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Abstract Population-based methods for the genetic
mapping of adaptive traits and the analysis of natural
selection require that the population structure and
demographic history of a species are taken into account.
We characterized geographic patterns of genetic varia-
tion in the model plant Arabidopsis thaliana by geno-
typing 115 genome-wide single nucleotide polymorphism
(SNP) markers in 351 accessions from the whole species
range using a matrix-assisted laser desorption/ionization
time-of-flight assay, and by sequencing of nine unlinked
short genomic regions in a subset of 64 accessions. The
observed frequency distribution of SNPs is not consis-
tent with a constant-size neutral model of sequence
polymorphism due to an excess of rare polymorphisms.

There is evidence for a significant population structure
as indicated by differences in genetic diversity between
geographic regions. Accessions from Central Asia have a
low level of polymorphism and an increased level of
genome-wide linkage disequilibrium (LD) relative to
accessions from the Iberian Peninsula and Central
Europe. Cluster analysis with the structure pro-
gram grouped Eurasian accessions into K=6 clusters.
Accessions from the Iberian Peninsula and from Central
Asia constitute distinct populations, whereas Central
and Eastern European accessions represent admixed
populations in which genomes were reshuffled by his-
torical recombination events. These patterns likely result
from a rapid postglacial recolonization of Eurasia from
glacial refugial populations. Our analyses suggest that
mapping populations for association or LD map-
ping should be chosen from regional rather than a
species-wide sample or identified genetically as sets of
individuals with similar average genetic distances.

Introduction

Genetic variation within a species is influenced by
evolutionary processes that affect the whole genome
like demographic history and the breeding system, or
that are variable across the genome like recombination
rate, mutation rate, or selection. The pattern of genetic
variation observed at any given locus has been gener-
ated by a combination of genome-wide and locus-
specific factors. This has the consequence that the
demographic history of a species needs to be accounted
for in methods that utilize natural variation for map-
ping of genes involved in phenotypic variation [e.g.,
linkage disequilibrium (LD) mapping]. A significant
association between genotypic and phenotypic varia-
tion may result from unrecognized population structure
rather than from a causal relationship between geno-
typic and phenotypic variation at a given locus and
lead to false positive associations (Pritchard and
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Rosenberg 1999). In a similar fashion, a test of the
hypothesis that genetic variation at a locus was influ-
enced by selection requires disentangling the effects of
different evolutionary processes on genetic variation.

The model plant Arabidopsis thaliana (L.) Heynh.
exhibits a high level of genetic and phenotypic diversity
(Mitchell-Olds 2001; Koornneef et al. 2004), and
genomic resources are available to analyze this varia-
tion (Borevitz and Nordborg 2003). Genetic diversity
was examined using a variety of genetic markers
including allozymes (Abbott and Gomes 1989), RFLPs
(Bergelson et al. 1998), AFLPs (Miyashita et al. 1999;
Sharbel et al. 2000), microsatellites (Kuittinen et al.
1997; Vander Zwan et al. 2000) and sequence surveys
of single genes (reviewed by Wright and Gaut 2005). In
early studies, no correlation between genetic and
geographic distance was found in samples representing
the whole species range that includes Eurasia, North
Africa, North America and East Asia (e.g., Miyashita
et al. 1998; Bergelson et al. 1998). This was explained
by a preference for disturbed habitats such as agricul-
tural fields. A close association with human agriculture
may have obscured historical patterns. In contrast,
more recent studies uncovered the existence of a
large-scale population structure (Sharbel et al. 2000;
Nordborg et al. 2005). Sharbel et al. (2000) proposed a
demographic model with glacial refugia on the Iberian
Peninsula and Central Asia and a subsequent admix-
ture of these populations in Central and Eastern
Europe since the last glaciation.

Here we further characterize the population struc-
ture of A. thaliana by analyzing single nucleotide
polymorphisms (SNPs). SNPs are abundant in the
genome of A. thaliana (Jander et al. 2002; Schmid
et al. 2003; Nordborg et al. 2005) and are useful
markers for phylogeographic analyses (Brumfield et al.
2003), although ascertainment bias needs to be con-
sidered (Morin et al. 2004). We utilize a set of
‘framework’ SNP markers that are evenly distributed
throughout the genome, separated by an average dis-
tance of 1.13 Mb (Törjék et al. 2003). To evaluate the
effect of SNP ascertainment bias, we also sequenced a
subset of the accessions at nine, short, randomly
chosen loci. We analyze the current geographic pop-
ulation structure using a large number of accessions
and compare levels of genetic variation between pop-
ulations from different geographic regions in Eurasia
to characterize demographic processes that may con-
tribute to a genome-wide departure from a neutral
model of sequence polymorphism (Schmid et al. 2005).
The present survey includes nearly all natural acces-
sions that were available from Arabidopsis stock
centers in 2003, and an additional set of accessions
that was recently collected in Central Asia, in one of
the putative refugia. We find different levels of genetic
diversity among geographic regions in the native spe-
cies range and the existence of a large-scale population
substructure.

Materials and methods

Plant material

Seeds of accessions analyzed were obtained from various
sources. Accessions available through the Arabidopsis
stock centers include Col-0 from G. Rédei (Univ. of
Missouri-Columbia, USA); C24 from JP Hernalsteens
(Vrije Universiteit Brussels, Belgium); Landsberg erecta
from M. Koornneef (Wageningen University, Nether-
lands); Ag-0, An, Bch-1, Bur, Cal, Co, Cvi, Ei, Eil-0, Gr,
Hi, Lip-0, Lm, Lu, Ob-0, Old-1, Per, Oy, Sue, Sg-1 and
Te from S. Misera (Institut für Pflanzengenetik und
Kulturpflanzenforschung, Gatersleben, Germany); a
further 286 accessions from the Nottingham Arabidop-
sis Stock Center (NASC), the Arabidopsis Biological
Resource Center (ABRC), Columbus, Ohio, and the
SENDAI Arabidopsis seed stock center (SASSC),
Sendai, Japan. An additional 41 accessions were in-
cluded that originate from various locations in Russia
and Uzbekistan (Schmuths et al. 2004). These accessions
were collected in 2001 and 2002 by H. S. and M. H.
Accessions were grouped into the following seven geo-
graphical regions: Scandinavia; British Isles, Central
Europe (northern coast to the Alps); Iberian Peninsula;
Southern Italy (south of the Po valley); Asia and Africa
to reflect the physical barriers separating geographical
regions during glaciation and include several refugial
areas (Hewitt 1999).

SNP markers

Single nucleotide polymorphism markers used in this
study are a subset of polymorphisms detected in a survey
of 13 A. thaliana accessions (Schmid et al. 2003; Törjék
et al. 2003). A framework set of 115 SNPs was identified
from all available markers based on the following cri-
teria (Törjék et al. 2003): (1) SNPs are polymorphic
between the C24 and Col-0 accessions because they are
also utilized for genotyping mapping populations de-
rived from these two accessions; (2) a physical distance
of ca. 1.15 Mb between adjacent SNPs (Fig. S1); (3)
SNPs that were polymorphic between Ler and Col-0 in
addition to C24/Col were preferred (n=62).

DNA isolation and genotyping

Genomic DNA was extracted from 50 mg leaf tissue of
two to three plants each using the NucleoSpin Multi-96
Plant kit (Macherey-Nagel, Düren, Germany) or the
DNA easy extraction kit (QIAGEN, Hilden, Germany).
All accessions were genotyped with the set of 115 SNP
markers, established for matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-ToF) analysis
(performed by GAG-Bioscience GmbH, Bremen,

1105



Germany). A subset of SNPs was genotyped in a smaller
number of accessions using the SNaPshot� method
(Applied Biosystems). Both MALDI-ToF analysis and
SNaPshot� reactions were carried out as described
(Törjék et al. 2003). Accessions with >20% missing
data (n=7) and heterozygous genotypes (>5% of SNPs;
n=9) were excluded from further analysis.

Error rate of SNP genotyping

The MALDI-ToF genotyping technology can have an
error rate of up to 5% (Bray et al. 2001). We assessed the
reliability of the MALDI-ToF genotypes using two ap-
proaches. First, five randomly chosen accessions were
genotyped twice by MALDI-ToF with the whole set of
SNP markers. Among the five duplicate sets
(5·115=575 comparisons), 521 genotypes (86.6%)
could be obtained from both duplicates. Among these,
only one (0.2%) differed between two duplicates.
Second, we resequenced 29 SNPs from 16 accessions
(464 genotypes) with the SNaPshot� method. From the
resequenced genotypes, 408 (87.9%) could be obtained
from both replicates. Four genotypes (0.98%) differed
between the MALDI-ToF and SNaPshot assays, and
among those, three were determined to be heterozygous
by either MALDI-ToF or SNaPshot assays. These
controls indicate an overall error rate of less than 1%.

Analysis of SNP data

The frequency distribution of SNP markers was
corrected for ascertainment bias and compared to a
distribution based on the neutral equilibrium model as
described by Nielsen et al. (2004). To reconstitute the
unbiased allele frequency distribution, we used their
base model, which assumes that the ascertainment
sample of two accessions (Col-0 and C24) is part of
the total sample of accessions. The maximum likeli-
hood (ML) estimate of the corrected frequency distri-
bution P=(p1,p2,...,pn�1) where pi is the frequency of
SNPs with the mutant allele frequency of i in a sample
of n chromosomes, was calculated using Eq. 3 of
Nielsen et al. (2004). The ML of estimated bP was
compared with the likelihood obtained from the
expected frequency distribution under a standard
neutral model of constant population size (Pc), where
pi was calculated as pi ¼ 1=i

Pn�1
i¼1 1=j with 0<i<n. The

likelihood ratio was calculated as log(L(bP )/L(Pc)). To
test whether the reconstituted allele frequency distri-
bution differs significantly from a neutral distribution,
the value of the likelihood ratio was compared to a
distribution of simulated likelihood ratios. These were
obtained by dividing ML estimates of simulated
neutral frequency distributions generated using our
ascertainment scheme with the likelihood of the
neutral expected distribution, Pc.

Gene diversity was estimated as

H ¼ n=ðn� 1Þ½ � 1�
X

n

i¼1
p2i

 !

where n is the number of alleles and pi is the relative
frequency of allele i of a single SNP (Nei 1987). Poly-
morphism across loci in a group of accessions was esti-
mated as the mean of gene diversity among all SNP
markers. Gene diversity estimates between groups of
accessions from different geographic regions are not
independent because of a shared underlying genealogy.
For this reason, bootstrap analysis by resampling of
accessions with 10,000 replicates was employed to cal-
culate the 95% confidence interval of gene diversity
estimates. The 2.5 and 97.5% percentiles of the boot-
strap distribution were obtained using the bias-corrected
method described by Dixon (2001, p. 279). A neighbor-
joining (NJ) tree (Saitou and Nei 1987) was constructed
with the neighbor program of the PHYLIP pack-
age (Felsenstein 1989) using a matrix of the proportion
of uncorrected pairwise differences. SNPs with missing
data in pairwise comparisons were excluded (pairwise
deletion).

Correlations between matrices of genetic and geo-
graphic distances were calculated as the normalized
Mantel statistic, r, (Mantel 1967) with 999 permutations,
using R PACKAGE 4.0 (http://www.fas.umontreal.ca/
BIOL/Casgrain/en/labo/R). Levels of pairwise gametic
LD were estimated as r2 (Hill and Robertson 1968). For
comparisons of LD between populations, we calculated
|D¢| (Lewontin 1964), because it is independent of allele
frequencies, which may differ between populations.
Tests for significant pairwise LD were conducted with
the v2 statistic (Weir 1996) and sequential Bonferroni
correction of P values (Sokal and Rohlf 1995).

SNP homogeneity

Geographic regions with a high degree of homogeneity
(i.e., a high proportion of shared nonvariable SNPs)
were identified by an ad hoc method. Accessions were
mapped on a grid of (arbitrarily chosen) 50 rows and
214 columns that covers the Eurasian distribution range.
SNPs were evaluated separately whether they were
monomorphic or polymorphic within grids. If a cell and
its neighboring cells were polymorphic for a certain
SNP, it was given a value of 1, otherwise 0. In a last step,
grid values of individual SNPs were added and used to
manually identify the geographic regions with similar
SNP homogeneities.

Clustering of accessions

Accessions were clustered with the structure
program (version 2.0; Pritchard et al. 2000), which uses a
Bayesian framework to infer the number of clusters, K,
in a sample of genotypes. The likelihood of the data
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given K is calculated and the value of K with the highest
likelihood can be interpreted to correspond to the
number of clusters in the sample. In addition to calcu-
lating the likelihood, structure also assigns every
genome proportionally to each cluster and thus allows
identification of groups of accessions that form a pop-
ulation. We used a model with admixture and allowed
10,000 runs for burn-in and an additional 100,000 runs
to estimate parameters for populations. Because A.
thaliana is a highly selfing species, genotypes were as-
sumed to be haploid and heterozygous genotypes were
treated as missing data. It should be noted that no
correction for SNP ascertainment bias is currently
implemented in structure. To visualize the
assignment of accessions to different clusters, we used
the distruct program (Rosenberg 2004) and the
ArcView GIS (Environmental Systems Research Insti-
tute 1992).

Analysis of sequence data

Sequencing of short genomic regions, sequence assembly
and annotation of coding regions was done as described
using an automated sequence analysis pipeline (Schmid
et al. 2003, 2005). The basic analysis of genetic variation
in sequence alignments was performed with DnaSP 4.0
(Rozas and Rozas 1999). Sequence variation was
examined as average pairwise nucleotide diversity, p
(Nei 1987). All nucleotide polymorphisms were in-
cluded, but insertion/deletion polymorphisms were ex-
cluded from the analysis. Bootstrap and other
resampling analyses were done with scripts written in the
Python programming language. If not indicated other-
wise, statistical calculations were conducted with the R
statistical package (http://www.r-project.org).

Data availability

Summary information about the accessions and SNP
markers used in this study, and the genotype data in

tabular form are available at http://www.mpimp-
golm.mpg.de/arab-diversity. The SNP genotypes were
also deposited in NCBI dbSNP under accession
numbers: 49785508–49785622 and sequence alignments
in NCBI GenBank under accessions numbers
DU711026–DU711571.

Results

Summary of genotyping

We genotyped 351 accessions and retained 335 for
further analysis after quality control. Among the
38,525 genotypes (115 SNPs · 335 accessions), 3,324
(8.6%) constitute missing data and 78 (0.2%) are het-
erozygous, which may result from contamination of
seed stocks or DNA samples, the duplication of loci, or
recent outcrossing in the natural environment. The
proportions of missing data are not different among
geographic regions (Table 1) and should not affect the
inference of population structure. Only one SNP was
triallelic (MASC01582), and all others biallelic. Geno-
types were classified as being of Col-0 type or C24 type.
The mean frequency of the Col-0 type genotypes
(37.2%) was less than the frequency of the C24 type
genotypes (53.5%). The two frequencies differ signifi-
cantly (Wilcoxon’s signed rank test, V=4,040.5,
P=0.04913). This difference is likely a result of the
ascertainment scheme, because we preferred SNPs that
were polymorphic in Ler/Col-0 in addition to C24/Col-0,
which has the effect that the chosen SNP has a
population frequency of Col-0 allele of about 33%,
which is close to the observed frequency. Most SNP
markers are located in intergenic regions (64%) and a
small fraction (8%) is located in coding regions at
replacement sites. SNPs of the latter type have the
lowest gene diversity among all SNP types, but the
difference compared to other SNP types is not signif-
icant (one-way ANOVA: F=0.2271, df=3, P=0.87);
for this reason, all SNPs were combined in the
following analyses.

Table 1 Genetic diversity, H, and proportion of missing data in different geographic regions

Region N H (95% CI) Proportion of missing data (SE)

America 11 0.329 (0.133–0.376) 0.097 (0.051)
Africa 4 0.206 (0.0–0.206) 0.067 (0.029)
Iberian Peninsula 32 0.252 (0.175–0.302) 0.092 (0.005)
British Isles 11 0.232 (0.146–0.249) 0.087 (0.011)
Central Europe 188 0.245 (0.228–0.257) 0.083 (0.002)
Southern Italy 9 0.221 (0.138–0.221) 0.102 (0.014)
Scandinavia 10 0.221 (0.136–0.215) 0.091 (0.010)
Eastern Europe 22 0.185 (0.152–0.190) 0.102 (0.006)
Central Asia 40 0.095 (0.079–0.100) 0.080 (0.005)
Eastern Asia 1 – 0.043 (-)
Unknown origin 7 0.385 (0.133–0.462) 0.096 (0.056)
Total 335 0.245 (0.230–0.256) 0.086 (0.002)

95% Confidence intervals (CI) were determined by bootstrap analysis
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Relationships among accessions

We identified genetically similar accessions by calculat-
ing a NJ tree that is based on the pairwise genetic dis-
tance (Fig. S2). As expected from the ascertainment
procedure, the two accessions from which the SNPs were
identified (Col-0 and C24) are maximally distant from
each other. The tree reveals the previously observed star-
like phylogeny with low bootstrap support of internal
branches and long terminal branches. Only the newly
collected Central Asian accessions deviate from a star
phylogeny pattern. Some accessions are highly similar to
C24 or Col-0. For example, the Co accession originating
from Coimbra (Portugal) clusters closely with C24,
indicating that the C24 accession, whose origin is
unknown, is probably derived from Co and not from
Col-0, as is sometimes suggested in the literature (e.g.
Loridon et al. 1998). Individuals whose genotypes do
not differ by more than two SNPs (the expected error
rate of the MALDI-ToF assay) can be considered
genetically identical. Using this criterion, 96 accessions
were grouped into 35 sets of essentially identical acces-
sions, of which several pairs consist of accessions from
distant geographic origin (Table S1).

Frequency distribution of SNPs

To analyze genome-wide patterns of SNP variation, we
first compared the frequency distribution of SNPs with
the expectation of a neutral model of sequence poly-
morphism (constant population size, no population

structure). Observed SNP frequencies were corrected for
ascertainment bias using the base model of Nielsen et al.
(2004), which assumes that SNPs are unlinked and
drawn from a panmictic population of constant size.
Since information about the ancestral state was not
available, minor allele frequencies were used for the
calculation. The comparison of the corrected observed
distribution with the distribution expected under a
neutral equilibrium model shows an excess of rare
polymorphisms (Fig. 1). The likelihood ratio
log(L(bP )/L(Pc)) of observed and expected neutral fre-
quency distributions was 98.49. To test for consistency
with a neutral model, 100 simulated SNP frequency
distributions were generated using coalescent theory and
the same SNP ascertainment scheme. None of the sim-
ulated likelihood ratios (mean=74.51; SD=5.95) was
larger than the observed one, leading us to conclude that
the observed data are not consistent with a neutral
model because of demographic factors or selection.
Figure 1 shows that the deviation is due to an excess
both of rare and high-frequency minor polymorphisms.
The same result was obtained when we restricted the
analysis to accessions from the Eurasian continent
(n=233).

Geographic population structure

We investigated whether a large-scale geographic
population structure contributes to the deviation from a
distribution expected under a neutral model by com-
paring allele frequencies in different geographic regions
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Fig. 1 Frequency distribution
of the minor allele of 115 SNP
markers genotyped in 304
accessions of Arabidopsis
thaliana. Only one of each
group of genetically identical
accessions was included.
Observed allele frequencies
(blue) were corrected for
ascertainment bias using the
basic model described by
Nielsen et al. (2004)
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(Table 1). Within Eurasia, gene diversity was lowest
among Central Asian accessions (H=0.095) and the
highest among Iberian accessions (H=0.252). Bootstrap
analysis showed that gene diversity values of Eastern
European and Central Asian accessions are significantly
lower than in other geographic regions of comparable
size.

To verify that the observed differences in genetic
diversity among geographic regions are not an artifact of
the SNP ascertainment scheme, we conducted sequence
surveys of nine randomly chosen, short genomic regions
(average length 430 bp); such surveys produce unbiased
estimates of genetic diversity. These regions were
sequenced in most Iberian (n=22) and Central Asian
accessions (n=31). Additional sequences from a set of
12 divergent accessions of mostly Central and Eastern
European origin (‘‘divergent set’’) were obtained from
Schmid et al. (2005). We identified 52 SNPs at the 9 loci
(Table 3). Average levels of nucleotide diversity (p) differ
between populations. They are the smallest in the
Central Asian sample (0.00088), about two times larger
in the Iberian sample (0.00166), and the highest in the
diverse set (0.00306). We conducted pairwise compari-
sons of per-locus bootstrap estimates of p to test for
differences between populations. Sequence diversity in
the diverse set is higher here than those of Central Asian
(P=0.004) and Iberian accessions (P=0.009). Diversity
levels between the latter two sets are not significantly
different (P=0.17).

A Mantel test using the SNP data indicates the
presence of isolation by distance (i.e., a correlation be-
tween genetic and geographic distance) among Eurasian
accessions (n=308, r=�0.0645, P=0.035). Significant
positive correlations exist for all comparisons between

Central Asia and other regions except Central Europe,
and for the comparisons between the Iberian Peninsula
with Central Europe and the British Isles, respectively
(Table S2). Within geographic regions, there is isolation
by distance among Iberian (r2=0.177, P<0.0001) and
Central Asian accessions (r2=0.323, P<0.0001; Fig. 2).
These results are essentially identical to that obtained by
Sharbel et al. (2000) using unbiased AFLP markers. The
most significant correlations are obtained when the
Central Asian accessions are included, which likely re-
sult from the fact that they are genetically distinct (see
below) and separated by a large distance from the other
geographic regions. The observed relationship among
Central Asian accessions is unexpected because genetic
and geographic distances are positively correlated for
accessions within a range of 1,000 km, but negatively
correlated for larger distances (Fig. 2b). Thus, there are
genetically similar accessions in geographically distant
Central Asian locations, such as Siberia and Uzbekhis-
tan.

The a priori definition of geographic regions may not
correspond with the genetic population structure and
can confound estimates of genetic diversity and the
analysis of historical processes. We, therefore, clustered
accessions based on their genetic similarity and then
asked whether genetically defined populations correlate
with geographic regions. We first determined the degree
of homogeneity among SNP markers within the
Eurasian distribution range and defined regions having
accessions of similar levels of homogeneity (see Materi-
als and methods). Two spatial gradients with different
levels of homogeneity were identified (Fig. 3). One gra-
dient ranges from Central Asia (high degree of homo-
geneity corresponding to a low level of genetic diversity)
to Central Europe (little homogeneity) and the other
from Africa and the Iberian Peninsula (high homoge-
neity) to Central Europe.

To obtain a more fine-grained clustering, we grouped
accessions into distinct clusters using the program
structure, which implements a model-based clus-
tering algorithm (Pritchard et al. 2000). We estimated
the number of K clusters that is most consistent with the
observed data. The average likelihood values of five runs
for a given value of K increase gradually until K=6; at
that point the likelihoods reach a maximum and then

Table 2 Average pairwise linkage disequilibrium (|D¢|) among SNP
markers with a minor frequency of >0.1

Geographic region Accessions SNPs Average |D¢| (95% CI)

Iberian Peninsula 32 59 0.375 (0.300–0.397)
Central Europe 188 66 0.157 (0.134–0.175)
Eastern Europe 22 48 0.375 (0.299–0.441)
Central Asia 40 25 0.357 (0.265–0.432)
Total 335 65 0.163 (0.142–0.180)

Table 3 Summary of sequence survey of nine randomly chosen STS loci in different geographic regions

STS ID Chr. Position Base pair All accessions Nucleotide diversity, p

n S hw p Central Asia (n=31) Iberia (n=22) Divergent set (n=12)

AtI20 1 17532497 422 62 3 1.51 1.87 0.53 2.11 2.28
At1est13 1 29475355 444 64 2 0.95 2.24 1.57 1.05 1.68
TIGR3187 2 17006898 470 56 2 0.92 0.15 0.00 0.19 0.35
At3est52 3 4822577 475 58 4 1.81 1.59 0.00 1.33 2.60
At3est47 3 6995953 364 57 2 0.59 0.27 0.00 0.29 0.77
AtIII19x5 3 8624955 365 62 6 3.49 2.87 1.06 2.10 7.26
AtIV20 4 14369614 599 60 2 0.72 0.11 0.00 0.00 0.55
AtV9 5 6413216 385 64 19 4.93 1.00 2.05 6.30 7.52
AtV23 5 16353490 323 62 12 7.88 3.23 2.69 1.56 4.49
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drop for higher values of K (not shown). We also
examined the geographic distribution of inferred clus-
ters. With K=3, we observe one cluster consisting
mainly of accessions from the Iberian Peninsula and the
Mediterranian region, a second cluster with accessions
from Central Europe, and a third cluster in Central Asia
(Fig. 4a). This resembles a geographic structure similar
to the one based on SNP homogeneity (Fig. 3). With
K=6, several geographically restricted clusters are rec-
ognizable (Figs. 4a, S3), including a cluster of Iberian
and Western European accessions, several different
geographically overlapping clusters in Central Europe, a
large cluster in Eastern Europe and Scandinavia, and a
cluster in Central Asia. A similar result was obtained
when the sequence survey data were clustered with

structure. We obtained the best fit with K=3
(Fig. 4b). As observed with the SNP data, the Iberian
and Central Asian accessions form distinct and homo-
geneous clusters. In summary, both the SNP and the
sequence survey data indicate the presence of a large-
scale population structure across an East–West gradient
throughout the Eurasian continent. Accessions from the
Iberian Peninsula and from Central Asia appear to be
genetically distinct and homogenous clusters.

Analysis of LD

Although A. thaliana is a highly self-fertilizing species
(Abbott and Gomes 1989), sufficient outcrossing has
occurred in the history of the species to lead to a decay
of LD within 250 kb (Nordborg et al. 2002, 2005). With
the exception of five SNPs, the physical distance between
SNPs is >1Mb, and for this reason we expected them to
be in linkage equilibrium. To verify this assumption and
to test for different levels of LD in different populations,
pairwise LD was estimated for all pairs of SNPs with a
frequency of >0.1 of the minor allele. The mean r2 for
all 2,080 pairwise comparisons is 0.0183 and the median
is 0.0080. Despite a low average r2, 372 (18%) pairwise
comparisons exhibit significant LD after Bonferroni
correction. As expected from the large physical distance
between markers, there is no correlation between r2 and
physical distance of markers, although five of the most
significant six pairwise comparisons with r2>0.2 include
markers that are located adjacent to each other. The
high proportion of significant pairwise correlations may
be caused by a low-effective recombination rate and the
presence of a population structure.

To evaluate the effect of population structure on LD,
we compared genome-wide LD between geographic
regions (Iberian Peninsula, Central Europe, Eastern
Europe and Central Asia). First, we computed the
average |D¢| for all accessions from a geographic region
(Table 2). Genome-wide LD is lowest among Central
European accessions, intermediate among Central Asian
and Eastern European and highest among Iberian
accessions. Because numbers of accessions and SNPs
differed among geographic regions, we specifically tested
whether the low level of LD among Central European
accessions is an artifact of these differences. Average |D¢|
values for Central European accessions were computed
using the same number of randomly selected accessions
and SNP markers as in the other regions as given in
Table 2 (i.e., 40 accessions and 25 SNPs in comparison
with Central Asian accessions). We then counted how
often among 1,000 repetitions the average |D¢| value of
Central European accessions was larger than in the
other region. The genome-wide LD among Central
European accessions is significantly lower than among
from Central Asian (P=0.015, one-tailed) and Iberian
accessions (P=0.023), but not among Eastern European
accessions (P=0.095). These analyses suggest that

Fig. 2 Positive correlation between geographical and genetic
distance indicates isolation by distance in A. thaliana (a) on the
Iberian Peninsula and in Central Asia (b). The line corresponds to
the fitted curve of a quadratic regression
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demographic processes contribute to differences in
pairwise LD between geographic regions.

Discussion

Possible effects of sampling and ascertainment bias

We first consider the effects of sampling and marker
ascertainment bias on observed patterns of genetic
variation. The accessions included in our sample were
collected independently by different researchers and do
not represent a well-designed hierarchical sampling
scheme. Central Europe has been extensively sampled,
the Iberian Peninsula and Central Asia to a lesser de-
gree; the western part of Russia and potential glacial
refugia such as Italy and the Balkans, which are part of
the natural species range (Hoffmann 2002), are not well
represented in current collections (Fig. 3). The analyses
of both gene diversity and genome-wide LD demon-
strate that a sampling bias due to a larger number of
accessions from Central Europe relative to other
geographic regions of a similar size does not confound
estimates of genetic variation. The observed differences
between geographic regions are not an effect of different
sample sizes.

The SNP markers used in this study were selected
from a panel of two accessions (Col-0 and C24). An
ascertainment panel of two accessions leads to an
overrepresentation of high frequency SNPs (Eberle and
Kruglyak 2000) and to a loss of resolution in the
detection of recent historical events, because the result-
ing genealogies tend to have reduced terminal branch
lengths (Brumfield et al. 2003). This bias affects esti-
mates of population parameters such as gene diversity,
H. Several methods for ascertainment bias correction
are available (e.g., Kuhner et al. 2000; Nielsen et al.

2004), but they are currently implemented in only few
computer programs and are not able to account for
population structure. Future SNP markers to be used in
genotyping of A. thaliana should be derived from a large
panel consisting of accessions from the whole species
range (Akey et al. 2003). We accounted for ascertain-
ment bias in the analysis of the frequency distribution of
SNPs, and obtained independent evidence by sequence
surveys for estimates of regional diversity and the
inference of geographic population structure. The major
conclusions drawn from our analyses should not be
confounded by ascertainment bias because consistent
results were obtained with both types of data.

The effect of demographic history on genetic variation

Accessions of A. thaliana show a genome-wide excess of
rare polymorphisms and harbor a set of loci with a very
high level of polymorphism (Nordborg et al. 2005;
Schmid et al. 2005). In this study, a similar result was
obtained by the analysis of the frequency spectrum of
SNPs due to an excess of polymorphisms with either a
low or high frequency of the minor allele (Fig. 1). This
confirms that a standard null model is not appropriate
for tests of a neutral model of sequence polymorphism in
this species, at least for samples that include accessions
from the whole species range. A complex demographic
history, such as a combination of population growth
and structure, and not selection at multiple loci appear
to be largely responsible for this deviation from a neutral
model (Nordborg et al. 2005; Schmid et al. 2005).
Important demographic factors likely include the pres-
ence of a large-scale population structure, historical
changes in population size, and migration. Our data
support such an interpretation because of different levels
of genetic diversity and LD among geographic regions,
(Tables 1, 2) and the clustering of accessions along an
East–West gradient in Eurasia (Figs. 4, S3). Accessions
were grouped into K=6 clusters based on the SNP data
and into K=3 clusters based on the sequence data. By
sequencing 876 genomic fragments in 96 accessions,
Nordborg et al. (2005) grouped the data into K=8
clusters and the geographic distribution of these clusters
is similar to the one observed in this study. A recent
simulation study of hierarchical population models
showed that the structure program tends to
identify the uppermost level of a population hierarchy
and that within these clusters there can be sublevels of
structuring (Evanno et al. 2005). In inbreeding species
such as A. thaliana, structure likely overestimates
the total number of subpopulations (Falush et al. 2003).
For these reasons, clusters inferred by structure
should not be viewed as separate panmictic populations,
but as groups of genetically similar accessions.

The absence of a population structure in early studies
of genetic variation in A. thaliana was interpreted to be
the result of human disturbance. Although we also
find some evidence for human-induced long-distance

Fig. 3 Distribution of homogeneity of 115 SNPs markers among
A. thaliana accessions across the Eurasian distribution range. The
composite map shows the locations of the accessions included in
the analyses and the isolines show the absolute number of SNPs
that are invariant (i.e., not polymorphic) in a geographic region

1111



migration, the previously observed lack of a geographic
pattern may result from the small numbers of accessions
and markers used and does not hold up if a larger
number of markers and accessions are analyzed.

Glacial refugia and postglacial recolonization

Most of the present Eurasian distribution range was an
unsuitable habitat for A. thaliana during the last glacial
maximum (LGM), about 18,000 years ago (Frenzel
et al. 1992). Populations were likely separated into gla-
cial refugia on the Iberian Peninsula, Southern Italy, the
Balkans, and portions of Central Asia (Comes and
Kadereit 1998). The occupation of these refugia may
have contributed to the genetic differentiation between
refugia by genetic drift or local adaptation. Patterns of
SNP variation in the present study appear to be con-
sistent with glacial refugia and a postglacial range shift.
Accessions from Iberia and Central Asia belong to dis-
tinct and genetically diverged clusters. In contrast,
accessions from Central and Eastern Europe constitute
recently admixed populations with a high level of sec-
ondary genetic diversity. Both the geographic patterns
of SNP homogeneity and the inferred population
structure suggest that the admixture zone includes the
northern part of Central Europe and Eastern Europe
that roughly correspond to the location of postglacial
‘‘suture zones’’ observed in other species (Hewitt 1999).
The geographic distribution of inferred clusters can then

be interpreted as having resulted from a recolonization
of Central Europe from refugia on the Iberian Peninsula
and in Central Asia as suggested by Sharbel et al. (2000)
(Figs. 4, S3). However, observed patterns of genome-
wide LD are not consistent with such an explanation,
because LD is higher in the putative refugia and lowest
in Central Europe. Under the above model, the opposite
is expected, namely a high LD in admixed populations
and reduced LD in refugia. Genetic variation among
Central Asian accessions is 2–2.5 times lower when
compared to European and Iberian accessions and there
are genetically similar accessions in distant (>1,000 km)
locations of Central Asia (Fig. 2b) which suggests a re-
cent and rapid colonization by a small number of mi-
grants. A similar pattern was obtained with a set of
accessions from northern Sweden and Finland, at the
northern edge of the distribution range (Nordborg et al.
2005). Because Central European populations are more
polymorphic, there may have been more opportunities
for a decay of LD than in the less diverse Central Asian
populations.

Implications for genetic mapping

Naturally occurring genetic variation is a useful
resource for the genetic mapping of complex pheno-
typic traits (Alonso-Blanco and Koornneef 2000).
Population-based mapping approaches by means of
LD mapping or association studies are increasingly

a)

b)

Fig. 4 Population structure as
inferred with the
structure program
(version 2.0) with numbers of
clusters (K=2,3,...). Each
individual is assigned
proportionally to one of the
clusters. The proportions are
indicated by the relative lengths
of different colors, representing
K clusters. To highlight
differences between geographic
regions, the assignment to
clusters is shown as an average
proportion for the every
geographic region. a Analysis of
115 SNPs in 335 accessions and
b 9 genome sequence tags
(GSTs) from a total of 66
accessions
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being used to investigate the genetic basis of traits
such as flowering time variation (Olsen et al. 2004;
Stinchcombe et al. 2004; Caicedo et al. 2004; Shindo
et al. 2005; Lempe et al. 2005). Association studies
need to control for population stratification to avoid
spurious associations between markers and phenotype.
Therefore, it is necessary to determine whether a
population structure is present and how a suitable
mapping population of unrelated individuals with a
similar genetic distance can be identified. In A. thali-
ana, individuals from the same local population can be
genetically different indicating that they originated
from multiple source populations, whereas geographi-
cally distant accessions can be highly similar (Table
S1). For this reason, it may be worth considering to
derive populations for association studies from genet-
ically homogenous geographic regions such as Central
Asia, or define them genetically rather than geo-
graphically by using genome-wide markers and clus-
tering programs like structure. Such an
approach was taken by Caicedo et al. (2004), who
identified a set of 95 accessions using the AFLP data
of Sharbel et al. (2000), to investigate epistasis among
flowering time genes. These accessions are mostly of
Central European origin and do not show any sub-
structure suggesting they represent an unstratified
population suitable for association studies. However, a
significant clustering among Central European acces-
sions was observed by Nordborg et al. (2005) and in
this study (Figs. 4, S3), which indicates that a reliable
inference of genetic relationships and population
structure in A. thaliana requires large sets of genetic
markers to avoid spurious associations between traits
and markers.
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