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Largest patterns of genetic variation = ancestr
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88% of GWAS participants is of European descent
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Fig. 3 A Choropleth Map of the Concentration of GWAS Participant Recruitment. A choropleth map (Robinson projection) detailing the geographic
recruitment of GWAS participants. Source: NHGRI-EBI GWAS Catalog, Natural Earth (v4.0.0) and the CIA World Factbook. Replication material provides a
per-capita population adjusted version

6 Ascientometricreview of genomevide association studies
(Mills & Rahal, 2019)



Population stratification

+ Population stratification = a systematic difference In
allele frequencies between (sub)populations due to
different ancestry.

} Can cause false positives If the trait values also differ
between the (sub)populations.



Population stratification: chopstick example

Sample 1 Americans?=0,p=1 Sample 2 Chinese?=0,p=1
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Population stratification: chopstick example

Sample 1 Americans?=0,p=1 Sample 2 Chinese?=0,p=1

[ Useorcnopions] [ Useofchopsioks]
BTN T | S T T
320 640 320

80 80 160 320 20 340
400 400 800 640 40 680

Sample 1 + 2 = Americans + Chinese
.2=34.2,p=4.91 10°

T Use ot chopstoks]
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Dealing with population stratification

Ways to deal with population stratification:
} Genomic Control (GC)

} Principal Component Analysis

+ Within Family Association

} Mixed Linear Modeling
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Dealing with population stratification

Ways to deal with population stratification:
} Genomic Control (GC)

} Principal Component Analysis

+ Within Family Association

nawre nature
genetlcs genetlcs
Variance component model to account for sample Advantages and pitfalls in the application of
structure in genome-wide association studies mixed-model association methods
gﬂ:;:v ;LK;;%;?;;E,;]:E:&?:;L{ Susan K Servicet, Noah A Zaitlen®, Sit-yee Kong?, Nelson B Frefmer’ Jian Yang*#, Noah A Zaitlen®3, Michael E Goddard®®, Peter M Visscher'»>* & Alkes L Price®"?
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Genomic Control (GC)

+ Population stratificatiorcanresult in higher test statistics

(= lowerp-values)

1 The genomic control method estimates the factor with
which the test statistics are inflated due population

stratificationA <
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Genomic Control (GC)

} <is measured by dividing thmedianof the distribution of the chi
square statistics from thactual testsby themedianof the chisquare
distribution under the null
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Genomic Control (GC)

1 <is measured by dividing thmedianof the distribution of the chi
square statistics from thactual testsby themedianof the chisquare
distribution under the null

} Then, GC applies its correction by dividing the actgal association test ch
dljdzZ- NBE adFd0Aa0AO NBadzZ da o0& GKAA
more pessimistic.
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Genomic Control (GC)

} <is measured by dividing thmedianof the distribution of the chi
square statistics from thactual testsby themedianof the chisquare
distribution under the null

} Then, GC applies its correction by dividing the actgal association test ch
dljdzZ- NBE adFd0Aa0AO NBadzZ da o0& GKAA
more pessimistic.

} GC is too conservative if the traitngyhly polygenic(i.e. the median test
statistic does not represent the null distribution).

European Joumal of Human Genetics (2011) 19, 807-812 @
© 2011 Macmillan Publishers Limited All rights reserved 1018-4813/11
ww. nature.com/ejhg

Genomic inflation factors under polygenic inheritance
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o
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Genomic Control (GC)

<is measured by dividing tmaedianof the distribution of the chi
square statistics from thactual testsby themedianof the chisquare
distribution under the null

Then, GC applies its correction by dividing the actgal association test ch
dljdzZ- NBE adFd0Aa0AO NBadzZ da o0& GKAA

more pessimistic.

GC is too conservative If the traithgyhly polygenic(i.e. the median test
statistic does not represent the null distribution).

LD Score regressiazan be used Sy, @
to estimate a more powerful

and accurate correction factor
than GC.

nature
gCI‘ICHCS

LD Score regression distinguishes confounding from
polygenicity in genome-wide association studies

Brendan K Bulik-Sullivan!-3, Po-Ru Loh!4, Hilary K Finucane*?, Stephan Ripke23, Jian Yang®,
Schizophrenia Working Group of the Psychiatric Genomics Consortium?’, Nick Patterson', Mark J Daly!-3,
Alkes L Price’*® & Benjamin M Neale! -3
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Principal Component Analysis (PCA)

} PCA Is a statistical method for exploring large number of
measurements (e.g., SNPs) by reducing the measurements ta
fewer principal components (PCs) that explain the main
patterns of variation:

The first PC Is the mathematical combination of measurements that
accounts for the largest amount of variability in the data.

The second PC (uncorrelated with the first) accounts for the second
largest amount of variability.

Etc...
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nature
genetlcs

Principal components analysis corrects for stratification
in genome-wide association studies

Alkes L Price!?, Nick J Patterson?, Robert M Plengem, Michael E Weinblatt?, Nancy A Shadick® &
David Reich!?

Population stratification—allele frequency differences between cases and controls due to systematic ancestry differences—can
cause spurious associations in disease studies. We describe a method that enables explicit detection and correction of population
stratification on a genome-wide scale. Our method uses principal components analysis to explicitly model ancestry differences
between cases and controls. The resulting correction is specific to a candidate marker’s variation in frequency across ancestral
populations, minimizing spurious associations while maximizing power to detect true associations. Our simple, efficient approach
can easily be applied to disease studies with hundreds of thousands of markers.
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Principal Component Analysis (PCA)
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Principal Component Analysis (PCA)
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Finescale genetic variatic \Y

24 Genes mirror geography within EuropéNpovembreet al, 2008)



Finescale genetic variation reflects geography
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Copy and unzip files needed for practical

1 Open terminal: Applications Men& Terminal Emulator

+ First run this in your terminal:
cp -r/home/ abdel / PCA practical
cd PCA_ practical

unzip dutch_1kG.zip

} command.txt contains all the remaining commands we are
going to run in the terminal (which are also on the slides
abdel pop_strat_boulder 2019.pdf)
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Overview practical

rlylrfteasa | NB o Populaton Strvictuie Migratidh, BiE NJ &
Diversifying Selection in the Netherlafds 6! 6 RSt f I 2 dzA S

Analyses:
} Run PCA on 1000 Genomes, and project PCs on Dutch individuals
Goal: identify Dutch individuals with ndfuropean ancestry and exclude
} Run PCA on remaining Dutch individuals
Goal: obtain PCs reflecting Dutch ancestry differences

1 Software used:
Eigenstrat>
Plink->
R->
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http://genepath.med.harvard.edu/~reich/Software.htm
http://pngu.mgh.harvard.edu/~purcell/plink
http://www.r-project.org/

Description of the data

+ Individuals:
171 Dutch individuals from the Netherlands Twin Registry (NTF

221 from 1000 Genomes (Europeans, Africans, and Asians)
LT €2dzONBE AYUSNBAUSR AYy UKS wmnn
million SNPs):-enalil a.abdellaoui@amc.nl

} SNPSs:
113,164 SNPs (from Affy 6.0 chip)

Quality Control (done in Plink):
MAF > .05
HWEp > .001
SNP missingness < .05 (individual missingness < .02)
Excluded longange LD regions
LD Pruned

28



Why exclude longange LD regions?

} Elevated levels of LD can be |ong-Range LD Can
overrepresented in PCs, Confound Genome Scans
deluding the genomavide in Admixed Populations
patterns that reflect the Tobla 1. Comspondence between Reions fom T et o,

and Regions of Extended LD in European Populations

" s i K, ded ion,
S u btl e an CeStry d Iﬁe re n CeS . Chromosome f:‘c;a:ai.agg:;nalrt‘ea SNP Position Ifinf::'nnPEﬁ :?.::;g:n

6 rs169679 29.0 Mb 25.5-33.5 Mb
250 . > 8 rs896760 113.5 Mb 112-115 Mb
o . 11 rs637249 56.0 Mb 46-57 Mb
200 - For each region reported to be under selection, we list the SNP defining the
e ; peak of this region as described in Tang et al,* the physical position of the

SNP, and the physical position of the corresponding region of extended LD
from PCA analysis.|The other autosomal long-range LD regions identified by
PCA analysis were chromosome 1: 48-52 Mb, 2: 86-100.5 Mb, 2: 134.5-
138 Mb, 2: 183-190 Mb, 3: 47.5-50 Mb, 3: 83.5-87 Mb, 3: 89-97.5 Mb,
5: 44,5-50.5 Mb, 5: 98-100.5 Mb, 5: 129-132 Mb, 5: 135.5-138.5 Mb, 6:
57-64 Mb, 6: 140-142.5 Mb, 7: 55-66 Mb, 8: 8-12 Mb, 8: 43-50 Mb, 10:
37-43 Mb, 11: 87.5-90.5 Mb, 12: 33-40 Mb, 12: 109.5-112 Mb, and
20: 32-34.5 Mb.

—chr1 e Chr2 s Chrd o= Chrd mem Chr5 e Chro s Chr7 s Chrd e Chrd e Chri0 s Chirl | s Chrl2 s Chrl3 s Chrld s Chris
== Chrl 6 e Chirl 7w Chrl G wess Chrl3 s Chr2() wess Chr21 s Chr22

GWAS on PC: PC reflects variation at chr8
inversion

The American Journal of Human Genetics 83, 127-147, July 2008
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Why exclude longange LD regions?

} Elevated levels of LD can be |ong-Range LD Can
overrepresented in PCs, Confound Genome Scans
deluding the genomavide in Admixed Populations
patterns that reflect the e L omespondencs bebusen Regions o o o -
subtle ancestry differenNCeS. e el o vustion por s ionese”

_—>6 rs169679 29.0 Mb 25.5-33.5 Mb
8

180

&0 ) rs896760 113.5 Mb 112-115 Mb

b . 1 15637249 56.0 Mb 46-57 Mb

::Z i For each region reported to be under selection, we list the SNP defining the

peak of this region as described in Tang et al,* the physical position of the
SNP, and the physical position of the corresponding region of extended LD
- from PCA analysis.|The other autosomal long-range LD regions identified by
& . PCA analysis were chromosome 1: 48-52 Mb, 2: 86-100.5 Mb, 2: 134.5-
w 138 Mb, 2: 183-190 Mb, 3: 47.5-50 Mb, 3: 83.5-87 Mb, 3: 89-97.5 Mb,
:: . 5: 44,5-50.5 Mb, 5: 98-100.5 Mb, 5: 129-132 Mb, 5: 135.5-138.5 Mb, 6:

57-64 Mb, 6: 140-142.5 Mb, 7: 55-66 Mb, 8: 8-12 Mb, 8: 43-50 Mb, 10:
H 37-43 Mb, 11: 87.5-90.5 Mb, 12: 33-40 Mb, 12: 109.5-112 Mb, and
$ 20: 32-34.5 Mb.

-log 0C)

o
m Chrl e Chr2 s Chrd £== Chrd s ChrS s Chrf e Chi7 s Chrg s Chrd s Chrl0 s Chrl| e Chrl2 s Chrl3 e Chrl 4
mmm ChrlS e=m Chrl G e Chrl 7 owess Chrl 0 wess Chrl9 sess Chr2( sess Chr21 sess Chr22

GWAS on PC: PC reflects variation at
MHC regiondhr 6)

The American Journal of Human Genetics 83, 127-147, July 2008
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Why also prune for LD?

} From EIGENSTRAT paPencipal components analysis
corrects for stratification in genom&ide association
studies (Price et al, 2006)

a frong LD at a given locus which affects many markers could
result in an axis of variation which corresponds to genetic
variation specifically at that locus, rather than to genemee
ancestry. Nonethelessye recommend inferring population
structure using all markers. This recommendation is based on
an analysis oHapMapdata which suggests that these potential
problems will not affect results in practicé.
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Why also prune for LD?

}  PCA was conducted on three sets of SNPs varying in LD on 1000 Genomes
populations and Dutch subjects separately

1 PCs were identical for 1000 Genomes across the 3 SNP sets. For the Dutch datase
there were big differences:

Correlations between PCs and Correlations between PCs and <

: FT2NJ D2 !
. North-South gradient (N = 3363) EastWest gradient (N = 3363)
: height includin
SNP set used for PCA NIr. of SNPS : g J
for PCA:  pearson . :  Pearson the North-South
: , Difference test : . Difference test :
. Correlation . Correlation 'PC as a covariate
SNP set 1: All SNPs that passed (209,849 o, o428 - re sy 51205 - 1.03937
SNP set 2: SNP set 1 without the : p=3.9¥10% p=4.2¥1010
. 487,672 : 1, , S o714 26 : _
24 longrange LD regions Pt P (versus SNP set 1) /oy (versus SNP set 1) 1.03092
SNP set 3: SNP set 2 with geneme : p=1.910 § p=3.5*102
30, 248 o, v5-288 :
wide LD based SNP pruning LT (versus SNP set 2) 1w 5369 (versus SNP set 2) 1.02961

} ConclusionminimizingLD isnecessaryor more homogeneousiatasets (i.e.,
datasetswith subjectsfrom a singlepopulation)

32 Population Structure, Migration, and Diversifying Selection in the Netherlands
(Abdellaovui et al, 2013)



Files needed for EIGENSTRAT

+ Input files: three files containing information about SNPs
and samples (.ped, .map, .fam)

} Parameter file: file containing parameters for the PCA

33



EIGENSTRAT input files are in plink format

} dutch_1kG.ped
} dutch_1kG.map

34
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EIGENSTRAT input files are in plink format

}dutch_lkG ped Y } dutch_1kG.bed
4 dutch_1kG.map > } dutch_1kG.bim
""""""""""" .\ <, dutch_1KG fam

EIGENSTRAT needs

35



Values in the phenotype column (column 6) of
fam file:

_____________________________

/"3 = Dutch individuals

. 4 = CEPH individuals

' 5 = British individuals
" 6 = Finnish individuals
" 7 = Iberian (Spain)
K\8 Toscan P
,”—9 Han Chinese in Beljlhg

10 = Han Chinese South,r -> Asian
11 = Japanese individuals

12 = Luhya individuals |

' 13 = Yoruba individuals |~ African

~--> European




Parameter file (.par)

1 The parfile will have thefollowinglines

genotypenamedutch_1kG.ped>input genotype file
snpnamedutch_1kG.map>input snpfile

indivname dutch_1kG.fam>input individual file

evecoutnamedutch_1kG.evee> output file of PCs

evaloutname dutch_1kG.eval> output file of alleigenvalues

numoutevec 10 ->number of PCs to output

numoutlieriter. 0 -> maximum number of outlier removal iterations (O turns it off)

poplistname poplist_1kG.txt->file containing population value of individuals (If wishing
to infer PCs using only individuals from a subset of
populations, and then project to individuals from all othe
populations; will be used to detect individuals of hon
European descent)

snpweightoutnamedutch_1kG.snpweight>output file with SNP weightings of each PC

37



Parameter file (.par)

[ SGQa YIS GKS LI N FAE S wdzy GKS F2f¢
echo "genotypename: dutch_1kG.ped" >> dutch_1kG.par

echo "snpname: dutch_1kG.map" >> dutch_1kG.par

echo "indivhame: dutch_1kG.fam" >> dutch_1kG.par

echo "evecoutname: dutch_1kG.evec" >> dutch_1kG.par

echo "evaloutname: dutch_1kG.eval" >> dutch_1kG.par

echo "numoutevec: 10" >> dutch_1kG.par

echo "numoutlieriter: 0" >> dutch_1kG.par

echo "poplistname: poplist_1kG.txt" >> dutch_1kG.par

echo "snpweightoutname: dutch_1kG.snpweight" >> dutch_1kG.par

} We also need to make the poplistname fiplist 1kG.tx}, containing the
population values of the 1000 Genomes populatiord 3% Run the following
command:

echo "4\ n5\ n6\ n7\ n8\ n9\ n10\ n11\ n12\ n13" > poplist_1kG.txt
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} Run this command:

smartpca - p dutch_1kG.par > dutch_1kG.log
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[ SGQa 221 4G GKS t/ &

1 First, let's make the file readable for R:
sed 's/:/ /g’ dutch_1kG.evec > dutch_1kG.R.evec

1 Run R script to make plot and identify outliers:
R CMD BATCH outliers.R

40
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[ SGQa 221 4G GKS t/ &

1 First, let's make the file readable for R:
sed 's/:/ /g’ dutch_1kG.evec > dutch_1kG.R.evec

1 Run R script to make plot and identify outliers:
R CMD BATCH outliers.R

+ What does the R script do? (open outliers.R)

Read in EIGENSTRAT f =-
L
Plot PC1 & PC2 ) ot
E 8 _ British individuals from England and Scotland
. - o HapMap Finnish individuals fi Finland
Write IDs to file of Dutcl; b popustons nSpan
g Toscan individuals
. d d | . h h = Ha Ch?nese in Beijing
- Han Ch South
Inaiviauals scoring nigne; s _ e o
! Yoruba individual
Luhya individual

than maximum Europea;
or lower than minimum £~
European scores on P N
or PC2 (to outliers.txt) C rrmimenene
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PC 1 (from 1000 Genomes)

}

ldentifying Dutch with nofeuropean ancestry

PCs were calculated using a set of 1014 unrelated individuals from 1000

Genomes, and were then projected on ~7500 Dutch individuals.

258 individuals were excluded. Parental birth place was available for 132 c

these individuals, of which 55.3% had at least one parent born outside of
the Netherlands (as opposed to 4% of the rest of the individuals).
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Population Structure, Migration, and Diversifying Selection in the Netherlands

(Abdellaoui et al, 2013)



PC 3 (from 1000 Genomes)

ldentifying Dutch with nofeuropean ancestry

} PCs were calculated using a set of 1014 unrelated individuals from 1000
Genomes, and were then projected on ~7500 Dutch individuals.

} 258 individuals were excluded. Parental birth place was available for 132 c
these individuals, of which 55.3% had at least one parent born outside of
the Netherlands (as opposed to 4% of the rest of the individuals).
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PC 3 (from 1000 Genomes)
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PC 5 (from 1000 Genomes)

ldentifying Dutch with nofeuropean ancestry

} PCs were calculated using a set of 1014 unrelated individuals from 1000
Genomes, and were then projected on ~7500 Dutch individuals.

} 258 individuals were excluded. Parental birth place was available for 132 c
these individuals, of which 55.3% had at least one parent born outside of
the Netherlands (as opposed to 4% of the rest of the individuals).
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Exclude Dutch individuals with ndturopean
ancestry and 1000 Genomes

awk '$6>3{print $1,$2}' dutch_1kG.fam > 1kG.ids
cat outliers.txt 1kG.ids > remove_outliers.ids

plink  -- bfile dutch_1kG -- remove remove_outliers.ids -- make- bed -- out dutch

plink  -- bfile dutch -- recode -- out dutch
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Parameter file (.par)

~

1 [ S ing&kathe parfile. Run thefollowingcommands

echo" genotypename : dutch.ped " >> dutch.par

echo" snpname: dutch.map ">> dutch.par

echo" indivhame :dutch.fam " >> dutch.par

echo" evecoutname : dutch.evec ">> dutch.par

echo" evaloutname : dutch.eval ">> dutch.par

echo" numoutevec :10 ">> dutch.par

echo" numoutlieriter :0 ">> dutch.par

echo" poplistname : poplist NL.txt ">> dutch.par
echo" snpweightoutname : dutch.snpweight " >> dutch.par

1 We also need to make the poplistname fiplist NL.tx}. Run thefollowing
command

echo "3" > poplist_NL.txt
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2 SQNBE NBIFRé (2 Ndzy 0K
EIGENSTRAT!

} Run this command:

smartpca - p dutch.par > dutch.log
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[ SUQa LX 20 O0KS FANROG

1 First, let's make the file readable for R:

sed 's/:/ /g’ dutch.evec > dutch.R.evec

} Run R script to make plot :
R CMD BATCH plot_NL.R

48



[ SGQa LI 20 OUKS FANROG

1 First, let's make the file readable for R:

sed 's/:/ /g’ dutch.evec > dutch.R.evec

} Run R script to make plot :

R CMD BATCH plot_NL.R

} What does the R script do? (open pIot_NL.@E%w)f/’;?
x
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PC1

Same plot, with N=4,441
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PC1, PC2, and PC3

1 The color of the dots represent the mean PC value per postal
code (based on current living address of the 4,441 subjects).

PC2 PC3

e e o o
= OWO~NOOEWN =

LI )
2 WooO~NO R WN =
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PC1 (N=4,441)

e + Correlates .656 with European
North-South PC.

+ Serial founder effect? (correlation
with F: .245)

}  Spouse correlation = .555

PC1

224
J
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Mean Fst with the Luhya people
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Serial founder effect: heterozygosity decreases (F increases) as
you move away from Addis Ababa, Ethopia

We compared SNP haplotype heterozygosity
across populations and found, consistent with
earlier reports (22), that it 1s highest in sub-
Saharan Africa and decreases steadily with

Worldwide Human Relationships
Inferred from Genome-Wide
Patterns of Variation

B RamahandronHonond 1. o crecoy 5. S v reamancs . dlistance from this region (Fig. 3B). The mean
ek Covalislona s e L e heterozygosity across autosomal haplotypes
B =i — (using 295 haplotype blocks in Chrl6) (/4) 1s
IS ¢ Wi negatively correlated with distance from Addis

| E): Ababa, Ethiopia (5, 23), with a correlation co-

efficient 7 of —0.91 and a slope of —1.1 x 10> per
km (Fig. 3B). This trend 1s consistent with a serial
founder effect, a scenario in which population

slope: =1.144e-05

Mean Haplotype Heterozygosity

045 050 055 060 065 070 0.75
I

r =091 . . . - - .
. expansion involves successive migration of a
| small fraction of individuals out of the previous
| ' ' ' | location, starting from a single origin i sub-
5000 10000 15000 20000 25000 e e e

Distance to AA (km) Saharan Africa.

22 FEBRUARY 2008 VOL 319 SCIENCE www.sciencemag.org

} Genomewide homozygosity (F) can be computed in plink wailtiet
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Height

+  Northern Dutch are known to be taller on average than the
Dutch from the Southern parts of the Netherlands. Also
within Europe, Northern Europeans are taller on average
than Southern Europeans.

North-South gradient of the current living address:
males:r = .055p = .032; females:= .066,p=.001
}  Height however correlates higher and more significantly
with the North-South PC:
males:r =.178,p = 31012 femalesr = .166,p = 1x1018
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PC1 (N=4,441)

e + Correlates .656 with European
North-South PC.

+ Serial founder effect? (correlation
with F: .245)

}  Spouse correlation = .555
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Religion in the Netherlands

+ The Netherlands had a long history (>400 years) of societal segregation a
assortment based on religious affiliation.

Spouse correlation for religion in current dataset = . 428 (001)
+ This may have increased parental relatedness among religious people.

e Catholic * Protestant Not Religious

" ¢

o
8

3 ete e

......

© o o 0o o
S OO ~NOOOSWN =

nw s,
P

Current NTR qé'& Genotyped #}Ax
dataset (N=25,450) *°  dataset (N=6,367)
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PC2 (N=4,441)

L } Spouse correlation = .164
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PC3 (N=4,441)

+ Was only observed with minimized LD
}  Spouse correlation =.174

PC3
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Natural selection vs genetic drift

+ The 1000 individuals with the lowest PC score were compared with the 1000
individuals with the highest PC score

} Using the 500 000 SNPs it is estimated what the expected divergence is under
genetic drift

}  For each SNP we then compute whether the divergence is significantly greater tha
expected under genetic drift (i.e., whether they are under selection)

PC2 PC3

e s o @
2 QNN =

o e
= O ONO O N N =

e e o o
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Using PCs arig, to identify loci under selection

} Bayescan 2.1 was used to calculatevalues for all SNPs and
identify outliers with a Bayesian approach

} FEWa 6SNB O2YLIzi SR 0SGg8SSyYy (72
iIndividuals for each ancestigformative PC

Total population Total population
Subpopulation 1 Subpopulation 2 Subpopulation 1 Subpopulation 2
® * o . - °*
L] ® | ' ®
® L L
¢ o o ° . ®
Subpopulation 1 = Subpopulation 2 Subpopulation 1 # Subpopulation 2
FST =0 FST =1
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Using PCs arig, to identify loci under selection

} Bayescan 2.1 was used to calculatevalues for all SNPs and
identify outliers with a Bayesian approach
} FEWa 6SNB O2YLIzi SR 0SGg8SSyYy (72
iIndividuals for each ancestigformative PC
1 FIs then decomposed into 2 components:
populationd LISOAFA O O2YLRYySyd o0i 0z .
locusa LISOAFTAO O2YLRYSYl 6h0x ackKklk
L Ifh Ad AATIYATAOFYGfeé RAFFSNBY
under selection:
h B n I' RAGOSNBATFEe@AYy3d &aStSOGAZ2
h 5 o0 I olflyOAy3d aStSOGA2Y 6
1 Significance is based on FDR correctedlge (< .05)
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Using PCs artg, to identify loci under selection: results

+ 499,849 SNPs In total (51.4% within genes):
PC1 (Nortksouth):273 significant SNPs (59% within 88 genes)
PC2 (EastVest): 172significantSNPs (58.1% within 55 genes)
PC3 (MiddleBand): 100 significant SNPs (75% within 41 genes)

} Several of the genes with significant SNPs have been observe
to be strongly differentiated within Europe Iin previous studies:

LCTIPC1)HERC2PC1)CADPEPC1)|RFLPC1)SLCA4APCY),
R3HDM1LPC1)ACOX(PC3), an@TBDIPC3)

63 Population Structure, Migration, and Diversifying Selection in the Netherlands
(Abdellaovui et al, 2013)



HERC2 & eye color

} Highest, observedin PClor SNP in HERC2 gens8039195.
Stronglyassociatedvith eyecolorin severalGWASgp =7.8 x 10112
In currentdatase).
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HERC2 & eye color

} Highest, observedin PClor SNP in HERC2 geng8039195.
Stronglyassociatedvith eyecolorin severalGWASgp =7.8 x 10112
In currentdataset).

1 R Wwaere calculated for 3495 SNPs In

rs8039195 HIERC2)

Population cC cT T

and around HERC2 between Northerg— et o3t
European populations (British and  NorthemDuch .4 131 865
Finnish) and Southern EUrOpean  soumemouen 25 259 747
Eggglzﬁons (Iberian andoscan from  Peran RO
enomes.
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HERC2 & eye color

}

Highestk, observedn PCXor SNP in HERC2 geng8039193.
Stronglyassociatedvith eyecolorin severalGWASgp =7.8 x 10112
In currentdataset).

R a&ere calculated for 3495 SNPs in—, - 58039195 KIERC2)
and around HERC2 between Northerm— S Ta—
European populations (British and  NorthembDuch .4 131 865
. . British 1.2 21.4 77.4
Finnish) and Southern European Southern Dutch 2.3 239 737
populations (Iberian andloscam from 'Peran 0 800 500
Toscan 16.8 42.1 41.1

1000 Genomes.
Of the SNPs genotyped in the Dutch, rs8039195 had the highest
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HERC2 & eye color

Highestk, observedn PCXor SNP in HERC2 geng8039193.
Stronglyassociatedvith eyecolorin severalGWASgp =7.8 x 10112

}

In currentdataset).

R a&ere calculated for 3495 SNPs in—, - 58039195 KIERC2)
and around HERC2 between Northerm— S Ta—
European populations (British and  NorthembDuch .4 131 865
. . British 1.2 21.4 77.4
Finnish) and Southern European Southern Dutch 2.3 239 737
populations (Iberian andloscam from 'Peran 0 800 500
Toscan 16.8 42.1 41.1

1000 Genomes.

Of the SNPs genotyped in the Dutch, rs8039195 had the highest

Of all 3495 SNPs, highéstwas observed for rs12913832 (LD with
rs8039195r2 = ,394 DCx .993), the SNP with the largest effect on

human blue/brown eye color.
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ARTICLE

A Single SNP in an Evolutionary Conserved Region
within Intron 86 of the HERC2 Gene
Determines Human Blue-Brown Eye Color

Richard A. Sturm,!3 David L. Dufty,23 Zhen Zhen Zhao,? Fabio P.N. Leite,2 Mitchell S. Stark,?
Nicholas K. Hayward,? Nicholas G. Martin,? and Grant W. Montgomery2*

We have previously demonstrated that haplotypes of three single nucleotide polymorphisms (SNPs) within the firstintron of the OCA2
gene are extremely strongly associated with variation in human eye color. In the present work, we describe additional fine association
mapping of eye color SNPs in the intergenic region upstream of OCA2 and within the neighboring HERCZ2 (hectdomain and RLD2) gene.
We screened an additional 92 SNPs in 300-3000 European individuals and found that a single SNP in intron 86 of HERC2, 1512913832,
predicted eye color significantly better (ordinal logistic regression R* = 0.68, association LOD = 444) than our previous best OCA2 hap-
lotype. Comparison of sequence alignments of multiple species showed that this SNP lies in the center of a short highly conserved
sequence and that the blue-eye-associated allele (frequency 78%) breaks up this conserved sequence, part of which forms a consensus
binding site for the helicase-like transcription factor (HLTF). We were also able to demonstrate the OCA2 R419Q), rs1800407, coding SNP
acts as a penetrance modifier of this new HERCZ SNP for eye color, and somewhat independently, of melanoma risk. We conclude that
the conserved region amund represents a regulatory region controlling constitutive expression of OCAZ2 and that the C allele
at[rs12913832]leads to decreased expression of OCA2, particularly within iris melanocytes, which we postulate to be the ultimate cause of
blue eye color.

ESEARCH

HERC2[rs12913832 modulates human pigmentation by attenuating
chromatin-loop formation between a long-range enhancer and the
OCA2 promoter

Mijke Visser, Manfred Kayser and Robert-Jan Palstra

Genome Res. 2012 22: 446-455 originally published online January 10, 2012
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Using PCs artg, to identify loci under selection: results

} Othernotablegenesinclude
FTO (PC1): has been associated with BMI and obesity many times.

gILEEY
EIEEEY
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Using PCs artg, to identify loci under selection: results

1 Othernotablegenesinclude

FTO (PC1): has been associated with BMI and obesity many times.
LCT (PC1): influences the ability to digest lactose into adulthood.

Worldwide prevalence of lactose intolerance
in recent populations
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Using PCs artg, to identify loci under selection: results

1 Othernotablegenesinclude
} FTO (PC1): has been associated with BMI and obesity many times.
} LCT (PC1): influences the ability to digest lactose into adulthood.

+ HCP5 (HLA Complex P5 gene) from the MHC region. One of two genes
that appear in multiple PCs (PC1 & PC2), and plays a role in the immun
system. Strong divergence of genes from the HLA complex has been
observed in many human populations. Other immusiglated genes
that showed significant signals of selection in this study as well as
previous studies ardRF1(PC1)ACHPC1)LRRC4®EC2)PLCLIPC3),
andHSPDIPC3).
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Using PCs artg, to identify loci under selection: results

1 Othernotablegenesinclude
} FTO (PC1): has been associated with BMI and obesity many times.
} LCT (PC1): influences the ability to digest lactose into adulthood.

+ HCP5 (HLA Complex P5 gene) from the MHC region. One of two genes
that appear in multiple PCs (PC1 & PC2), and plays a role in the immun
system. Strong divergence of genes from the HLA complex has been
observed in many human populations. Other immusiglated genes
that showed significant signals of selection in this study as well as
previous studies ardRF1(PC1)ACHPC1)LRRC4®EC2)PLCLIPC3),
andHSPDIPCS3.

Bayescartanbe found here:htip://cmpo.unibe.ch/software/bayescan/
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http://cmpg.unibe.ch/software/bayescan/

Converting plink files to Bayescan format with
the script convert_to bayescan.pl

______________________ } dutch.bed
J dutchtped <) dutch.bim
} dutch.tfam "} dutch.fam

convert_to_bayescan.pl needs

A The populations you want to compare have to be coded as 1 and 2 in the
phenotype column (6th column) of the .tfam file.

A Use--pheno to update phenotypes :

Usage:
perl convert_to bayescan.pl dutch dutch_outputfile
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Geographic Distribution of Ancestry In
UK Biobank



biobank

Improving the health of future generations
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Produced by Small Area Health Statistics Unit
at Imperial College London

Assessment Current living Place of birth
centers address
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a2 NIy Q&

A measure o$patial autocorrelation

a2 N}Iy¥Da a2 NIHy@a a2 N}Iy¥-0a

Positive spatial No spatial Negative spatial

autocorrelation autocorrelation autocorrelation
Clustered Spatially random Dispersed
together
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Ancestry differences in Great Britain

+ Local authorities (378 areaskevenly spaced ceffs

PC1 PC2

a2 NIy Qa a2 NIy Q& a2 NIy Q& a2 NIy Q4 a2z NIy Qa
p<10 p<10 p<10 p<10* p<104
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Ancestry differences in Great Britain

1 MSOA: 8,436 areasevenly spaced ctffs

PC1 PC2 PC3 PC4

~A
ke

a2 NIy Qa a2 NIy Q& a2 NIy Q& a2 NIy Q4 a2z NIy Qa
p<10 p<10 p<10 p<10* p<104
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Ancestry differences in Great Britain

1 MSOA: 8,436 areasclassinterval cutoffs

PC1 PC2 PC3 PC4 PC5
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a2 NIy Qa a2 NIy Q& a2 NIy Q& a2 NIy Q4 a2z NIy Qa
p<10 p<10 p<10 p<10* p<104
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Ancestry differences in Great Britain

+ Local authorities: 378 aregsvenly spaced ctffs

PC8

a2 NIy Q& a2 NIy Q& a2 NIy ah a2 NIy QR a2z NIy aa
p<10* p<10* p<10* p< 10 p< 10
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Ancestry differences in Great Britain

a2 NIy Q@& a2 NIy Q&
p<10* p<10

PC8 , PC9 PC10
4 §
! t
2
) -

a2z Ny eh a2z Ny eh a2z NIy an
p<10* p<104 p< 10
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Ancestry differences in Great Britain

1 MSOA: 8,436 areasclassinterval cutoffs

PCé6 PC7

a2 NIy Q& a 2 NIy Q&
p<10* p<10*
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Ancestry differences in Great Britain

+ Local authorities: 378 aregsvenly spaced ctffs

PC11 PC12 PC13 PC14

00

L ra2dd 1y Qa
p< 10

L Tlaz2ddtyQa L rlazddnyQa L
p< 10 p< 10
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Ancestry differences in Great Britain

1 MSOA: 8,436 areasevenly spaced ctffs

PC11 PC12 PC13 PC14 PC15
& 5 & y & !

a2Nl yQa L lazdgtyQa L laz2ddnyQa L TlTazdNdwyQa L Ta2ddty Qa
p<10 p<10 p<10 p<10 p<10*

} 84 Genetic Consequences of Social Stratification in Great Britain (Abdellaoui et al, 2018)



Ancestry differences in Great Britain

1 MSOA: 8,436 areasclassinterval cutoffs

PC11 PC12 PC13 PC14 PC15
,& 1'! 3 4 8 ‘! 3

L ra2dd 1y Qa
p< 10

L Tlaz2ddtyQa L rlazddnyQa L
p< 10 p< 10
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Ancestry differences in Great Britain

+ Local authorities: 378 aregsvenly spaced ctffs

PC16 PC17 PC18 PC19

a 2 NI ¥ Q& a 2 NI ¥ QG a2 NIy 83 a 2 NIy 0% a 2 NIy 86t
p< 104 p=.002 p< 104 p< 104 p< 10
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Ancestry differences in Great Britain

1 MSOA: 8,436 areasevenly spaced ctffs

PC16 PC17 PC18 PC19 PC20
% % 4 ¥ : §

a z2 NIy Q@ a 2 NIy Q@ az2 NIy @& a2 NIy Q3 a 2 NIy G&
p<10* p=.002 p<10* p<10 p<10*
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Ancestry differences in Great Britain

1 MSOA: 8,436 areasclassinterval cutoffs

PC16 PC17 PC18 PC19 PC20

a 2 NI ¥ Q& a 2 NI ¥ QG a2 NIy 83 a 2 NIy 0% a 2 NIy 86t
p< 104 p=.002 p< 104 p< 104 p< 10
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Ancestry differences in Great Britain

a2 NIy Qn a2 NIy QR a2 NIy QA a2 NIy 8& a2 NIy Qa
p<10* p=3x16¢ p<10* p< 10 p< 10
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Ancestry differences in Great Britain

az NIy Qha az NIy Qh a z2 NIy QA a 2 NIy Q& a2 NIy Qa
p<10* p=3x16¢ p<10* p<10 p<10*
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Ancestry differences in Great Britain

1 MSOA: 8,436 areasclassinterval cutoffs

az NIy Qha az NIy Qh a z2 NIy QA a 2 NIy Q& az2 NJly Q&a
p<10* p=3x16¢ p<10* p< 10 p< 10
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