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Background: Inference of population structure is crucial for studies of human evolutionary history and genome-wide
association  studies.  While  several  genomic  regions  have  been  reported  to  distort  population  structure  analysis  of
European populations, no systematic analysis has been performed on non-European continental groups and with the
latest human genome assembly.
Methods: Using the 1000 Genomes Project high coverage whole-genome sequencing data from four major continental
groups (Europe, East Asia, South Asia, and Africa), we developed a statistical framework and systematically detected
genomic  regions  with  unusual  contributions  to  the  inference  of  population  structure  for  each  of  the  continental
groups.
Results:  We  identified  and  characterized  27  unusual  genomic  regions  mapped  to  GRCh38,  including  13  regions
around  centromeres,  2  with  chromosomal  inversions,  8  under  natural  selection,  and  4  with  unknown  causes.
Excluding these regions would result in a more interpretable population structure inferred by principal components
analysis and ADMIXTURE analysis.
Conclusions:  Unusual  genomic  patterns  in  certain  regions  can  distort  the  inference  of  population  structure.  Our
compiled list of these unusual regions will  be useful for many population-genetic studies, including those from non-
European populations.

Availability: The code to reproduce our results is available at the website of Github (/dwuab/UnRegFinder).

Keywords: population  genetics;  population  structure;  linkage  disequilibrium;  principal  component  analysis;  natural
selection

Author summary: We propose  a  systematical  analysis  framework  based  on  principal  component  analysis  (PCA)  to
identify  such  genomic  regions.  Based  on  whole-genome  sequencing  data  from  four  major  continental  groups  with  no
recent admixture from the 1000 Genomes Project, we compile a list of 27 unusual genomic regions and demonstrate that
excluding  these  regions  can  lead  to  more  interpretable  population  structure  results.  We  recommend  removing  these
regions as a routine in the analysis of population structure to avoid artifact results.

 
 

 INTRODUCTION

Human  population  structure  is  shaped  by  evolutionary
forces  such  as  migration,  admixture,  and  natural

selection.  Inference  of  population  structure  is  the  first
step  to  understand the  demographic  history  of  different
populations  and  depict  their  evolutionary  relationship
[1–4].  Moreover,  in  genome-wide  association  studies
(GWAS)  of  complex  traits  and  diseases,  uncontrolled
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population  structure  can  lead  to  numerous  spurious
association  signals  [5–8].  This  phenomenon,  known  as
population  stratification,  has  become  more  evident  as
genetic  studies  nowadays  often  include  hundreds  of
thousands  of  samples  from  diverse  populations  [9,10].
Therefore,  population  structure  of  GWAS  samples
should  be  inferred  accurately  to  avoid  false  positive
signals, using multivariate dimensional reduction techni-
ques,  such  as  principal  component  analysis  (PCA)
[11–13].  Model-based  clustering  algorithms,  such  as
STRUCTURE  and  ADMIXTURE  [14–16],  have  been
widely used to infer population structure from genome-
wide SNP data [2–4,17].
One crucial  assumption  of  population  structure  infer-

ence is that all SNPs in the genome have undergone the
same  demographic  history,  which  drives  the  allele
frequency drift. This assumption is likely to be violated
if  certain  genomic  regions  are  under  strong  selection.
For this reason, several methods have been developed to
detect  selection  signals  by  identifying  regions  with  the
unusual contribution to the inferred population structure
[16,18–20]. Alternatively, genomic regions with unusual
linkage  disequilibrium  (LD)  might  be  overweighted  in
the inference of population structure, resulting in artifact
patterns that are difficult to interpret. In an early study in
2008,  Price  et  al.  identified  24  autosomal  regions
spanning > 2 megabases (Mb) with outlier SNP loadings
in PCA of European GWAS data, and argued that these
regions  were  subjected  to  long-range  LD  rather  than
natural  selection  [21].  Nevertheless,  several  long-range
LD  regions  reported  by  Price  et  al.  were  inferred  as
selection signals by a later study from the same research
group  [19].  SNP  loadings  from  PCA  alone  cannot
distinguish  selection  signals  from  long-range  LD,  but
such  distinction  is  irrelevant  if  the  goal  is  to  infer
population  structure.  Thus,  we  refer  to  regions  that
distort  population  structure  inference  as  “unusual
regions”, regardless of their origins.
It  has  become  a  common  practice  to  remove  the

unusual  regions  reported  by  Price  et  al.  [21]  when
analyzing population structure. Despite its high citation,
we note several limitations of this early study. First, the
analysis  was  restricted  to  European  samples.  It  is
unclear  whether  the  proposed  list  of  unusual  regions  is
equally  suitable  for  samples  of  non-European  ancestry
given  the  population  difference  in  LD  patterns  [2,17].
Second,  the  study  was  based  on  old  versions  of
genotyping microarrays,  which suffered from ascertain-
ment bias and insufficient genome coverage [22]. Third,
the  reported  regions  in  Price et  al.  [21]  were  based  on
human  genome  assembly  GRCh36,  which  has  been
replaced  by  GRCh38  in  2013.  Last,  the  method  to
identify the unusual regions was not clearly described in
the brief letter of Price et al. [21], hindering an updated

analysis.  Considering  these  limitations  and  the
increasing  volume  of  genetic  data  from  non-European
populations,  we  develop  a  formal  analysis  framework
and apply it to high coverage whole-genome sequencing
(WGS)  data  of  diverse  continental  groups  from  1000
Genomes Project [23].

 RESULTS

 Unusual regions in Europeans

After quality control (QC) procedures, 502 samples with
1,013,031  biallelic  SNPs  were  included  in  subsequent
analyses  (materials  and  methods;  Supplementary  Fig.
S1A).  PCA  yielded  11  significant  PCs  (P  <  0.001,
Tracy-Widom  test;  materials  and  methods),  among
which PC1 grouped the five populations into 3 clusters:
northern  Europeans  (FIN),  northern  and  western
Europeans  (CEU  and  GBR)  and  southern  Europeans
(IBS  and  TSI),  while  PC2  separated  northern  and
western Europeans (CEU and GBR) from the rest (IBS,
TSI and FIN) (Fig. 1A). No clear pattern associated with
population  structure  could  be  identified  in  higher  order
PCs. After genomic control,  we treated each significant
PC  as  a  quantitative  trait  and  performed  genome-wide
association  tests  based  on  linear  regression  without
covariates  (materials  and  methods).  We  observed
significant  SNP  associations  in  the  OCA2-HERC2
region  with  PC1  (P  =  7.17×10−9  at  rs12916300  on
chromosome 15), LCT region with PC2 (P = 1.49×10−23
at  rs182549  on  chromosome  2),  centromere  regions  of
chromosome  5  (P  =  3.66×10−8  at  rs4865508)  and
chromosome  11  (P  =  1.97×10−13  at  rs61898393),  the
KBTBD3-AASDHPPT  region  (P  =  2.64×10−8  at
rs76871450  on  chromosome  11)  with  PC3,  centromere
regions  of  chromosome  11  (P  =  3.06×10−12  at
rs7110003)  and  chromosome  12  (P  =  1.05×10−252  at
rs1400310636)  with  PC4  (Fig. 1B).  Combining
association signals across all 11 significant PCs (mater-
ials  and  methods),  we  obtained  a  well-controlled
genomic inflation factor of λGC = 1.002 (Fig. 1C) and 15
regions  showing  excessively  significant  associations
(Fig. 1D).
Next,  we  removed  the  unusual  regions  identified

above  and  repeated  PCA  and  PC  association  tests  to
detect  additional  unusual  regions.  We  refer  to  the
analysis  with  all  biallelic  SNPs  as  iteration  1.  After
removing the unusual regions, the number of significant
PCs  was  reduced  from  11  to  4  (iteration  2),  and  3
significant  regions  were  identified,  including  1  new
region  (the  centromere  region  labelled  in Fig. 2A).  We
iterated  this  procedure  again  (iteration  3)  and  no  new
signals  could  be  identified  (Fig. 2B).  Among  signals
identified across all iterations, the most significant ones
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were three centromere regions on chromosomes 10, 11,
and 12,  all  of  which have signals  with  extremely  small
P-values,  and  the  fourth  signal  was  the LCT  region  on
chromosome  2,  a  well-established  positive  selection
signal  in  which  the  LCT  gene  encodes  the  lactase
enzyme  to  digest  lactose  in  milk  [24].  In  total,  we
identified  17  regions  with  unusual  contribution  to  the
inference  of  European  population  structure  by  PCA
(Table 1), among which 4 were reported to harbor genes

under  selection  (Supplementary  Table  S1),  9  were
around the centromeres,  2 contained common inversion
polymorphisms  (8p23.1  and  17q21.31)  [25–27],  and  2
with unknown causes (Fig. 2C−D; chr9:11.35−11.88 Mb
and  chr17:64.89−64.93  Mb).  After  excluding  all
identified  unusual  regions,  the  number  of  significant
PCs  was  reduced  to  3.  We  compared  the  top  3  PCs
before  with  those  after  excluding  unusual  regions
(Supplementary  Fig.  S2).  While  the  overall  patterns

 

 

Figure 1.    Unusual genomic regions in Europeans. (A) Top 4 PCs showing population structure of Europeans. Proportion of
variance explained by each PC is indicated in the parentheses. (B) Manhattan plots of genetic associations with each PC after
genomic control.  The y-axes were truncated at P = 10−15 for better visualization. (C−D) QQ plot  and Manhattan plot  of PSidak,
combining signals across top 11 PCs. In (C), the black line indicates diagonal and the shaded area indicates 95% confidence
interval. In (D), the red dash line indicates P = 5×10−8 and the gray dash line denotes break at P = 10−30. Signals are labeled in
colored texts based on potential causes: black, centromere; blue, inversion; red, selection; gray, unknown.
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were  similar,  excluding  unusual  regions  led  to  better
separation  of  different  populations,  with  the  proportion
of  between-population  variance    (materials  and
methods) increased from 0.8854 to 0.9133 for the top 3
PCs.
The difference  was  more  evident  in  the  unsupervised

ADMIXTURE analysis  (Fig. 3).  With the original  data,
two  individuals  with  similar  ancestral  compositions
when  K  =  4  could  become  drastically  different  in
ancestral  compositions  when K  =  5,  as  evident  by  the
rugged  ancestral  compositions  profiles  in  the  lower
panel  of  Fig. 3A,  which  is  indicative  of  artifact
components.  After  excluding  the  unusual  regions,  two
individuals  with  similar  ancestral  compositions  when
K = 4 tend to have similar ancestral compositions when
K = 5 (Fig. 3B). The proportion of the blue component,
along  with  the  green  component,  decreased  from
southern  Europeans  (TSI  and  IBS)  to  northern
Europeans  (FIN).  The  orange  component  prevalent  in
GBR and CEU reflected northern and western European
ancestry.  In  summary,  after  excluding  the  unusual
regions, the ADMIXTURE results reflect the geographic
distribution  of  the  various  European  populations  better

than those based on the original data.

 Unusual regions in non-Europeans

We  applied  the  same  QC  procedures  to  East  Asians
(Supplementary  Fig.  S1B),  South  Asians  (Supplemen-
tary Fig. S1C) and Africans (Supplementary Fig. S1D).
501  (463,  481)  samples  with  983,988  (1,020,631,
1,108,267)  biallelic  SNPs  remained  for  the  three
continental  groups,  respectively.  Genomic  inflation  for
the  analyses  in  these  continental  groups  remained  well
controlled,  with λGC = 1.023,  1.017,  and 1.023 for  East
Asians,  South  Asians,  and  Africans,  respectively
(Supplementary Fig. S3). For East Asians, we identified
13 unusual  genomic regions in 3 iterations,  including 8
regions  around  centromeres,  4  containing  genes  under
selection,  and  1  with  unknown  causes  (Fig. 4).  Three
well-known  selected  loci,  the  HLA  locus  on
chromosome 6, the FADS locus on chromosome 11, and
the IGH  locus on chromosome 14, remained significant
in  all  iterations,  indicating  substantial  allele  frequency
differences  between  East  Asian  subpopulations.  After
removing the unusual regions, the number of significant

 

 

Figure 2.    Manhattan and LocusZoom plots of unusual genomic regions identified in Europeans. We iteratively repeated
analyses  after  excluding  unusual  genomic  regions  identified  in  previous  iterations.  (A−B)  Manhattan  plots  showing PSidak in
iteration 2−3. The red dash line indicates P = 5×10−8, and signals are labeled in colored texts based on potential causes: black,
centromere; red, selection. (C−D) LocusZoom plots of two loci (9p23 and 17q24.1) with unknown causes identified in iteration 1
(Fig. 1D).  The lead SNP in  each locus is  indicated by the purple  diamond,  with  surrounding SNPs colored by LD to  the lead
SNP. The identified unusual region is shaded in purple at the bottom panel.
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PCs  decreased  from  9  to  4,  while  the  proportion  of
between-population  variance    increased  from  0.8014
to 0.8305 for the top 4 PCs, suggesting better capture of
population  structure  (Supplementary  Fig.  S4).  In  the
unsupervised  ADMIXTURE  analysis  of  East  Asian
data,  we  observed  a  blue  component  prevalent  in  a
substantial  fraction  of  individuals  in  all  populations
when analyzing the original data (Fig. 5A). Such pattern
disappeared  in  the  analysis  with  unusual  regions
removed, in which the blue component was driven by 4
individuals  from  CHS,  and  the  purple  component  is

predominant in Japanese (Fig. 5B).
For  South  Asians,  we  identified  10  regions  in  3

iterations (Fig. 6A−C), including 8 around centromeres,
1  under  selection,  and  1  with  unknown  cause.  The
region  under  selection  contained  SLC24A5,  a  well-
known gene associated with skin pigmentation [28]. The
region with unknown cause (chr7:64.85−66.80 Mb) was
close  to  the  centromere  of  chromosome  7  but  showed
independent  association  signals  (Fig. 6D).  Removal  of
the unusual regions resulted in a reduction in the number
of significant PCs from 13 to 7 and a small  increase of

  

Table 1    List of unusual genomic regions that may distort population structure inference

Index Position (Mb)a Size (Mb)b
Significant region in each continental group (Mb)c

Potential caused
Europe East Asia South Asia Africa

1 chr9: 40.61−67.74 27.13 40.61−67.74 Centromere: 42.2−45.5 Mb,constitutive
heterochromatin

2 chr16: 31.86−47.04 15.18 32.18−46.94 31.86−47.04 Centromere: 35.3−38.4 Mb,constitutive
heterochromatin

3 chr11: 46.46−57.20 10.74 46.46−57.20 47.98−56.89 46.57−57.14 47.53−56.86 Centromere: 51.0−55.8 Mb

4 chr2: 87.34−94.64 7.30 87.34−94.64 Centromere: 91.8−96.0 Mb

5 chr12: 33.14−39.77 6.63 33.23−39.24 34.46−38.28 33.38−39.14 33.14−39.77 Centromere: 33.2−37.8 Mb

6 chr10: 36.95−43.05 6.10 36.95−43.05 37.60−42.38 Centromere: 38.0−41.6 Mb

7 chr7: 57.37−63.46 6.09 57.37−63.46 57.41−63.10 Centromere: 58.1−62.1 Mb

8 chr5: 45.03−51.03 6.00 45.40−50.59 45.03−51.03 45.29−50.56 Centromere: 46.1−51.4 Mb

9 chr8: 42.46−48.29 5.83 43.87−47.70 42.67−46.94 43.90−47.39 42.46−48.29 Centromere: 43.2−47.2 Mb

10 chr3: 89.41−94.48 5.07 89.41−94.48 Centromere: 87.8−94.0 Mb

11 chr6: 58.41−63.17 4.76 58.41−61.98 58.41−63.17 Centromere: 58.5−62.6 Mb

12 chr20: 28.74−31.48 2.74 28.74−31.42 28.74−31.48 Centromere: 25.7−30.4 Mb

13 chr1: 122.96−124.64 1.68 122.96−124.64 Centromere: 121.7−125.1 Mb

14 chr8: 8.23−12.35 4.12 8.23−12.35 Chromosomal inversion: 8p23.1

15 chr17: 45.39−46.79 1.40 45.39−46.79 Chromosomal inversion: 17q21.31

16 chr6: 25.71−31.58 5.87 25.71−31.58 30.15−30.29 Selection: HLA group

17 chr2: 134.54−136.27 1.73 134.54−136.27 Selection: LCT

18 chr3: 50.27−51.72 1.45 50.39−51.72 50.27−51.71 Selection: DOCK3/MAPKAPK3/CISH

19 chr14: 66.17−67.42 1.25 66.17−67.42 Selection: GPHN

20 chr11: 61.62−61.90 0.28 61.62−61.90 Selection: FADS1/FADS2

21 chr14: 105.51−105.76 0.25 105.51−105.76 Selection: IGH group

22 chr15: 28.09−28.32 0.23 28.09−28.32 Selection: OCA2/HERC2

23 chr15: 48.10−48.22 0.12 48.10−48.22 Selection: MYEF2/SLC24A5

24 chr7: 64.85−66.80 1.95 64.85−66.80 Unknown

25 chr1: 173.49−175.06 1.57 173.49−175.06 Unknown

26 chr9: 11.35−11.88 0.53 11.35−11.88 Unknown

27 chr17: 64.89−64.93 0.04 64.89−64.93 Unknown
a Position, starting and ending positions after merging overlapping regions across continental groups. All coordinates are based on GRCh38.
b Size, length of the merged region.
c We listed the starting and ending position for significant regions in the continent-specific analysis.
d Centromere coordinates (labelled after colon) were obtained from the UCSC Genome Browser. There are constitutive heterochromatin regions
near the centromeres of chromosomes 9 and 16, leading to large gaps with no SNPs. We merged two regions before and after these constitutive
heterochromatin regions. For regions reported to be under selection, we listed the candidate selected genes reported in the literature (see
Supplementary Table S1 for more information).
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Ψ   for  the  top 7  PCs from 0.4057 to  0.4145.  There  was
little  change  in  the  top  PCs  (Supplementary  Fig.  S5).
Comparing  ADMIXTURE  analyses  with  and  without
removing unusual regions, no apparent difference could
be observed until K = 7 (Supplementary Fig. S6).
For  Africans,  we  identified  5  unusual  regions  in  one

iteration:  4  around  centromeres  and  1  under  selection
(Fig. 7).  In  addition,  we  observed  5  isolated  significant

Ψ

SNPs  in  the  first  iteration,  which  were  likely  noise.
After  removing  unusual  regions,  the  number  of
significant PCs decreased from 9 to 4. The proportion of
between-population  variance    increased  substantially
from 0.8623  to  0.9033  for  the  top  4  PCs.  Consistently,
we  observed  a  clearer  separation  between  different
populations,  especially  between  two  West  African
populations,  YRI  and  ESN  (Supplementary  Fig.  S7).

 

 

Figure 3.    Impacts of unusual genomic regions on the ADMIXTURE analyses of Europeans. (A) Results based on original
data. (B) Results based on data excluding unusual regions. We assumed K = 4 or 5 ancestral components, indicated by colors,
in  each  analysis.  Each  vertical  bar  represents  one  individual,  and  the  lengths  of  colored  segments  represent  proportions  of
ancestral  components.  Individuals  were  plotted  in  the  same  order  across  panels,  which  was  determined  by  hierarchical
clustering on the ancestral proportions in panel B (K = 5)

 

 

 

Figure 4.    Manhattan  and  LocusZoom  plots  of  unusual  genomic  regions  identified  in  East  Asians. We  iteratively
repeated  analyses  after  excluding  unusual  genomic  regions  identified  in  previous  iterations.  (A−C)  Manhattan  plots  showing
PSidak in iterations 1−3. The red dash line indicates P = 5×10−8, and the gray dash line denotes break at P = 10−30. Signals are
labeled  in  colored  texts  based  on  potential  causes:  black,  centromere;  red,  selection;  gray,  unknown.  We  labeled  signals  of
unknown  cause  with  the  gene  nearest  to  the  leading  SNP.  (D)  LocusZoom  plot  of  the  1q25.1  locus  with  unknown  causes
identified in iteration 2. The lead SNP is indicated by the purple diamond, with surrounding SNPs colored by LD to the lead SNP.
The identified unusual region is shaded in purple at the bottom panel.
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Similarly,  in  the  ADMIXTURE  analyses,  we  observed
more distinct admixture fractions between YRI and ESN
when K = 6 or 7 (Supplementary Fig. S8).

 DISCUSSION

In  this  study,  we  developed  a  statistical  framework

based on PCA to identify genomic regions with unusual
impact on the inference of population structure. We used
this framework to systematically analyze high-coverage
WGS data of 20 populations from four major continental
groups.  Taking  together,  we  identified  27  unusual
genomic  regions  (Table 1),  among  which,  17  were
unique  to  one  continental  group  and  10  were  not

 

 

Figure 5.    Impacts  of  unusual  genomic  regions  on  the  ADMIXTURE  analyses  of  East  Asians. (A)  Results  based  on
original data. (B) Results based on data excluding unusual regions. We assumed K = 4 or 5 ancestral components, indicated by
colors, in each analysis. Each vertical bar represents one individual, and the lengths of colored segments represent proportions
of  ancestral  components.  Individuals  were  plotted  in  the  same  order  across  panels,  which  was  determined  by  hierarchical
clustering on the ancestral proportions in panel (B) (K = 5)

 

 

 

Figure 6.    Manhattan  and  LocusZoom  plots  of  unusual  genomic  regions  identified  in  South  Asians. We  iteratively
repeated  analyses  after  excluding  unusual  genomic  regions  identified  in  previous  iterations.  (A−C)  Manhattan  plots  showing
PSidak in iterations 1−3. The red dash line indicates P = 5×10−8, and the gray dash line denotes break at P = 10−30. Signals are
labeled  in  colored  texts  based  on  potential  causes:  black,  centromere;  red,  selection;  gray,  unknown.  We  labeled  signals  of
unknown  causes  with  the  gene  nearest  to  the  leading  SNP.  (D)  LocusZoom  plot  of  the  7q11.21  locus  with  unknown  cause
identified in iteration 2. The lead SNP is indicated by the purple diamond, with surrounding SNPs colored by LD to the lead SNP.
The identified unusual region is shaded in purple, while a neighboring region around the centromere is shaded in blue, at the
bottom panel.
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identified  in  Europeans  (Supplementary  Fig.  S9),
highlighting  the  strength  of  our  study  in  analyzing
diverse  populations.  Interestingly,  the  number  of
unusual  regions detected in  each continental  group was
17 in Europeans, 13 in East Asians, 10 in South Asians,
and  5  in  Africans,  showing  a  decreasing  trend  as  the
within-continent  genetic  diversity  increases.  This
observation  indicates  that  the  impacts  of  these  unusual
regions  are  more  evident  when  inferring  population
structure  in  samples  with  lower  degrees  of  genetic
diversity,  as  shown  in  our  PCA  and  ADMIXTURE
analyses  with  and  without  the  unusual  regions  when
compared  across  continental  groups.  Therefore,  we
hypothesize  that  using  genotype  data  from  relatively
homogeneous  subpopulations  with  increasing  sample
size will be helpful to detect more unusual regions [29].
Furthermore, a more dramatic example can be found in
Supplementary  Fig.  S5  of  Wang  et  al.  [13],  which
showed  that  imputed  SNPs  around  the  centromere
region  of  chromosome  11  could  distort  the  PCA  of
European  samples,  resulting  in  two  misleading  clusters
along  PC2.  To  avoid  the  risk  of  misinterpretation,  we
recommend  excluding  all  the  unusual  regions  from
standard analysis of population structure.
The  27  unusual  regions  included  13  around  centro-

meres, 2 chromosomal inversions, 8 with genes reported
to  be  under  natural  selection,  and  4  with  unknown
causes.  Unsurprisingly,  the  largest  and  most  significant
regions are around centromeres, where the LD was high
due  to  the  low  recombination  rate  around  centromeres
[30].  In  particular,  centromere  regions  on  chromosome
8,  11,  and  12  were  consistently  identified  in  all  four
continental  groups.  The  two  chromosomal  inversions,
8p23.1  and  17q21.31,  are  well-known  large  polymor-
phic  inversions,  which  have  been  reported  to  associate
with  numerous  diseases  and  have  undergone  natural
selection  in  Europeans  [27,31].  Regardless  of  the
functional impacts, chromosomal inversions can disrupt

recombination  and  induce  extensive  LD  [32],  and  thus
exert  strong  impacts  on  the  inference  of  population
structure.  Similarly,  strong selection sweeps can induce
strong  LD.  We  have  detected  8  well-known  selection
loci (Supplementary Table S1), including HLA and IGH
for  immune  response  [33,34],  LCT  for  lactase  persis-
tence  [24],  OCA2  and  SLC24A5  for  pigmentation
[28,35],  DOCK3  for  height  [36],  GPHN  for  neural
development [37],  and FADS1/2 for the biosynthesis of
long-chain polyunsaturated fatty acids (LC-PUFA) [38].
Notably,  selection  at FADS1/2 was  previously  detected
by comparing Japanese population with high LC-PUFA
intake  from  their  marine  diet  and  other  East  Asian
populations with agricultural  diets  [38,39],  and we also
detected  this  signal  exclusively  in  the  analysis  of  East
Asians.
Finally,  we  identified  4  unusual  regions  with  unclear

causes,  which  might  represent  novel  selection  signals.
The  9p23  and  17q24.1  were  identified  in  Europeans
(Fig. 2C−D).  The  9p23  locus  is  intergenic  with  the
nearest protein coding gene being TYRP1. While TYRP1
is  a  pigmentation-associated  gene  under  positive
selection  [40,41],  our  identified  region  is  about  1  Mb
upstream of TYRP1  and thus  their  connection might  be
weak. The 17q24.1 locus spans only about 40 kilobases,
overlapping with the LRRC37A3 gene, which belongs to
the LRRC37 gene family, a core duplicon mapped to 18
distinct  loci  on  the  q  arm of  chromosome 17 [42].  The
LRRC37  family  has  expanded  in  the  primate  lineage
since  the  divergence  of  the  human  lineage,  and  shows
significant evidence of purifying selection, although the
function  of  LRRC37  genes  remains  unclear  [42].  The
1q25.1  locus  identified  in  East  Asians  spanned  about
1.57  Mb  (Fig. 4D),  with  the  lead  SNP  rs61826814
residing in KLHL20, a key gene involved in the control
of  interferon  responses  [43].  Furthermore,  the CENPL
gene nearby is essential for proper kinetochore function
and  mitotic  progression  and  has  been  implicated  for

 

 

Figure 7.    Manhattan  plots  of  unusual  genomic  regions  identified  in  Africans. We  iteratively  repeated  analyses  after
excluding unusual genomic regions identified in previous iterations. (A−B) Manhattan plots showing PSidak in iterations 1−2. The
red dash line indicates P = 5×10−8, and the gray dash line denotes break at P = 10−30. Signals are labeled in colored texts based
on potential causes: black, centromere; red, selection.
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growth deficiency [44]. The 7q11.21 locus identified in
South  Asians  spanned  about  1.95  Mb  (Fig. 6D).  The
lead SNP rs6460237 was close to ERV3-1, which might
be  involved  in  autoimmunity  and  cancer  with  an
immunosuppressive  role  [45].  Another  interesting  gene
within the 7q11.21 locus is VKORC1L1, which together
with its paralog VKORC1 encodes proteins with vitamin
K oxidoreductase (VKOR) activity and plays important
roles  in  hemostasis  and  coagulation  [46].  While  no
selection  signals  have  been  reported  for  VKORC1L1,
VKORC1  at  16p11.2  have  been  reported  to  be  under
selection [4,47].
In  conclusion,  we  have  systematically  identified  and

characterized 27 genomic regions with strong impact on
population  structure  inference  in  diverse  continental
groups,  providing  a  valuable  resource  for  future
population-genetic  studies.  While  we  do  not  focus  on
detecting selection signals, our method has the potential
to help identify novel selection signals when applied to
larger population-genetic datasets.

 MATERIALS AND METHODS

 Data and quality controls

We  downloaded  genotype  data  of  the  1000  Genomes
Project  (1KGP),  which  were  called  from  30×  high-
coverage  WGS data  and  aligned  to  the  human  genome
assembly GRCh38 [23]. We extracted genotypes across
99,857,333 biallelic autosomal SNPs for 2,504 unrelated
individuals  from  26  populations  worldwide  [2].  We
excluded  populations  with  recent  admixture  history,
including ACB (African Caribbeans in Barbados), ASW
(African Americans in southwestern United States), and
all  four  American  populations.  The  remaining  20
populations  were  assigned  to  4  continental  groups
(Europe,  East  Asia,  South  Asia,  and  Africa),  each
including  5  populations.  As  shown  in  Supplementary
Fig.  S1,  we  performed  a  series  of  QC  procedures  for
each  continental  group  using  PLINK  (v  2.0)  [48].  We
excluded  SNPs  with  call  rate  <  0.95,  minor  allele
frequency  (MAF)  <  0.05  or  Hardy-Weinberg  equili-
brium (HWE) P <  10-8,  and  then  thinned  the  callset  so
that the closest pair of SNPs was at least 2 kb apart from
each  other.  We  performed  PCA  on  each  continental
group  and  removed  samples  any  of  the  top  10  PCs  of
which  is  more  than  6  standard  deviations  (SD)  away
from  the  corresponding  mean.  Such  outliers  were
excluded and this procedure was repeated until no more
outliers  could  be  identified.  After  QC,  each  continental
group consisted of about one million biallelic autosomal
SNPs  among  463  to  502  unrelated  individuals
(Supplementary  Fig.  S1).  The  final  sample  sizes  and
excluded individuals were listed in Supplementary Table
S2.

 Identification of unusual regions

We  considered  “unusual  regions”  as  genomic  regions
with outlier contribution to population structure inferred
by  PCA.  First,  we  applied  PCA on  post-QC genotypes
of  each  continental  group  separately  and  selected
significant PCs (P < 0.001, Tracy-Widom test) [12]. We
performed  Tracy-Widom  test  using  the  tracy.widom
function  in  the  R  package LEA  [49].  Next,  we  treated
each significant PC as a quantitative trait and performed
genome-wide  association  tests  based  on  linear  regres-
sion  without  covariates  to  identify  SNPs  with  unusual
contribution to that PC. The background inflation due to
population  structure  was  adjusted  by  genomic  control
[50].  Because  PCs  are  orthogonal  to  each  other  by
construction,  we  combined  association  signals  for  each
SNP  across  top  PCs  using  the  Sidak’s  method,  where
PSidak  =  1−(1−Pmin)

K  and Pmin  is  the  minimum P  value
among  top K  significant  PCs  [51].  SNPs  with PSidak  <
5×10−8  were  considered  as  genome-wide  significant.
Finally,  we defined “unusual  regions” by LD clumping
based  on PSidak  (PLINK  arguments:−clump  −clump-p1
5e−8 −clump-p2 1e−3 −clump-kb 10000 −clump-r2 0.3
−clump-allow-overlap)  [48].  Overlapping  regions  were
merged as one. We excluded regions with fewer than 5
SNPs to reduce noise.
We  then  removed  SNPs  in  the  identified  “unusual

regions” from the genotype data and repeated the above
procedure  to  identify  additional  unusual  regions.  Note
that  in  subsequent  iterations,  PCs  were  computed  from
genotype data with unusual  regions removed,  but  when
performing  GWAS  of  PCs,  the  original  genotype  data
were used. We iterated the process until no new regions
can  be  identified.  We  compiled  the  “unusual  regions”
identified  in  all  iterations  into  a  final  list  for  each
continental group.

 Search for reported selection signals

For each gene located in the identified unusual regions,
we searched in PubMed with the term “(natural selection
[All  Fields])  OR  (positive  selection  [All  Fields])  AND
human  [All  Fields]  AND  GENE-NAME  [All  Fields]”.
We manually examined each publication to determine if
an identified region harbors reported candidate selection
signals.

 Inference of population structure

We  compared  population  structure  inferences  by  PCA
and  ADMIXTURE  [13,15]  before  and  after  removing
the  identified  unusual  regions.  PCA  was  performed
using  the  LASER  software  [13].  We  quantified  how
well  the  top K  PCs  could  separate  populations  by  the
proportion of between-population variance defined as:
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where the   is a K-dimensional vector whose elements
are  top K PCs of  individual  j  from population  i,  and 
and   are the PC coordinate centroid of population i and
the overall centroid, respectively [8]. m is the number of
populations  and  ni  is  the  number  of  individuals  in
population  i.    ranges  from  0  to  1,  with  larger  values
indicating better capture of population structure.
We  performed  unsupervised  ADMIXTURE  [15]

analyses  with  the  number  of  ancestral  components  K
ranging from 4 to 7 for each continental group. We used
CLUMPAK  [52]  to  identify  the  optimal  cluster
alignment across different values of K.
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