e., between West and East Africans, and
not as high as Fst between inferred European ancestry clusters. The Fst
estimates in our analysis were in agreement with Fs values reported by
the 1000 Genomes Project™.

Supervised ADMIXTURE" analysis of European Americans (using
individuals with >90% of one of three geography-associated European
ancestry clusters as parentals) showed patterns of European ancestry
clusters that differed by cohort (Fig. 4 and Supplementary Data 4).
GENOA had the highest mean proportion of the North European
ancestry cluster (44%, SE=3.9%) and the lowest proportion of the
Southeast European ancestry cluster (7%, SE =3%), while FHS had the
lowest mean proportion of the North European ancestry cluster
(29.9%, SE =3.7%). MESA had the highest proportion of the Southeast
European ancestry cluster (25.4%, SE=3.1%), followed by FHS (19.7%
SE =3%). The admixture patterns in the European American cohorts
were consistent with the projection analysis (Fig. 2), e.g., the GENOA
individuals clustered tightly with British and Scandinavian individuals
on the first principal component. By testing genetic admixture using f3

statistics*, using Europeans as admixture sources and European
Americans as admixture targets, we obtained formal evidence for
admixture in the history of European Americans (Supplementary Data
5SA-E). Also, we observed positive correlation between Fst (a mea-
surement of North-South European differentiation) and Fr (a mea-
surement of inbreeding) at SNPs throughout the genome in European
American cohorts, consistent with subcontinental ancestry-related
assortative mating in European Americans (Supplementary Data 6).
Our results confirm the presence of subcontinental population struc-
ture in both Europeans and European Americans, that this structure
reflects mixed ancestry in the vast majority of individuals, and that
mixed ancestry reflects admixture rather than discrete subpopulations
in Europe.

Admixture dating in European Americans

To date admixture in European Americans, we first applied a clustering
approach* to the first two principal components and inferred that
European Americans likely cluster within three subgroups of indivi-
duals (Fig. 5A and Fig. S3). Projection analysis of European Americans
onto our European reference panel revealed that European Americans
were widely distributed across a north-south axis, with centroids of
inferred subgroups related to North (Subgroup N), Southwest (Sub-
group SW), and Southeast (Subgroup SE) Europeans (Fig. 5B). The
highest proportion of ancestry in Subgroup N individuals was North
European ancestry (54.5%). Similarly, the highest proportions of
ancestry in Subgroup SW and Subgroup SE individuals were Southwest
European ancestry (53.7%) and Southeast European ancestry (71.2%),
respectively. Next, we used MALDER* to infer admixture times for
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Fig. 3 | Subcontinental ancestries in Europe and correlation of ancestry with
geography. A) Bar plot showing ancestry proportions in the European populations
and a cross-validation plot supporting K =3 as the most likely number of ancestry
clusters. Purple, orange, and cyan colors represent ancestry clusters associated
with North, Southwest, and Southeast European populations, respectively.

Individual Bar plots were sorted in descending order of the amount of North Eur-
opean ancestry (Purple), and populations are sorted in descending order of the
average of North European ancestry. B) Correlation plots depicting Spearman’s rho
between ancestry proportions and geographic coordinates. Colored lines repre-
sent fitted linear regressions. p value was derived from a two-sided test.

individuals within each of the three subgroups of European Americans.
We observed significant admixture dating for all three subgroups, with
subgroup SE yielding an admixture date ~10 generations more recent
(42.00 generations, SE = 6.82) than admixture dates for subgroup SW
(54.28 generations, SE=10.43) and subgroup N (50.89 generations,
SE =14.26). As a confirmatory analysis, we used LaNeta** for admixture
dating in European Americans, and we observed similar admixture
times as inferred by MALDER (Supplementary Data 7).

Implications of subcontinental admixture for association
analysis

To understand the impact of subcontinental admixture in association
studies and approaches to correct potential confounding, we investi-
gated the classical association between LCT (rs4988235) and height,
which has been claimed to be a false positive result due to
stratification”’. In addition, we evaluated the associations of rs4988235
with BMI and LDL, which were recently identified in large GWAS meta-
analyses using primarily European-ancestry individuals (up to 500K
samples)**?°, These studies either adjusted association models for
genome-wide ancestry using the first 10 principal components®

there was no evidence of adjustment for European population
stratification®. Using our integrated set of European American cohorts
(Supplementary Data 2), we replicated the previously reported asso-
ciations between rs4988235 and height, LDL, and BMI when models
were not adjusted for principal components, i.e., genome-wide
ancestry (Fig. 6 and Supplementary Data 8). Different levels of
adjustment for population structure (the genetic relatedness matrix,
genome-wide ancestry [PCs], and/or locus-specific posterior prob-
abilities of subcontinental European ancestry) attenuated the asso-
ciations of rs4988235 with height and LDL (Fig. 6A, B and
Supplementary Data 8). Importantly, when models were fully adjusted
for both genome-wide and locus-specific subcontinental European
ancestry, the associations of rs4988235 with height and LDL were
completely eliminated, indicating that the unadjusted associations
were false positives. In contrast, the association between rs4988235
and BMI remained weakly significant after adjustment for both
genome-wide and locus-specific ancestry (Fig. 6C and Supplemen-
tary Data 8).

We also performed cohort-specific association analysis between
rs4988235 and height, LDL, and BMI, (Supplementary Data 9-11).
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dating across clusters of European Americans. Point estimates and standard errors
(represented by the error bars) of statistically significant admixture dates are
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When models were not adjusted for population stratification, the
association between rs4988235 and height was significant in ARIC,
CARDIA, FHS, and MESA but not in GENOA (Supplementary Data 9).
The lack of association in GENOA might be explained by a small
amount of ancestral heterogeneity and/or by small sample size. After
adjustment for genome-wide ancestry, we observed association
between rs4988235 and height in CARDIA but not in the other four
cohorts. After adjustment for genome-wide and locus-specific

ancestry, we observed no association between rs4988235 and height in
all five European American cohorts (Supplementary Data 9). Similarly
for LDL, we observed some cohort-specific associations when models
were not fully corrected, and that full adjustment attenuated or
eliminated significance in all cohorts (Supplementary Data 10). These
results imply that full ancestry adjustment (genome-wide and locus-
specific subcontinental ancestry) may facilitate correction for residual
stratification and avoidance of false positives in single studies.
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A  LCT-rs4988235-A and Height (n = 14,499)

Models P-value
M1 = Height ~ Age + Sex  5.328E-21 ——
M2 = M1 + [GRM] 0.005 —a—
M3 = M2 + Ref_PCs 0.109 —a—
M4 = M2 + Pop_PCs 0.241 —a—
M5 = M4 + Local_Anc 0.672 ——
I T 1
-03 0 1

Effect (Beta, cm)

B LCT-rs4988235-A and LDL (n = 14,575)

Models P-value
M1 =LDL ~Age + Sex  3.52E-04 — ®——
M2 =M1 + [GRM] 0.007 —
M3 = M2 + Ref_PCs 0.033 —
M4 = M2 + Pop_PCs 0.071 —
M5 = M4 + Local_Anc 0.327 -
I T 1
-2 0 1

Effect (Beta, mg/dl)

C LCT-rs4988235-A and BMI (n = 14,826)

Models P-value

M1 = BMI ~ Age + Sex 0.016 —a—

M2 =M1 + [GRM] 0.005 —

M3 = M2 + Ref_PCs 0.002 —
M4 = M2 + Pop_PCs 8.21E-04 —_—
M5 = M4 + Local_Anc 0.016 .

[ ]
0 0.5
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Fig. 6 | Forest plots showing the association between rs4988235 and multiple
traits, accounting for different levels of control of population stratification. A)
Height, B) LDL, and C) BML. Forest plots show B values (95% confidence intervals
represented by the error bars) and two-sided p values derived from linear mixed
models. GRM genetic relatedness matrix, Ref PCs PCs derived from a projection of
individuals onto an ancestral reference panel, Pop_PCs PCs derived from within-
population unsupervised PCA analysis, Local Anc locus-specific ancestry.

To evaluate if subcontinental admixture could affect associations
at other genetic loci, we performed genome-wide association analysis
(GWAS) of height using models unadjusted and adjusted for genome-
wide and locus-specific subcontinental ancestry (Fig. S4). As with
rs4988235, we found that the associations with height for SNPs that
were highly differentiated within Europe®” were attenuated after
adjustment for subcontinental admixture (Supplementary Data 12).
Also, we identified 27 loci with signals of association with height in
models unadjusted for locus-specific ancestry that were no longer
statistically significant after adjustment for locus-specific ancestry
(Supplementary Data 13 and Fig. S5). After interrogating the GWAS
Catalog®, none of these 27 loci were previously identified as associated
with height. The additional adjustment for locus-specific ancestry in
models accounting for genome-wide ancestry did not show a sig-
nificant impact as assessed by genomic control (Fig. S4), but did
control for confounding due to population stratification at genetic loci
with locus-specific ancestry effects.

It is common practice in genetic association studies to account for
genome-wide ancestry using principal components derived from
study-specific unsupervised analysis (population-specific PCA). Here,
we tested the approach of deriving principal components from pro-
jection of target individuals onto an external reference panel (projec-
tion or supervised PCA). To evaluate the similarity between these two
approaches using our European American data, we performed Man-
tel’s correlation test between individuals’ genetic distances computed
from the top twenty principal components obtained from the unsu-
pervised and projection approaches. We observed moderate correla-
tion in four studies (Mantel’s rho from 0.46 to 0.53, p <0.001), with
GENOA not showing a significant correlation (Supplementary Data 14).
Differences between these two PCA approaches may have led to dif-
ferences in how well confounding was controlled. During testing of the
association between rs4988235 and height, we observed better model
fits (AAIC up to 12.45)* for some cohorts when models were adjusted
for projection-derived principal components compared to study-
specific principal components (Supplementary Data 9). For the inte-
grated data set, study-specific principal components yielded better
model fits than projection-derived principal components (Supple-
mentary Data 8).

Discussion

The existence of subcontinental-level ancestries has been documented
within Africa and Asia**™*°, yet the presence of subcontinental
ancestries within Europe is not well appreciated. We compiled
genome-wide genotype and sequence data from geographically
diverse Europeans and European Americans to investigate
subcontinental-level ancestries and admixture in European-ancestry
individuals. We also explore the consequences of different strategies
for addressing ancestry in genetic epidemiology studies. Our study has
four major results, described below.

First, we created a new reference panel of European genetic
diversity by combining five genome-wide data sets**. We showed
that panels based on the 1000 Genomes Project and the Human
Genome Diversity Project, separate or combined, provided incomplete
coverage of genetic diversity among Europeans or the European
component of European Americans compared to our new reference
panel. To facilitate genome-wide ancestry estimates, we provide as a
research resource a reference SNP matrix of subcontinental ancestry-
specific allele frequencies (https://github.com/mateushgl/CRGGH/).
This resource allows for estimation of subcontinental ancestry pro-
portions by projection analysis based on publicly available, aggre-
gated, and non-identifiable data. The end-user does not need to access,
clean, integrate, or analyze individual-level reference data. Addition-
ally, we made available a detailed tutorial for performing ADMIXTURE
and PCA projection analyses and using locus-specific ancestry pos-
terior probabilities as covariates in GWAS analysis using PLINK 2.3%°,

Second, our admixture analyses yielded formal evidence that
European-ancestry individuals are admixed at the subcontinental level.
Moreover, our results support the occurrence of subcontinental
ancestry-related assortative mating as a social factor that shaped the
genetic structure of European Americans in the US>. Using multiple
approaches to infer admixture, we showed that European-ancestry
individuals are three-way admixed with wide variation in ancestry
proportions. The demonstration that European Americans are ances-
trally heterogeneous may have implications for calibrating locus-
specific ancestry analysis' with respect to the number of generations
since admixture began. Most recent admixture dates estimated for
European Americans corresponded to the large-scale Migration Period
in Europe (300-800 AD)**, and were consistent with gene flow after
the end of Roman Empire described in ancient DNA studies of the
Viking Age" and Anglo-Saxon migrations®. A limitation of our study is
that current methods for dating admixture have a limit of resolution of
approximately 100 generations and tend to be biased toward more
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recent admixture events. Another limitation of our study is a lack of
ancestrally homogeneous reference populations or individuals corre-
sponding to the Southeast European ancestry component.

Previous work has described projection analyses of ancient DNA
samples in terms of present-day ancestries®. Southeastern European
ancestry mainly represents descent from early Neolithic farmers from
Anatolia who carried predominantly Y chromosome haplogroup G2a.
Southwestern European ancestry mainly represents descent from Early
to Middle Bronze Age southern steppe peoples (north and east of the
Black Sea) who carried predominantly Y chromosome haplogroup R1b.
Northern European ancestry mainly represents descent from Late
Bronze Age northern steppe peoples (north and east of the Caspian
Sea) who carried predominantly Y chromosome haplogroup Rla.
Other ancestries not of European origin, such as Arabian, North Afri-
can, and North Asian ancestries, have contributed to lesser extents to
present-day Europe. Additionally, we have reconstructed the phylo-
geny of present-day ancestries’. One key inference from that recon-
struction is that the ancestry reflected in early Neolithic farmers from
Anatolia is likely the most recent common ancestor of present-day
Southwestern European and Southeastern European as well as Arabian
and North African ancestries.

Third, studies of European-ancestry individuals have reported
that genetic variants, principally rs4988235, in the lactase gene (LCT)
are associated with height, BMI, and LDL*****, However, the associa-
tion between rs4988235 and height has been suggested to be spurious
due to uncorrected genome-wide ancestry”. Adjustment for genome-
wide ancestry may not be sufficient to avoid false positive results and
can mask true associations if ancestry is associated with the outcome®.
Consistent with known potential confounding effects of ancestry>*°,
we demonstrated that the lack of adjustment for both genome-wide
and locus-specific ancestry can produce false positives in association
studies using European-ancestry individuals. By adjusting our models
for locus-specific ancestry in addition to genome-wide ancestry,
associations of rs4988235 with height and LDL were eliminated. In
contrast, the association between rs4988235 and BMI remained after
correcting for both genome-wide and locus-specific ancestry, sug-
gesting an effect on weight but not on height. These results suggest
that residual confounding by subcontinental European ancestry can
produce spurious associations in genetic association studies, with
consequences for estimation of polygenic adaptation” and polygenic
risk scores'® and for fine-mapping of genetic associations. Importantly,
our results warrant further analyses on the impact of unmodeled
European admixture on GWAS, polygenic adaptation, and polygenic
risk scores in European-ancestry individuals, including those in large
biobanks such as the UK Biobank>? in Europe and the All of Us Research
Program®® and the VA Million Veteran Program® in the United States.

Fourth, for small studies, we tended to observe better model fit
with adjustment for principal components derived from supervised
analysis based on a common reference panel rather than for principal
components derived from study-specific unsupervised analyses.
However, the performance of unsupervised analysis approached or
exceeded the performance of supervised analysis as the genetic
diversity covered by the sample data approached or exceeded the
genetic diversity covered by the external reference panel. European
genetic diversity in our full panel covered by European American
cohorts ranged from 9.7% to 55.7% whereas coverage reached 68.2%
when all cohorts were combined. This result indicates that GWAS
meta-analyses in which individual-level data cannot be or are not
shared across studies should consider supervised analysis given a
common reference. This recommendation does not depend on sample
size, as even data sets on the scale of large biobanks do not necessarily
cover a large proportion of ancestral diversity.

In conclusion, we demonstrated that European-ancestry indivi-
duals are admixed at the subcontinental level. Subcontinental admix-
ture in Europeans and European Americans, if not properly accounted

for, can produce false positive associations in genetic epidemiology
studies due to incomplete correction for confounding by ancestry. Our
study highlights the need for full control, at both genome-wide and
locus-specific ancestry levels, for confounding in Europeans and Eur-
opean Americans. Potential consequences of residual confounding by
subcontinental ancestry include the misestimation of polygenic
adaptation and poor performance of genetic or polygenic risk scores.

Methods

Samples

We compiled genome-wide data from five different studies: the 1000
Genomes Project®, the Human Genome Diversity Project (HGDP)*, the
Human Origins dataset”, a study of the Caucasus Mountains®®, and a
study of the Jewish Diaspora® (Fig. 1A and Supplementary Data 1).
Using these data, we created a data set that included 4796 individuals
(worldwide reference panel), from which we extracted 1216 individuals
from 79 European populations (European reference panel). We ana-
lyzed genome-wide array and phenotypic data from 17,684 European
Americans from five genetic epidemiology cohorts, for which
access was granted through dbGaP”: ARIC (phs000090.v1.pl),
CARDIA (phs000285.v3.p2), FHS (phs000007.v32.p13), GENOA
(phs000379.v1.p1), and MESA (phs000209.v13.p3).

Data curation

To reduce batch effects due to the integration of array-based genotype
data and whole genome sequence data, we performed quality control
analysis within and between datasets using PLINK 1.9, filtering by
minor allele frequency (--maf 0.01), per genotype missingness (--geno
0.05), per individual missingness (--mind 0.05), and deviation from
Hardy Weinberg equilibrium (--hwe 1 x 10°). We also pruned strand-
ambiguous SNPs and SNPs in high linkage disequilibrium (--indep-
pairwise 50 10 0.8).

Population structure and relatedness

We used PLINK 1.9 to estimate the probability that individuals i and j
share 0, 1, or 2 alleles identical by descent (IBD) (&%, &', and 6%,
respectively)*®. Based on these IBD probabilities, we calculated the
pairwise kinship coefficient (®;) as a function of IBD-sharing, @;=1/
26%;+1/48';. We modeled the genetic relationships among indivi-
duals as networks™, in which pairs of individuals were linked if they
had a @ij threshold >0.0884 (i.e., first- and second-degree
relatives™). Then, we excluded related individuals using the max-
imum clique graph approach to minimize sample loss**. We per-
formed unsupervised principal components analysis® and
unsupervised ADMIXTURE analysis"” on the European reference data.
We performed unsupervised and supervised PCA and ADMIXTURE
analyses using the reference data combined with the European
American data. For supervised analysis in ADMIXTURE, we used as
the ancestral references the European individuals with >90% of one
of three ancestries based on unsupervised ADMIXTURE analysis. To
evaluate the coverage of European diversity, we used the first two
principal components to calculate convex hull areas*’. We calculated
/3 statistics as implemented in ADMIXTOOLS* to formally test
admixture. We tested all possible combinations of two European
sources and a target European American cohort, following the form
f3(EUR_POP_X, EUR_POP_Y; EA_Cohort). All f; statistics with z<-3
were considered significant evidence of admixture. We used the top
20 principal components from population-specific and projection
PCA approaches to calculate Euclidean distances. Then, we com-
pared the correlation between the genetic distance matrices using

Mantel’s test implemented in the R package vegan®’.

Admixture dating
We first combined all European American cohorts and performed
supervised PCA by projecting the European Americans onto the
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European reference panel. We then used gap and elbow statistics* to
calculate the most likely number of clusters. To estimate the origin
dates of admixture events, we calculated two-locus weighted LD
decay statistics using MALDER** within each cluster of European
Americans. Given that background LD can have a confounding effect
on the weighted LD curves, we used as reference populations North
European (Lithuanian and Estonian) and South European (Cyprus,
Azerbaijani Jew, and Georgian Jew) populations that did not show
high LD correlation with the tested target populations. For con-
firmatory analysis for admixture dating in European Americans, we
calculated three-locus weighted LD decay using LaNeta**. Because
LaNeta requires larger reference sample sizes to fit LD decay curves
than MALDER, we included additional North European (Finnish in
Finland [FIN]) and South European (Tuscans from Italy [TSI]) refer-
ence populations.

Phasing and imputation

To generate valid VCF files before phasing, imputation, and association
tests, we checked and corrected for monomorphic sites, consistency
of reference alleles with the reference genome, variants with invalid
genotypes, and non-SNP sites using the checkVCF.py Python script
(https://github.com/zhanxw/checkVCF). We phased and imputed the
genotype data using EAGLE2.4°' and Minimac®, respectively, using the
TOPMed panel available through the TOPMed imputation server®.
After imputation, we retained high quality SNPs with minor allele fre-
quency >0.01 and with either high imputation quality (info >0.95) or
empirically determined genotype data.

Locus-specific ancestry analysis

Given that rs4988235 is highly differentiated between North and South
European populations®® and varies following a north-to-south
gradient”, we inferred two-way locus-specific ancestry using RFMix
(version 1.5.4)". Locus-specific ancestry estimates were performed
using high quality imputed data. For ancestral references, we selected
individuals with >90% North or South European ancestry as estimated
in the unsupervised ADMIXTURE analysis. We performed inference in
the PopPhased mode to correct possible phase errors. We set the
number of generations since the admixture event (argument -G) at 50,
the number of expectation maximization (EM) iterations (argument -e)
at 2, and the window size (argument -w) at 0.2 cM. All other arguments
were set at default values.

Association analysis

To perform association analyses between rs4988235 and height, LDL,
and BMI, accounting for different levels of control of population
stratification, we used linear mixed models implemented in GENESIS®*.
Our analyses were focused on unrelated European Americans, with
relatedness determined by the maximum clique graph approach®®.
Models were adjusted for the genetic relationship matrix as a random
effect and the four first principal components (PCs that were sig-
nificantly associated with the outcome and explained between-
population structure) and/or locus-specific ancestry as fixed effects.
Genome-wide ancestry was accounted for using principal components
derived from one of two approaches: study-specific unsupervised
analysis or supervised (projection) analysis of individuals onto an
external reference panel. To account for the uncertainty of locus-
specific ancestry estimates, models were adjusted for locus-specific
ancestry dosages calculated from the posterior probabilities of locus-
specific ancestry. Similarly, we used genotype dosages to account for
imputation uncertainty. We performed genome-wide association
analysis (GWAS) of height using models unadjusted and adjusted for
locus-specific ancestry using PLINK 2.3, which allows for the inclusion
of SNP-specific covariates. For the GWAS, we adjusted models for the
top 12 PCs significantly associated with height.

Ethics statement

All dbGaP studies (dbGaP Study Accession described in the “Methods”
section) obtained ethical approval from the relevant institutions and
written informed consent from each participant prior to participation.
We obtained approval for controlled access (protocol number: 12-HG-
N185) of each of the dbGaP studies.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The genome-wide and phenotypic data used in this manuscript are
publicly available. Access to the European Americans from five
genetic epidemiology cohorts was granted through dbGaP*”: ARIC
(phs000090.v1.p1), CARDIA (phs000285.v3.p2), FHS (phs000007.
v32.p13), GENOA (phs000379.v1.pl), and MESA (phs000209.v13.p3).
We provide as a research resource a reference SNP matrix of sub-
continental ancestry-specific allele frequencies (https://github.com/
mateushgl/CRGGH/). Publicly available data were retrieved from
http://hgdownload.cse.ucsc.edu/gbdb/hg19/1000Genomes/phase3/,
ftp://ngs.sanger.ac.uk/production/hgdp/hgdp_wgs.20190516/, https://
reich.hms.harvard.edu/sites/reich.hms.harvard.edu/files/inline-files/
EuropeFullyPublic.tar.gz, https://evolbio.ut.ee/caucasus/, and https://
evolbio.ut.ee/jew/.

Code availability

We have provided a pipeline on GitHub (https://github.com/
mateushgl/CRGGH/)® for how to perform GWAS accounting for
local ancestry, as well as how to perform ADMIXTURE and PCA pro-
jection analyses.

References

1. Kehdy, F. S. G. et al. Origin and dynamics of admixture in Brazilians
and its effect on the pattern of deleterious mutations. Proc. Natl
Acad. Sci. USA 112, 8696-8701 (2015).

2. Mathias, R. A. et al. A continuum of admixture in the Western
Hemisphere revealed by the African Diaspora genome. Nat.
Commun. 7, 12522 (2016).

3. Atkinson, E. G. et al. Tractor uses local ancestry to enable the
inclusion of admixed individuals in GWAS and to boost power. Nat.
Genet. 53, 195-204 (2021).

4. Tishkoff, S. A. et al. The genetic structure and history of Africans and
African Americans. Science 324, 1035-1044 (2009).

5. Gouveia, M. H. et al. Origins, admixture dynamics and homo-
genization of the African gene pool in the Americas. Mol. Biol. Evol.
https://doi.org/10.1093/molbev/msaa033 (2020).

6. Moreno-Estrada, A. et al. Reconstructing the population genetic
history of the Caribbean. PLoS Genet. 9, €1003925 (2013).

7. Rotimi, C. N. & Jorde, L. B. Ancestry and disease in the age of
genomic medicine. N. Engl. J. Med. 363, 1551-1558 (2010).

8. Bauchet, M. et al. Measuring European population stratification with
microarray genotype data. Am. J. Hum. Genet. 80, 948-956 (2007).

9. Seldin, M. F. et al. European population substructure: clustering of
northern and southern populations. PLoS Genet. 2, €143 (2006).

10. Novembre, J. et al. Genes mirror geography within Europe. Nature
456, 98-101 (2008).

1. Margaryan, A. et al. Population genomics of the Viking world. Nature
585, 390-396 (2020).

12. Gretzinger, J. et al. The Anglo-Saxon migration and the formation of
the early English gene pool. Nature 610, 112-119 (2022).

13. Price, A. L. et al. Principal components analysis corrects for strati-
fication in genome-wide association studies. Nat. Genet. 38,
904-909 (20086).

Nature Communications | (2023)14:6802


https://github.com/zhanxw/checkVCF
https://github.com/mateushg1/CRGGH/
https://github.com/mateushg1/CRGGH/
http://hgdownload.cse.ucsc.edu/gbdb/hg19/1000Genomes/phase3/
ftp://ngs.sanger.ac.uk/production/hgdp/hgdp_wgs.20190516/
https://reich.hms.harvard.edu/sites/reich.hms.harvard.edu/files/inline-files/EuropeFullyPublic.tar.gz
https://reich.hms.harvard.edu/sites/reich.hms.harvard.edu/files/inline-files/EuropeFullyPublic.tar.gz
https://reich.hms.harvard.edu/sites/reich.hms.harvard.edu/files/inline-files/EuropeFullyPublic.tar.gz
https://evolbio.ut.ee/caucasus/
https://evolbio.ut.ee/jew/
https://evolbio.ut.ee/jew/
https://github.com/mateushg1/CRGGH/
https://github.com/mateushg1/CRGGH/
https://doi.org/10.1093/molbev/msaa033

Article

https://doi.org/10.1038/s41467-023-42491-0

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

Buniello, A. et al. The NHGRI-EBI GWAS Catalog of published
genome-wide association studies, targeted arrays and sum-
mary statistics 2019. Nucleic Acids Res. 47, D1005-D1012
(2019).

Sohail, M. et al. Polygenic adaptation on height is overestimated
due to uncorrected stratification in genome-wide association stu-
dies. Elife 8, e39702 (2019).

Bitarello, B. D. & Mathieson, I. Polygenic scores for height in
admixed populations. G3 10, 4027-4036 (2020).

Alexander, D. H., Novembre, J. & Lange, K. Fast model-based esti-
mation of ancestry in unrelated individuals. Genome Res. 19,
1655-1664 (2009).

Lawson, D. J., Hellenthal, G., Myers, S. & Falush, D. Inference of
population structure using dense haplotype data. PLoS Genet. 8,
1002453 (2012).

Maples, B. K., Gravel, S., Kenny, E. E. & Bustamante, C. D. RFMix:
a discriminative modeling approach for rapid and robust
local-ancestry inference. Am. J. Hum. Genet. 93, 278-288
(2013).

Hilmarsson, H. et al. High resolution ancestry deconvolution for
next generation genomic data. Preprint at bioRxiv https://doi.org/
10.1101/2021.09.19.460980 (2021).

Browning, S. R., Waples, R. K. & Browning, B. L. Fast, accurate local
ancestry inference with FLARE. Am. J. Hum. Genet. 110,

326-335 (2023).

Shriner, D. Overview of admixture mapping. Curr. Protoc. Hum.
Genet. 94, 1.23.1-1.23.8 (2017).

Shriner, D., Adeyemo, A. & Rotimi, C. N. Joint ancestry and asso-
ciation testing in admixed individuals. PLoS Compuit. Biol. 7,
1002325 (20M1).

Mills, M. C. & Rahal, C. The GWAS Diversity Monitor tracks diversity
by disease in real time. Nat. Genet. 52, 242-243 (2020).

Winkler, T. W. et al. The influence of age and sex on genetic asso-
ciations with adult body size and shape: a large-scale genome-wide
interaction study. PLoS Genet. 11, €1005378 (2015).

Huang, L. O. et al. Genome-wide discovery of genetic loci that
uncouple excess adiposity from its comorbidities. Nat. Metab. 3,
228-243 (2021).

Campbell, C. D. et al. Demonstrating stratification in a European
American population. Nat. Genet. 37, 868-872 (2005).

Bersaglieri, T. et al. Genetic signatures of strong recent positive
selection at the lactase gene. Am. J. Hum. Genet. 74,

111-1120 (2004).

1000 Genomes Project Consortium. et al. An integrated map of
genetic variation from 1,092 human genomes. Nature 491,

56-65 (2012).

Rajeevan, H., Soundararajan, U., Kidd, J. R., Pakstis, A. J. & Kidd, K. K.
ALFRED: an allele frequency resource for research and teaching.
Nucleic Acids Res. 40, D1010-D1015 (2012).

Silventoinen, K. et al. Heritability of adult body height: a compara-
tive study of twin cohorts in eight countries. Twin Res. 6,
399-408 (2003).

Sudlow, C. et al. UK biobank: an open access resource for identi-
fying the causes of a wide range of complex diseases of middle and
old age. PLoS Med. 12, €1001779 (2015).

The ‘All of Us’ Research Program Investigators. The ‘All of Us’
Research Program. N. Engl. J. Med. 381, 668-676 (2019).

Gaziano, J. M. et al. Million Veteran Program: a mega-biobank to
study genetic influences on health and disease. J. Clin. Epidemiol.
70, 214-223 (2016).

1000 Genomes Project Consortium. et al. A global reference for
human genetic variation. Nature 526, 68-74 (2015).

Bergstrom, A. et al. Insights into human genetic variation and
population history from 929 diverse genomes. Science 367,
eaay5012 (2020).

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lazaridis, I. et al. Ancient human genomes suggest three ancestral
populations for present-day Europeans. Nature 513,

409-413 (2014).

Yunusbayev, B. et al. The Caucasus as an asymmetric semiperme-
able barrier to ancient human migrations. Mol. Biol. Evol. 29,
359-365 (2012).

Atzmon, G. et al. Abraham’s children in the genome era: major
Jewish diaspora populations comprise distinct genetic clusters with
shared Middle Eastern Ancestry. Am. J. Hum. Genet. 86,

850-859 (2010).

Pebesma, E. & Bivand, R. S. S classes and methods for spatial data:
the sp package. R. N. 5, 9-13 (2005).

Patterson, N. et al. Ancient admixture in human history. Genetics
192, 1065-1093 (2012).

Charrad, M., Ghazzali, N., Boiteau, V. & Niknafs, A. NbClust: an R
package for determining the relevant number of clusters in a data
set. J. Stat. Softw. 61, 1-36 (2014).

Pickrell, J. K. et al. Ancient west Eurasian ancestry in southern and
eastern Africa. Proc. Natl Acad. Sci. USA 11, 2632-2637 (2014).
Liang, M., Shishkin, M., Mikhailova, A., Shchur, V. & Nielsen, R.
Estimating the timing of multiple admixture events using 3-locus
linkage disequilibrium. PLoS Genet. 18, €1010281 (2022).
MacArthur, J. et al. The new NHGRI-EBI Catalog of published
genome-wide association studies (GWAS Catalog). Nucleic Acids
Res. 45, D896-D901 (2017).

Burnham, K. P. & Anderson, D. R. Multimodel inference: under-
standing AIC and BIC in model selection. Sociol. Methods Res. 33,
261-304 (2004).

Baker, J. L., Rotimi, C. N. & Shriner, D. Human ancestry correlates
with language and reveals that race is not an objective genomic
classifier. Sci. Rep. 7, 1572 (2017).

GenomeAsial00K Consortium. The GenomeAsia 100K Project
enables genetic discoveries across Asia. Nature 576, 106-111 (2019).
Gouveia, M. H. et al. Genetic signatures of gene flow and malaria-
driven natural selection in sub-Saharan populations of the ‘endemic
Burkitt Lymphoma belt’. PLoS Genet. 15, 1008027 (2019).

Purcell, S. et al. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am. J. Hum. Genet. 81,
559-575 (2007).

Sebro, R., Hoffman, T. J., Lange, C., Rogus, J. J. & Risch, N. J. Testing
for non-random mating: evidence for ancestry-related assortative
mating in the Framingham heart study. Genet. Epidemiol. 34,
674-679 (2010).

Halsall, G. in Barbarian Migrations and the Roman West 376-568
(Cambridge University Press, 2007).

Shriner, D. Re-analysis of whole genome sequence data from 279
ancient Eurasians reveals substantial ancestral heterogeneity.
Front. Genet. 9, 268 (2018).

Locke, A. E. et al. Genetic studies of body mass index yield new
insights for obesity biology. Nature 518, 197-206 (2015).

Skelly, A. C., Dettori, J. R. & Brodt, E. D. Assessing bias: the impor-
tance of considering confounding. Evid. Based Spine Care J. 3,
9-12 (2012).

Liu, J., Lewinger, J. P, Gilliland, F. D., Gauderman, W. J. & Conti, D. V.
Confounding and heterogeneity in genetic association studies with
admixed populations. Am. J. Epidemiol. 177, 351-360 (2013).
Mailman, M. D. et al. The NCBI dbGaP database of genotypes and
phenotypes. Nat. Genet. 39, 1181-1186 (2007).

Leal, T. P. et al. NAToRA, a relatedness-pruning method to minimize
the loss of dataset size in genetic and omics analyses. Comput.
Struct. Biotechnol. J. 20, 1821-1828 (2022).

Manichaikul, A. et al. Robust relationship inference in genome-wide
association studies. Bioinformatics 26, 2867-2873 (2010).
Oksanen, J. Vegan: community ecology package. http://vegan.r-
forge.r-project.org/ (2010).

Nature Communications | (2023)14:6802

10


https://doi.org/10.1101/2021.09.19.460980
https://doi.org/10.1101/2021.09.19.460980
http://vegan.r-forge.r-project.org/
http://vegan.r-forge.r-project.org/

Article

https://doi.org/10.1038/s41467-023-42491-0

61. Loh, P.-R. et al. Reference-based phasing using the Haplotype
Reference Consortium panel. Nat. Genet. 48, 1443-1448 (2016).

62. Durbin, R. Efficient haplotype matching and storage using the
positional Burrows-Wheeler transform (PBWT). Bioinformatics 30,
1266-1272 (2014).

63. Taliun, D. et al. Sequencing of 53,831 diverse genomes from the
NHLBI TOPMed Program. Nature 590, 290-299 (2021).

64. Gogarten, S. M. et al. Genetic association testing using the GENESIS
R/Bioconductor package. Bioinformatics 35, 5346-5348 (2019).

65. Gouveia, M. H. et al. Unappreciated subcontinental admixture in
Europeans and European Americans and implications for genetic
epidemiology studies. zenodo https://doi.org/10.5281/zenodo.
8393593 (2023).

Acknowledgements

This work utilized the computational resources of the NIH HPC Biowulf
cluster (https://hpc.nih.gov). The contents of this publication are solely
the responsibility of the authors and do not necessarily represent the
official view of the National Institutes of Health. The Atherosclerosis Risk
in Communities study has been funded in whole or in part with Federal
funds from the National Heart, Lung, and Blood Institute, National
Institutes of Health, Department of Health and Human Services, under
contract numbers HHSN268201700001I, HHSN268201700002,
HHSN268201700003I, HHSN268201700004I, and
HHSN268201700005I. The authors thank the staff and participants of
the ARIC study for their important contributions. Funding for the GEN-
EVA substudy was provided by National Human Genome Research
Institute grant UOTHG004402 (E. Boerwinkle). Support for the Coronary
Artery Risk Development in Young Adults study was provided by NHLBI
grant numbers HHSN268201300025C, HHSN268201300026C,
HHSN268201300027C, HHSN268201300028C, and
HHSN268201300029C (C. E. Lewis, D. Lloyd-Jones, P. Schreiner, S.
Sidney, and J. Shikany). The Framingham Heart Study is conducted and
supported by the National Heart, Lung, and Blood Institute (NHLBI) in
collaboration with Boston University (contracts NO1-HC-25195,
HHSN268201500001I, and 75N92019D00031). This manuscript was not
prepared in collaboration with investigators of the Framingham Heart
Study and does not necessarily reflect the opinions or views of the
Framingham Heart Study, Boston University, or NHLBI. Funding to sup-
port the Omni cohort recruitment, retention, and examination was pro-
vided by NHLBI contracts NO1-HC-25195, HHSN268201500001I, and
75N92019D00031, as well as NHLBI grants RO1-HLO70100, RO1-
HLO76784, RO1-HL49869, and UO1-HL-053941. SHARe Illumina geno-
typing was provided under an agreement between lllumina and Boston
University. Support for GENOA was provided by the National Heart, Lung
and Blood Institute (HLO54457, HLO54464, HL054481, HL119443, and
HLO87660) of the National Institutes of Health. We would like the thank
the Mayo Clinic Genotyping Core, the DNA Sequencing and Gene
Analysis Center at the University of Washington, and the Broad Institute
for their genotyping and sequencing services. We would like to thank the
GENOA participants. This manuscript was not prepared in collaboration
with investigators from the Genetic Epidemiology Network of Arterio-
pathy and does not necessarily reflect the opinions or views of the
Genetic Epidemiology Network of Arteriopathy or NHLBI. Funding for
CARe genotyping was provided by NHLBI Contract NO1-HC-65226.
MESA and the MESA SHAREe project are conducted and supported by the
National Heart, Lung, and Blood Institute (NHLBI) in collaboration with
MESA investigators. Support for MESA is provided by contracts NO1-
HC95159, NO1-HC-95160, NO1-HC-95161, NO1-HC-95162, NO1-HC-95163,
NO1-HC-95164, NO1-HC-95165, NO1-HC95166, NO1-HC-95167, NO1-HC-
95168, NO1-HC-95169, UL1-RR-025005, and UL1-TR-000040. Funding
for SHARe genotyping was provided by NHLBI Contract NO2-HL-64278.
Genotyping was performed at Affymetrix (Santa Clara, California, USA)
and the Broad Institute of Harvard and MIT (Boston, MA, USA) using the
Affymetrix Genome-Wide Human SNP Array 6.0. This manuscript was

not prepared in collaboration with MESA investigators and does not
necessarily reflect the opinions or views of MESA, or the NHLBI. The
study was supported in part by the Intramural Research Program of the
National Institutes of Health in the Center for Research on Genomics and
Global Health (CRGGH). The CRGGH is supported by the National
Human Genome Research Institute, the National Institute of Diabetes
and Digestive and Kidney Diseases and the Office of the Director at the
National Institutes of Health (1ZIAHG200362). E.T.-S. was funded by
CNPq-Brazil (Conselho Nacional de Desenvolvimento Cientifico e Tec-
nolégico) and FAPEMIG (Minas Gerais State research Agency). The fun-
ders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation,
review, or approval of the manuscript; and decision to submit the
manuscript for publication.

Author contributions

The project was conceived by M.H.G., D.S., C.N.R., and A.A.A. M.H.G.
and D.S. assembled datasets. M.H.G., T.P.L., and D.S. analyzed genetic
data. M.H.G., D.S., AR.B., E.T.-S., C.D.B., A.A.A., and C.N.R. contributed
to data interpretation. M.H.G., D.S., A.A.A., and C.N.R. wrote the manu-
script. All authors read the manuscripts and contributed with
suggestions.

Funding
Open Access funding provided by the National Institutes of Health (NIH).

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42491-0.

Correspondence and requests for materials should be addressed to
Charles N. Rotimi or Daniel Shriner.

Peer review information Nature Communications thanks Leonardo
Marino-Ramirez and Massimo Mezzavilla for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

Thisis a U.S. Government work and not under copyright protection in the
US; foreign copyright protection may apply 2023

Nature Communications | (2023)14:6802


https://doi.org/10.5281/zenodo.8393593
https://doi.org/10.5281/zenodo.8393593
https://hpc.nih.gov
https://doi.org/10.1038/s41467-023-42491-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Unappreciated subcontinental admixture in Europeans and European Americans and implications for genetic epidemiology studies
	Results
	Reference panels of European diversity
	Subcontinental stratification in individuals with European ancestry
	Subcontinental admixture in individuals with European ancestry
	Admixture dating in European Americans
	Implications of subcontinental admixture for association analysis

	Discussion
	Methods
	Samples
	Data curation
	Population structure and relatedness
	Admixture dating
	Phasing and imputation
	Locus-specific ancestry analysis
	Association analysis
	Ethics statement
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




