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The Genome-wide Patterns of Variation
Expose Significant Substructure
in a Founder Population

Eveliina Jakkula,1,2,16,18 Karola Rehnström,1,3,18 Teppo Varilo,1,3 Olli P.H. Pietiläinen,1 Tiina Paunio,1,4

Nancy L. Pedersen,5 Ulf deFaire,6 Marjo-Riitta Järvelin,7,8 Juha Saharinen,1,9 Nelson Freimer,10,11,12

Samuli Ripatti,1,5 Shaun Purcell,2,13 Andrew Collins,14 Mark J. Daly,2,13 Aarno Palotie,2,15,16,17

and Leena Peltonen1,2,3,15,*

Although high-density SNP genotyping platforms generate a momentum for detailed genome-wide association (GWA) studies, an

offshoot is a new insight into population genetics. Here, we present an example in one of the best-known founder populations by

scrutinizing ten distinct Finnish early- and late-settlement subpopulations. By determining genetic distances, homozygosity, and

patterns of linkage disequilibrium, we demonstrate that population substructure, and even individual ancestry, is detectable at a very

high resolution and supports the concept of multiple historical bottlenecks resulting from consecutive founder effects. Given that

genetic studies are currently aiming at identifying smaller and smaller genetic effects, recognizing and controlling for population

substructure even at this fine level becomes imperative to avoid confounding and spurious associations. This study provides an example

of the power of GWA data sets to demonstrate stratification caused by population history even within a seemingly homogeneous pop-

ulation, like the Finns. Further, the results provide interesting lessons concerning the impact of population history on the genome

landscape of humans, as well as approaches to identify rare variants enriched in these subpopulations.
The abundance of high-resolution, genome-wide SNP data

has recently provided a new level of insight into popula-

tion structure across populations.1–4 However, only limited

knowledge exists concerning the population structure

within population isolates, which have traditionally been

considered to show reduced genetic diversity. The Finnish

population provides an interesting example of population

history in which the structure has been molded by both

old and relatively recent events. Compared to mainland

Europe, the genome of Finns exhibits a decrease of genetic

diversity5 and an increase in linkage disequilibrium (LD)6,7

that are hallmarks of populations with a recent founding

bottleneck. Numerous Mendelian disease genes have

been identified taking advantage of this fact and it has

been proposed that gene mapping for more complex

traits should also be especially advantageous in this

population.6,8

The population history of Finland is well known. The

region has been inhabited for 10,000 years, but two major

migration waves have mostly molded the gene pool of

current Finns. The first wave approximately 4000 years

ago came from the east, whereas the second came from
The American
the south and west some 2000 years ago. For centuries,

only the coastal regions were inhabited, often referred to

as an early-settlement region (Figure S1 available online).

A third, major migratory movement was internal and orig-

inated from a limited region in the early settlement in the

sixteenth century resulting in the late settlement (Fig-

ure S1)—geographically wide inland areas in the northern

and eastern parts of the country became slowly inhabited,

each village established by a small number of settlers

resulting in genetically distinct subpopulations isolated

by distance.9

Thus, the populations of the subisolates all originate

from the initial early-settlement population representing

the outcomes of classical bottleneck effects. In this study,

we use samples carefully ascertained from these subisolates

in different regions of Finland to demonstrate the impact

of fine-scale population history on genetic substructure

of an isolated population by utilizing genome-wide SNP

data.

We sampled individuals on the basis of the birthplaces of

the parents (91% known) from ten geographical regions

that represent distinct eras in the population history of
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Figure 1. Population Substructure
(A) Results of multidimensional scaling in
the subisolates as well as the Helsinki,
Swedish, and CEU populations.
(B) Geographical locations of the subiso-
lates.
(C) Results of multidimensional scaling in
the subisolates shown on the map in 1b.
The following abbreviations are used: CEU,
HapMap CEPH; SWE, Sweden; HEL, Helsinki;
ESS, early-settlement south; ESW1, early-
settlement west 1; ESW2, early-settlement
west 2; ESN, early-settlement north; LSW,
late-settlement west; LSC, late-settlement
central; LSN, late-settlement north; ISS,
isolate south; ISC, isolate central; and
ISN, isolate north.
Finland to study the effect of bottlenecks and isolation.

The parents were born before the 1950s excluding most

of the genetic admixture by the migratory movement of

industrialization after the Second World War. Studies on

rare Finnish genetic diseases have demonstrated that the

birthplaces of grandparents reveal the geographical origin

of the founder mutation, even though patients themselves

show no distinct geographical clustering.10–12

We ascertained samples from four regions of the early

settlement: the south coastal region (early-settlement

south [ESS]), South Oulu (early-settlement west [ESW1]),

North Oulu (ESW2), and the Tornio-River valley in West

Lapland (early-settlement north [ESN]) (Figure 1B). Sam-

ples from South Ostrobothnia (late-settlement west

[LSW]), Central Finland (late-settlement central [LSC])

and Central Lapland (late-settlement north [LSN]) were as-

certained to represent older regions of the late settlement

established 500–1000 years ago. To represent the youngest

subisolates in northeastern Finland established 300–400

years ago as a result of the internal migration in the

sixteenth century (from south to north), we ascertained in-

dividuals from South Kainuu (isolate south [ISS]), North

Kainuu (isolate central [ISC]), and East Lapland (isolate

north [ISN]) (Figure 1B). We constructed all the subisolates

according to time scale of inhabitation, taking into

account the Finnish dialect borders and their subdivision,

which is known to correspond precisely to their popula-

tion history. In addition, 162 anonymous individuals

from the capital region of Helsinki (HEL), which has

experienced substantial migration from other regions,

especially after World War II, were selected to represent

the general admixture of the current Finnish population.

To compare the data with the neighboring country that

has shared hundreds of years of history with Finland, we

included 302 Swedish individuals (SWE). Thus, the total

study sample is 1395 individuals.
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Samples were collected across Finland and Sweden as

part of larger studies and the summary data for each popu-

lation group are presented in Table S1 available online. The

Swedish samples (SWE, n ¼ 302) are a subset of the

GenomeEUtwin study and consist of female monozygotic

twins13 with no data for the birthplace of the parents. The

Health2000 cohort is a national sample originally collected

to provide a comprehensive picture of health in the popu-

lation aged over 18 in Finland in the years 2000–2001.14

Genome-wide (GW) SNP data as well as information

concerning parents’ birthplaces was available for a subset

of 341 individuals. The Northern Finland Birth Cohort

1966 (NFBC66) is a longitudinal birth cohort of

individuals born in the two most northern provinces in

Finland in 1966.15 GW SNP data as well as information

about parents’ birthplaces was available for 1869 individ-

uals. GW SNP data, but only limited information about

parents’ birthplaces, were available for samples from South

Ostrobothnia (LSW) and Central Finland (LSC). Thus, we

had samples that were collected within a particular geo-

graphically limited region in Finland, LSW and LSC, and

these groups were augmented by samples from the popula-

tion-based cohorts. Sample groups for the remaining

regions (ESS, ESW1, ESW2, ESN, LSN, ISS, ISC, and ISN)

were created with samples from NFBC66 and Health2000

and only individuals with both parents born within the

geographically restricted regions were included. The popu-

lation controls from Helsinki are part of a Finnish-US

collaborative project studying the genetic basis of brain

aneurysms. All study samples were kept anonymous with

no possibility of identification of individual subjects.

This study has been approved by the ethical committees

of the Joint Authority for the Hospital District of Helsinki

and Uusimaa, Finland.

Genomic DNA was genotyped with the Illumina 300K

platforms (Table S1). The genotyping for three groups
er 12, 2008



was performed at the Broad Institute, Cambridge, MA,

USA. Samples from LSW and LSC were genotyped with

the Illumina HumanHap300 chip and NFBC66 with the

HumanCNV370-duo chip (Illumina, San Diego, CA USA).

Health2000 samples were genotyped at DeCode Genetics

in Reykjavik, Iceland, with the Illumina HumanHap300-

duo chip. The genotyping for the Swedish samples was

performed with the HumanHap300-duo chip in Uppsala,

Sweden, (Table S1). The genotyping for Helsinki samples

was performed with the HumanCNV370-duo chip at Yale

University, School of Medicine, New Haven, CT, USA.

The genotyping was performed according to the manufac-

turer’s instruction.

Given that the samples were genotyped with three

different SNP chips, we first compared the SNP content

between Illumina HumanHap300 (317K SNPs), Human-

Hap300-duo (318K SNPs), and HumanCNV370-duo chips.

All the SNPs on the HumanHap300-duo were present on

the HumanCNV370 chip, whereas ~314K SNPs from the

HumanHap300 were also present on the HumanHap300-

duo and the HumanCNV370-duo chips. All SNPs were

called on TOP-strand orientation with same GeneCall

criteria and Illumina’s default genotype cluster positions

in each project. Common SNPs between all chip types

were extracted from each data set after quality check:

SNPs and samples with success rate <95% in each study

set were excluded. Genotype data were combined with

PLINK and a strict threshold of success (R99%) was re-

quired for SNPs to be accepted. The final data set consisted

of 231,116 SNPs and the average genotyping success rate

was>99.6% in each subpopulation (Table S1). All genomic

positions are given according to NCBI build 35.

Analyses of the genome-wide SNP data were performed

with PLINK16 and Eigensoft 2.0.17 Estimation of the pro-

portion of the genome shared identical by descent (IBD)

was performed with PLINK to identify closely related indi-

viduals. We excluded one individual from all pairs sharing

> 10% of their genome IBD (n¼ 50) to remove first, second

and third degree relatives. Hardy-Weinberg equilibria were

calculated in PLINK using the exact option and including

all unrelated samples in each subpopulation.

Population stratification analyses were performed with

all autosomal SNPs passing QC measures. First the propor-

tion of alleles shared IBS between all pairs of individuals

was determined and standard classical (metric) multidi-

mensional scaling was used to extract the first four dimen-

sions from the data in the IBS-sharing matrix for visualiza-

tion. To estimate the difference of IBS-sharing between

each of the subisolates and the general Finnish population,

we permuted the group membership labels between the

subisolates and the general Finnish population 10,000

times. Empirical p values for the difference between groups

were calculated from the average IBS sharing within and

between groups. Principal components and their statistical

significance were determined with Eigensoft 2.0 with

autosomal SNPs.17 Statistical significance between popula-

tions was evaluated by summing the Anova significance
The American
statistics for the ten most significant eigenvectors. The

result is approximate to a chi-square test with 10 degrees

of freedom. Fst analysis was performed for all pairs of

populations with allele frequencies for all autosomal

SNPs as described in Li et al.2

We performed multidimensional scaling (MDS) of pair-

wise identity by state (IBS) sharing data to delineate and

visualize the population structure both within Finland as

well as with respect to the Swedish and the HapMap Euro-

pean (CEU) population (Figure 1A and Figure S2). As ex-

pected on the basis of the origins of Scandinavian popula-

tions, both Finns and Swedes resemble CEU, with some of

the most northern Finns clustering slightly closer to the

Asians, potentially reflecting the ‘‘Eastern’’ migration

wave in the inhabitation of Finland. However, PCA analy-

sis of several European populations reported that Finns do

not cluster with other European populations.18 Average ge-

nome-wide IBS sharing was higher within the CEU, Finns,

and Swedes than between groups, with the highest similar-

ities within the Finns (Figure S3). Interestingly, the two pri-

mary dimensions of the MDS analysis of Finns correspond

remarkably well to the east-west and north-south direc-

tions, respectively, in concordance with the direction of

the internal migration (Figure 1C). Principal component

analysis with Eigensoft show that the first two principal

components explain 29% of the variance observed in the

data (Table S2 and Figure S4). The first three principal com-

ponents reflect small differences over the whole genome

and are not driven by a few highly significant loci (Figures

S5 and S6). The additional principal components added lit-

tle information for the resolution of subgroups but show

high statistical significance (Figure S7 and Table S2). The

youngest subisolates in northeastern Finland (ISS, ISC,

and ISN) showed highest IBS similarity (Figure S3) and in

these subisolates separation into neighboring municipali-

ties is possible on an exceptionally fine scale even on the

north-south gradient (Figure S8). This reflects the time

scale of migration and founder effect followed by strong

isolation. Accordingly, recent genome-wide SNP data

collected from the study sample ascertained from the west-

ern coast of Finland reported that the first two principal

components correspond to geographical origin of sam-

ples.19 Similar results suggesting east-west differences

were recently reported in a small-scale study of genome-

wide association (GWA) data.20

An east-west boundary line dividing Finland from north-

west to southeast and reflecting a relative migration block

was formed in 1323 by the border defined in the peace

treaty between Russia and Sweden and lasted for several

centuries ending with the internal migration in the six-

teenth century. This border defined ‘‘Eastern’’ and Western

parts of the country for centuries and has created differ-

ences in anthropological features, dialects, and prevalence

of various traits such as cardiovascular diseases still

observed today.21 Our high-density genome-wide SNP

data would relate the western Finland early settlement

close to other European populations, as previously
Journal of Human Genetics 83, 787–794, December 12, 2008 789



suggested by Y chromosome data.22 This would be in line

with the recent GWA-based studies of the substructure of

European populations that revealed principal components

corresponding to north-south distinction and, if only the

northern European populations were included, distinction

on an east-west gradient.3,4

In general, the average IBS similarity within subgroups

was greater than between groups, suggesting true genetic

subpopulations agreeing with the well-documented multi-

ple bottlenecks in Finnish population history. We deter-

mined an empirical p value for the differences in IBS shar-

ing between each of the subgroups and the general Finnish

population (HEL) by permuting the group membership

10,000 times and calculated average IBS sharing within

and between groups. Significant differences were observed

except for ESS and LSC (Table 1 and Figure S3), and these

results were confirmed with the population differentiation

test of Eigensoft (Table S3). To further illustrate the effects

this substructure would have on a case-control GWA study

in which cases were genealogically ascertained from

a strictly defined subisolate and controls represent a more

admixed population, we calculated the genomic inflation

factor (l)23 in each subisolate versus the HEL population

(Table 1 and Figure S9). All subisolates except for ESS

show l > 1.05, an indication of inflation of the median

test statistic. Thus, a priori information of the geographical

origin of cases and controls is beneficial when association

studies are planned and performed, even within popula-

tion isolates. We also calculated Fst for all pairs of popula-

tions to obtain a measure of subpopulation difference that

is less sensitive to sample size. The results agree with the

MDS- and IBS-sharing results, with largest differences

between the most eastern and most western subpopula-

tions, and when compared to the HEL population, highest

Fst was observed in the youngest subisolates (Table 2). The

Table 1. Tests of Differences between the Subisolates and
the General Finnish Population

Between-Group IBS
Difference Test Genomic Inflation Factor

CEU <1.0E-05 2.063

SWE <1.0E-05 2.941

ESSa 0.484 1.023

ESW1a <1.0E-05 1.331

ESW2a <1.0E-05 1.220

ESNa <1.0E-05 1.503

LSWb 0.001 1.248

LSCb 0.998 1.100

LSNb <1.0E-05 1.563

ISSc <1.0E-05 1.570

ISCc <1.0E-05 1.782

ISNc 1.5E-04 1.562

Values for the IBS test are p values, and median chi-square values for the

genomic inflation factor. Population abbreviations are the same as those

used in Figure 1.
a Early settlement.
b Late Settlement.
c Isolate.
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Fst values separating the most-western Finnish popula-

tions from the most-eastern ones are of the same magni-

tude as Fst values obtained with GWA data from individ-

uals with Northwest and Southeast European ancestry,

indicating substantial differences in subpopulations

within Finland.4

Next, we addressed the LD to further explore the geno-

mic structure of the subpopulations. For analysis of LD,

the square correlation coefficient (r2)24 was calculated in

70 SNP windows for all SNPs passing QC on chromosomes

22 and 3q (n ¼ 3960 and n ¼ 7824, respectively) as chro-

mosome 22 has been used in a previous study addressing

LD in global population isolates.6 Chromosome 3q was

randomly chosen to confirm that the LD structure was

not a chromosome-specific artifact for chromosome 22.

Linkage disequilibrium unit (LDU) maps were constructed

for the same chromosomes with the LDMAP program.6,25

The LDU scale is constructed from the product of physical

(kb) distance and a parameter describing the exponential

decline in association with distance computed for each

interval between adjacent SNPs. The resultant map has ad-

ditive distances and is an LD analog of the linkage map.

Whereas the contours of the map correspond strongly to

the linkage map, the overall map lengths reflect time since

an effective population bottleneck. Map intervals with

LDU R 2.5 are termed ‘‘holes,’’ and these align closely

with regions of intense recombination6 but may also

reflect local variations in marker coverage.

The proportion of SNP pairs in different r2 bins are

presented in Figure 2A. Similar results were obtained for

chromosome 3q (Figure S10). The late-settlement regions

display more SNP pairs in high LD bins compared to

both the general Finnish and Swedish populations. The ex-

tent of LD, as well as the number of SNP pairs in high LD

(r2> 0.7) located>20 kb apart, was highest in the youngest

subisolates and significantly higher in all subisolates com-

pared to the general Finnish, Swedish, and CEU popula-

tions (Figures 2B and 2C and Figure S11).

To complement the pairwise LD analysis, and quantita-

tively describe the effects of recombination on LD over

the whole chromosome, we constructed comprehensive

LD maps for chromosome 22.25 The length of the LD map

is inversely related to the extent of LD over a given chro-

mosomal segment, and therefore shorter LD maps are ob-

served in recently founded population isolates compared

with older and more heterogeneous populations. As have

previous investigations, we observed different map lengths

between Finnish subpopulations (Figure 3A). Indeed, the

map lengths observed in this study agree with those re-

ported earlier, with ISC having a LD map length of only

393 LDU corresponding to 368 LDU observed previously

in the Eastern subisolate of Kuusamo and HEL here show-

ing similar map length (606.8) compared to 606.5 LDU in

a previous sample representing the general Finnish popula-

tion (Table 3).6 The relatively large map lengths observed

in LSW and LSC do not agree with results obtained in the

pairwise r2 comparisons (Figure 2) and may reflect a greater
er 12, 2008



Table 2. Fst Values for Subpopulations

CEU SWE HEL ESS ESW1 ESW2 ESN LSW LSN LSC ISS ISC ISN

CEU 0.001 0.007 0.006 0.007 0.008 0.008 0.007 0.009 0.009 0.012 0.012 0.011

SWE 0.001 0.005 0.004 0.005 0.006 0.006 0.005 0.007 0.007 0.010 0.010 0.009

HEL 0.007 0.005 0.000 0.001 0.001 0.002 0.001 0.002 0.001 0.002 0.004 0.003

ESS 0.006 0.004 0.000 0.001 0.001 0.003 0.002 0.002 0.001 0.003 0.004 0.004

ESW1 0.007 0.005 0.001 0.001 0.001 0.003 0.002 0.003 0.001 0.003 0.004 0.004

ESW2 0.008 0.006 0.001 0.001 0.001 0.003 0.002 0.002 0.001 0.002 0.003 0.003

ESN 0.008 0.006 0.002 0.003 0.003 0.003 0.003 0.002 0.004 0.005 0.006 0.005

LSW 0.007 0.005 0.001 0.002 0.002 0.002 0.003 0.004 0.003 0.005 0.006 0.005

LSN 0.009 0.007 0.002 0.002 0.003 0.002 0.002 0.004 0.003 0.004 0.004 0.002

LSC 0.009 0.007 0.001 0.001 0.001 0.001 0.004 0.003 0.003 0.002 0.003 0.004

ISS 0.012 0.010 0.002 0.003 0.003 0.002 0.005 0.005 0.004 0.002 0.003 0.004

ISC 0.012 0.010 0.004 0.004 0.004 0.003 0.006 0.006 0.004 0.003 0.003 0.004

ISN 0.011 0.009 0.003 0.004 0.004 0.003 0.005 0.005 0.002 0.004 0.004 0.004

Population abbreviations are the same as those used in Figure 1.
degree of genetic heterogeneity within these groups (for

which genealogical information was limited). Maps were
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Figure 2. Distribution of Correlation, Represented by r2,
between Pairs of SNPs on Chromosome 22
(A) Proportion of SNP pairs within different r2 bins the subpopula-
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(B) Proportion of SNP pairs with r2 > 0.7 within different SNP
distance bins in the subpopulations.
(C) Correlation between physical distance and r2. The average
r2 was estimated in successive windows of 5000 SNP pairs
(4000 SNP pair overlap). Population abbreviations are the same
as those used in Figure 1.
The American
also constructed for chromosome 3q, and map lengths

between chromosomes show high correlation (Figure S12).

We also investigated the number and chromosomal distri-

bution of LD ‘‘holes,’’ which corresponds to a gap of

>2.5 LDU between adjacent SNPs (Figures 3B and 3C and

Table 3), and populations with longer maps displayed in

general more LD holes.

Our results agree with previous results in which Finns,

particularly those from late-settlement regions of Northern

Finland, exhibited high LD and fewer LD holes compared

with other well-defined isolates worldwide.6 Furthermore,

the fact that LD maps obtained here closely resemble ear-

lier observations from Finnish subpopulations supports

the hypothesis that LD map lengths can be considered

characteristic for a given population.

The results of this study imply genetic heterogeneity of

the Finnish subpopulations, and the role of multiple bot-

tlenecks and isolation on the patterns of genetic variance

observed today. In particular, the increased LD in these

subisolates could be beneficial for shared segment-based

gene identification studies of rare alleles behind common

diseases, especially since the prevalence of some complex

disorders and especially their familial forms is distinctly

higher in some subisolates compared to the general Finn-

ish population.26,27 Conversely, the genetic variability

observed here between subpopulations suggests that in

the design of case-control association studies attention be

paid to the degree to which cases and controls are matched

with respect to subpopulation of origin.

Next, we determined the number and the length of

extended regions of homozygosity (ROHs). A ROH was de-

fined as a segment exceeding 1 Mb and having 100 consec-

utive homozygous SNPs with a SNP density of at least

1 SNP per 50 kb. In each homozygous segment, two hetero-

zygous and/or missing genotypes were allowed. The B

allele frequency and log R ratio was visualized with Illu-

mina BeadStudio 3.1.0 Genome viewer and inspected for

each sample for regions with homozygous segments over

10 Mb to exclude structural variation.28 Inbreeding coeffi-

cients were estimated for each individual, and means for
Journal of Human Genetics 83, 787–794, December 12, 2008 791



each subpopulation were calculated to compare popula-

tions.

First, we identified ROHs of over 1 Mb and 100 SNPs in

the autosomes in concordance with methods used else-

where.29 The number of ROHs and their median length

was highest in the youngest subpopulations gradually

diminishing in older and more outbred populations (Fig-

ure 4). First-cousin marriages were illegal for centuries

and have thus been rare in Finland.30 We estimated in-

breeding coefficients (F) for each subpopulation and only

1.65% of individuals revealed F corresponding to first-

cousin marriage (F ¼ 0.025–0.07), whereas 8.7% had F cor-

responding to second-cousin marriage (F ¼ 0.01–0.025). F

estimates did not vary between subpopulations (data not

shown). Common overlapping ROHs (R60 Finns) over

1 Mb include 6p21 and 2q21-q22, which are known to be

under selection and correspond with previous findings29

(Table S4).

A high number of extremely long ROHs were identified

(1523 ROHs R 5 Mb and 389 ROHs R 10 Mb in length)
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Figure 3. LD Maps for Chromosome 22
(A) Comparison of physical distance to LDUs using LD maps. Open
circles represent the genetic map and corresponds to the x axis on
the right side of the figure.
(B) Physical distribution of LD holes, defined by gaps of >2.5 LDU
in the LD map.
(C) Total number of LD holes. Population abbreviations are the
same as those used in Figure 1.
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in Finns, distributed seemingly evenly without obvious

hotspots (Figure S13 and Table S5). Manual inspection of

the raw intensity plots of these regions revealed no large-

scale deletions. The proportion of individuals having at

least one ROH exceeding 5 Mb was highest (up to 90%)

in the youngest subpopulations (Figure S14). In compari-

son, only 9.5% of individuals from the US population

had similar ROHs,28 and ROHs of over 3 Mb were found

only in 18.9% of HapMap samples.31 Individuals of Pakis-

tani and Arab origin whose parents were first cousins were

reported to have mean genome homozygosity of 11% and

each individual had on average 20 ROHs over 3 cM, when

Affymetrix 10K SNP data were used.32 In comparison,

when ROHs greater than 1 Mb are considered, Finns

have mean genome homozygosity ranging from 0.9% in

the early-settlement (ESS) population to 2.0% in ISC (Table

S6). Thus, the Finns exhibit a substantial degree of homo-

zygosity as expected on the basis of the population history,

but this is not comparable to the extent observed for tribes

and populations with the culture of consanguineous mar-

riages. The increased number of extended ROHs and their

even distribution across the genome in younger subisolates

is most probably due to autozygosity and reflects the fewer

number of founders and subtle increases in relatedness in

individuals from subisolates as seen in IBS-sharing compar-

isons. The opportunity to use homozygous segments to

identify rare alleles has already been utilized successfully

in Finland to identify Mendelian mutations such as those

behind Meckel syndrome (MIM 612284).33 This strategy

could offer an avenue also for the tagging of recessive

variants in complex disorders with common SNPs.

In conclusion, we demonstrate the power of genome-

wide SNP data in revealing fine-scale population variation

even within a founder population such as Finland that is

overall substantially more genetically homogeneous than

most populations. The patterns identified in such genetic

Table 3. Properties of LD Maps

Population
Length of LD
Map (LDU)

LD Holes
(number)

LD Holes
(kb span)

CEU 939.7 70 1239

SWE 778.1 32 1536

HEL 606.8 10 580

ESSa 743.3 23 1178

ESW1a 524.2 4 535

ESW2a 527.4 5 684

ESNa 560.0 9 390

LSWb 686.9 30 732

LSCb 693.2 45 1141

LSNb 529.6 4 369

ISSc 443.9 5 817

ISCc 393.1 1 338

ISNc 494.7 6 384

LD holes are defined as a gap of >2.5 LDU between adjacent markers.

Population abbreviations are the same as those used in Figure 1.
a Early settlement.
b Late Settlement.
c Isolate.
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Figure 4. Properties of Extended Runs of Homozygosity in the Different Populations
(A) Distribution of number of homozygous segments over 1 Mb per individual.
(B) Distribution of the length of homozygous segments over 1 Mb. For clarity, outliers are omitted and is shown in Figure S15. Maximum
homozygous segment size is indicated with circles, corresponding to the x axis on the right-hand side of the figure.
(C) The total length of chromosomal regions (in Mbs) covered by homozygous segments per individual. The median is indicated by the
horizontal line, bars extend to the first and third quartile and error bars extend to 1.53 the interquartile range from the first or third
quartile. Open circles indicate observations located more than 1.53 the interquartile range from the first or third quartile. Population
abbreviations are the same as those used in Figure 1.
data correlate remarkably well with population subdivi-

sions based on historical and linguistic information and

clarify the impact of consecutive historical bottlenecks

and founder effects on the current population today, as re-

flected in measures of LD and homozygosity. In Iceland,

another population representing multiple founder effects,

in a study of autosomal STR data, revealed significant sub-

structure similarly corresponding to geographical origin.34

We further conclude that dense and genome-wide infor-

mation is crucial to draw reliable conclusions about fine

population substructure in the design of gene-mapping

strategies. In this study, several measures of genome-wide

properties strongly agree with results from previous

genetic studies and reveal significant heterogeneity in

subpopulations corresponding with known historical

migration patterns. These special populations may be help-

ful in identifying possible rare variants that are likely to be

enriched in particular subpopulations and thus aid in

unraveling the genetic architecture of complex traits.

Supplemental Data

Supplemental Data include fifteen figures and six tables and can be

found with this article online at http://www.ajhg.org/.
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