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Understanding the natural history of model organisms is
important for the effective use of their genomic resourses.
Arabidopsis lyrata has emerged as a useful plant for studying
ecological and evolutionary genetics, based on its extensive
natural variation, sequenced genome and close relationship
to A. thaliana. We studied genetic diversity across the entire
range of European Arabidopsis lyrata ssp. petraea, in order
to explore how population history has influenced population
structure. We sampled multiple populations from each region,
using nuclear and chloroplast genome markers, and combined
population genetic and phylogeographic approaches. Within-
population diversity is substantial for nuclear allozyme markers
(mean P¼ 0.610, Ae¼ 1.580, He¼ 0.277) and significantly
partitioned among populations (FST¼ 0.271). The Northern
populations have modestly increased inbreeding (FIS¼ 0.163
verses FIS¼ 0.093), but retain comparable diversity to central
European populations. Bottlenecks are common among central

and northern Europe populations, indicating recent demographic
history as a dominant factor in structuring the European diversity.
Although the genetic structure was detected at all geographic
scales, two clear differentiated units covering northern and
central European areas (FCT ¼ 0.155) were identified by
Bayesian analysis and supported by regional pairwise FCT
calculations. A highly similar geographic pattern was observed
from the distribution of chloroplast haplotypes, with the dominant
northern haplotypes absent from central Europe. We conclude
A. l. petraea’s cold-tolerance and preference for disturbed
habitats enabled glacial survival between the alpine and Nordic
glaciers in central Europe and an additional cryptic refugium.
While German populations are probable peri-glacial leftovers,
Eastern Austrian populations have diversity patterns possibly
compatible with longer-term survival.
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Introduction

Understanding the natural history of model organisms is
important for the effective use of their genetic resources,
aiding sampling strategies as well as data analysis and
interpretation. Neutral variation is often structured in
natural populations by historical and demographic
processes (Hewitt, 2004). Understanding what role these
processes have had is essential when attempting to
identify polymorphisms that are structured by adapta-
tion and selection processes (Nielsen, 2005).

Arabidopsis lyrata (L.) (Al-Shehbaz and O’Kane, 2002)
has emerged as a useful organism for plant ecological
and evolutionary studies, benefiting from the wealth of
molecular resources from its close congenitor Arabidopsis
thaliana (L.) Hyenh. (Koch et al., 2000; Mitchell-Olds,
2006), and now from its own fully sequenced genome.
Arabidopsis lyrata is an outcrossing perennial that shows
extensive phenotypic variation and grows in natural

habitats that span a large ecological range (Jonsell et al.,
1995; Kivimäki et al., 2007; Leinonen et al., 2009; Sandring
and Ågren, 2009). Already several local adaptation/
selection studies have been published (Kivimäki et al.,
2007; Kuittinen et al., 2007; Leinonen et al., 2009), with
special emphasis on studying self-incompatibility evolu-
tion (Charlesworth et al., 2003; Schierup et al., 2006;
Mable and Adam, 2007). More of such studies are likely
to emerge with the recent availability of the genomic
sequence, which makes a comprehensive study of
A. lyrata’s phylogeographic structure timely.

The A. lyrata complex has a highly disjunct circumpo-
lar distribution range. We follow the taxonomic treat-
ment of Al-Shehbaz and O’Kane, (2002) and here focus
on the European taxon A. lyrata subsp. petraea (hereafter
Arabidopsis l. petraea). This taxon has been the most
extensively studied member of the group, due to its well-
documented distribution and collecting accessibility
(Jalas and Suominen, 1994). Within Europe, A. l. petraea
has a highly disjunct distribution, because of an
ecological preference for highly disturbed low-competi-
tion habitats (Ratcliffe, 1994). In central Europe it is
confined to discrete areas within Hungary, eastern
Austria, Czech Republic, southern and central Germany,
whereas in northern Europe it has a wider range, from
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Iceland, central Norway, the Swedish coast and the
British Isles. With such a fragmented distribution range,
population history is likely to have an important role in
shaping genetic structure.

Quaternary glacial cycles over the last 2.5 million years
have greatly affected the genetic structure of European
plants and animals (Hewitt, 2004). During the last glacial
maximum (c. 18 000 years bp), massive glaciers formed
across northern Europe and locally in the Alps and
Pyrenees, and intervening landscape developed a tundra
environment. Long-term species survival is typically
dependent on population persistence in ice-free locations
(refugia) south of the glacier and tundra limits, resulting
in geographic isolation and genetic differentiation (Petit
et al., 2003; Hewitt, 2004). Rapid population expansion in
the post-glacial period causes sequential bottlenecks
(Ibrahim et al., 1996) and thus further altering population
structure. However, comparative analysis indicates spe-
cies have highly individualistic responses to climate
change (Taberlet et al., 1998), varying according to refugia
locations, ecological preferences, reproductive biology
and dispersal mechanisms. For cold-tolerant taxa, alter-
native northern and mountain survival histories are
reported (Alsos et al., 2005; Ehrich et al., 2007; Mráz et al.,
2007), further complicating Europe’s phylogeographic
history.

Over the last decade regional and larger scale studies
have provided insights into the genetic structure of A. l.
petraea populations (Jonsell et al., 1995; van Treuren et al.,
1997; Clauss and Mitchell-Olds, 2006; Gaudeul et al.,
2007; Muller et al., 2008). A phylogeographic model of
central European survival, with subsequent post-glacial
population expansion into northern Europe was pro-
posed after analysing microsatellite variation (Clauss
and Mitchell-Olds, 2006; Muller et al., 2008). Similar
conclusions were reached by a recent SNP analysis
(Ross-Ibarra et al., 2008). However, existing studies are
based on low sampling densities relative to the local
abundance and fragmented distribution range. Regional
studies with locally dense sampling indicate that
Icelandic and Scandinavian samples maintain extensive
intra-population diversity (Jonsell et al., 1995; Gaudeul
et al., 2007), and that Scandinavian populations may have
not been subject to recent genetic bottlenecks (Gaudeul
et al., 2007). Furthermore, Kivimäki et al., (2007) showed
that northern populations have allelic diversity at the
FRIDGA locus that is missing from central European
populations. These observations do not readily conform
to the expectations of rapid post-glacial population
expansion from a central European refugium.

A detailed genetic study based on a comprehensive
sampling of the entire European range is missing.
Existing studies show that population differentiation is
relatively high over short geographic distances (Schier-
up, 1998; Clauss and Mitchell-Olds, 2006), and diversity
is locally substructured (Gaudeul et al., 2007), and
therefore uniform and dense sampling would assist in
the detection of wider geographic structure. We favour a
combination of phylogeographic and population genetics
approaches. The latter should ideally involve a codomi-
nant marker system, allowing for detection of bottle-
necks and within-population inbreeding, which are
predicted to alter during colonization processes (Hewitt,
2004). Codominant markers also permit the discrimina-
tion between diploid and polyploid populations, which

distributions are presently uncertain in central Europe.
Allozymes are suited for these purposes, allowing for a
rapid screen of many populations and a detailed
geographic sampling, and have already been applied to
earlier studies (Jonsell et al., 1995; van Treuren et al., 1997;
Kärkkäinen et al., 1999).

In this study, we aim to (1) determine the number and
distribution of discrete genetic clusters; (2) to investigate
how within-population diversity, inbreeding and genetic
bottlenecks are spatially organized; (3) to determine if
northern populations are a subset of central European
diversity and (4) examine the proposed phylogeographic
hypothesis of northern recolonization from a central
European source. Finally, we discuss the wider implica-
tions of our study for future A. lyrata model organism
research.

Materials and methods

Sampling and polyploidy determination
Leaf material was collected from 1724 individuals of A. l.
petraea from 59 populations in Hungary, Austria, Czech
Republic, Germany, UK, Ireland, Iceland, Norway and
Sweden (Supplementary Table S1 and S2), thereby
covering nearly the entire European distribution range
(Jalas and Suominen, 1994). Plants were collected at least
1 m apart. Both diploid (2n¼ 16) and polyploid (2n¼ 32)
chromosome counts are reported for populations in
Austria and the Czech Republic (Polatschek, 1966;
Hejeny and Slavik, 1992), and we interpreted departures
from diallelic allozyme staining patterns as evidence for
polyploidy. Polyploids were identified in 17 populations
(Supplementary Table S2 and Supplementary Figure S1),
and genetic data analysis was conducted on the remaining
42 diploid populations (Supplementary Table S1). These
originate from: Austria (n¼ 7), Germany (n¼ 9, Bavaria
and Harz Mountains), Czech Republic (n¼ 1), the British
Isles (n¼ 12, Republic of Ireland, Wales, Scotland, Shet-
land), Iceland (n¼ 6), Norway (n¼ 5) and Sweden
(n¼ 2). Voucher specimens for the majority of population
were deposited at the Natural History Museum (Lon-
don) molecular collections store.

Allozyme variation
Fresh leaf material was ground in a Tris-HCl (pH 7.5)
extraction buffer and proteins were fractionated on
12.5% hydrolysed potato starch gels under standard
procedures. The following enzyme systems were re-
solved according to Ansell et al., (2008): AAT (E.C.
2.6.1.1), PGI (E.C. 5. 3. 1. 9), PGM (E.C. 5. 4. 2. 2), TPI
(E.C. 5. 3. 1. 1), ADH (E.C. 1.1.1.1), IDH (E.C. 1.1.142), 6-
PGD (E.C. 1. 1. 1. 44), SKDH (E.C. 1. 1. 1. 25), UGPP (E.C.
2. 7.9).

Arabidopsis. l. petraea is capable of vegetative reproduc-
tion and clones (identical multi-locus genotypes, MLGs)
were identified in 28 of the 42 diploid populations when
the genotypes were sorted in Microsoft EXCEL. These
accounting for 1.16–36.67% of within-population sam-
pling (Supplementary Table S1), and after excluding
these, genetic analysis was performed on the remaining
1203 individuals. To test for independence of loci, linkage
disequilibrium was calculated among all pairs of poly-
morphic loci in each population using GDA v.1.16 (Lewis
and Zaykin, 2001), applying a liberal sequential Bonfer-
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roni correction of 10 times threshold (that is, P¼ 0.005)
for a conservative assessment of loci independence. To
detect recent bottlenecks, deviations from a mutation-
drift equilibrium were examined by a one-tailed Wilcox-
on sign-ranked test for an excess of heterozygosity
(Cornuet and Luikart, 1996), following the infinite allele
model (IAM), using the BOTTLENECK program v. 1.202
(Piry et al., 1999). The following measures of genetic
variability were calculated on a per population basis:
proportion of polymorphic loci (P) (a locus was
considered polymorphic when the most common allele
did not exceed a frequency of 0.95), the effective number
of alleles per locus (Ae), expected heterozygosity (He),
observed heterozygosity (Ho), and inbreeding coefficient
(f) using POPGENE v.1.31 (Yeh et al., 1999). Geographic
patterns in diversity were assessed by two-tailed Mann–
Whitney U-tests, and linear regressions of diversity
against decimalised degrees (Stern et al., 2005), using
INSTAT v. 3.036 (University of Reading, UK).

Population structure and inbreeding was assessed by
the analysis of variance procedure (Weir and Cockerham,
1984), which provides estimators (f, F, y) of F-statistics,
FIS, FIT, FST. Hierarchical analyses of FST (y) were
conducted to assess the extent of differentiation between
(FCT) and within (FSC) regions. Ninety-five percent
confidence intervals were calculated for all F-statistics
by bootstrap re-sampling (9999 replicas) and GDA. The
relationship between genetic similarity (log FST) and
geographic distance (logKm) was investigated by Mantel
tests via the R-package v. 4.00 (Casgrain and Legendre,
2001). Geographic distances were derived from the
longitude and latitude co-ordinates (Stern et al., 2005)
using the R-package. Population structure was further
investigated by a Bayesian-based assignment algorithm
(incorporating geographic information), as implemented
by the STRUCTURE program v.2.3.1 (Pritchard et al.,
2000). Analyses followed the admixed model with
independent allele frequencies, employing 504 MCMC
replicates, including 104 for burn-in period, with 10
simulations per cluster (K), and the minimum number of
K was evaluated using the delta-K procedure (Evanno
et al., 2005)

Chloroplast sequence variation
Chloroplast DNA sequence variation in the non-coding
intergenic spacer (IGS) region between the trnL(UAA) and
trnF(GAA) genes (trnL-F IGS) was examined in 10
individuals per diploid population (except Luglas with
n¼ 20). In Arabidopsis, this region contains a variable
number of partially duplicated trnF gene (pseudogene)
copies, with a complex pattern of evolution (Ansell et al.,
2007; Schmickl et al., 2009). However, the region 50 to the
duplications follows a simple mutation pattern that is
suitable for haplotype delimitation (alignment positions
1–180, Supplementary Figure S1; Ansell et al., 2007). Data
for 37 of the 42 A. l. petraea populations was obtained
from an earlier study (Ansell et al., 2007), and new
sequences were generated for an additional five popula-
tions (Norway NO1, 2, 3, 4 and Republic of Ireland IR1).
DNA extractions, PCR amplifications and DNA sequen-
cing of the trnL-F IGS followed the conditions described
in Ansell et al., (2007).

DNA sequences were manually aligned using BIOE-
DIT v. 7.05 (Hall, 1999), and two new trnL-F sequences
were identified and submitted to GenBank (accession

numbers GU456721-GU456722 for PET 35, 36). The partial
trnF(GAA) gene duplications (trnF pseudogenes) were
identified according to the boundaries definitions of
Ansell et al., (2007), which differ from those of Schmickl
et al., (2009). The fragment portion 50 of the duplications
was used to assign haplotypes to individual sequence.
No new haplotypes were recovered compared with the
related earlier publication of Ansell et al., (2007) and the
haplotype network presented is reproduced from this
study, with a minor modification, the network was
rooted to the trnL-F IGS sequences of A. thaliana reported
in Beck et al., (2008). Haplotype richness (R) with
correction for the smallest regional sample size (n¼ 60)
through rarefaction was estimated using CONTRIB (Petit
et al., 1998). Nucleotide diversity and genetic differentia-
tion were calculated using ARLEQUIN v. 3.11 (Excoffier
et al., 2005). Genetic differentiation was initially derived
from haplotype frequencies (FST) and thereafter by
incorporating the genetic distances (as the number of
character differences) that separate all pairs of haplotype
to estimate FST. The significance of differentiation (FST

and FST) was assessed by 10 000 non-parametric permu-
tation tests in ARLEQUIN. Demographic history was
explored by mismatch distribution analyses of observed
haplotype pairwise differences, following a sudden
population expansion model (Rogers and Harpending,
1992), employing 100 bootstraps, using ARLEQUIN.

Results

Allozyme diversity
Genetic variation was examined in nine enzyme systems
and 12 polymorphic loci were scored (Supplementary
Table S3). In total 68 alleles were detected among the 42
diploid populations, and 15 alleles were confined to two
or fewer populations. In addition, six alleles were
confined to central Europe and a further seven were
confined to northern Europe (Supplementary Table S3).
Exact tests between pairs of polymorphic loci were
performed separately for the central and northern
European populations, reflecting the major population
sub-division (see later). Five and six non-identical loci
pairings from central and northern European data sets
respectively, had significant linkage disequilibria after
sequential Bonferroni correction for multiple tests
(Table 1). Overall the loci were judged statistically
independent. A large proportion of populations (23 of
42) had deviations (oP¼ 0.05) from mutation-drift
equilibrium under the one-tailed Wilcoxon’s test for an
excess of heterozygosity (Supplementary Table S1),
indicating recent genetic bottlenecks. The proportion of
bottlenecked populations was broadly similar among
both central (8 of 17) and northern (15 of 25) European
populations.

Considerable intra-population variation was detected
(Table 2), as shown by mean within-population estimates
of proportion polymorphic loci (P) of 0.610, effective
number of alleles per locus (Ae) of 1.580 and expected
heterozygosity (He) of 0.277. Mann–Whitney tests de-
tected non-significant differences in P, Ae, He, Ho
between the central and northern European populations
(P¼ 0.124–0.818). Comparing the main sampling areas
within central Europe, the Austrian populations had
significantly higher P (P¼ 0.044), but non-significantly
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different Ae, He, Ho compared with southern Germany
(P¼ 0.064–0.247). Comparing the main sampling areas
within northern Europe, all Mann–Whitney tests among

the British Isles, Iceland and Scandinavia were non-
significantly different (P¼ 0.062–0.961), except Ae

(P¼ 0.035), He (P¼ 0.052), Ho (P¼ 0.011) were signifi-
cantly lower in Scandinavia compared with the British
Isles, and Ho was lower in Iceland than Scandinavia
(P¼ 0.011). Regional comparisons across central and
northern Europe were non-significantly different
(P¼ 0.106–0.866), except P was higher in Austria
compared will Scandinavia (P¼ 0.042), and southern
Germany had significantly higher Ae (P¼ 0.037) and He

(P¼ 0.049) compared with Scandinavia. Linear regres-
sions analysis of P, Ae and He against decimalized
degrees north or east were non-significant (r2¼ 0.001–0.
012, P¼ 0.168–0.993). There was a small departure from
Hardy–Weinberg equilibrium over the entire data set
FIS¼ 0.129 (95% CI 0.066, 0.185 Table 3), and inbreeding
was higher among northern FIS¼ 0.163 (95% CI 0.078,
0.243) compared with central European populations
FIS¼ 0.093 (95% CI 0.052, 0.134). A Mann–Whitney test
revealed significantly higher within-population inbreed-
ing coefficient (f) for northern populations compared
with central European populations (P¼ 0.013). A linear
regression of f against decimalized degrees north was
significant (r2¼ 0.264, P¼ 0.005), but non-significant
against decimal degrees east (r2¼ 0.021, P¼ 0.360).

Table 1 Pairwise combinations of allozyme loci with significant
linkage disequilibrium after the application of a sequential
Bonferroni correction (P¼ 0.005), based on separate exact tests
performed on the two major central and northern European genetic
units recovered by a K¼ 2 STRUCTURE program (Pritchard et al.,
2000) analysis, as shown in Figure 2a

Code Population Loci pairing Exact test P-value

Central Europe
SG2 Luglas PGI-2/PGM-2 0.000625
SG2 Luglas PGI-2/SKDH 0.000000
SG5 Neuhaus UGPP-2/SKDH 0.001875
AU1 Voslaur Hutter AB AAT-1/PGI-2 0.003438
AU4 Steinhof PGM-2/SKDH 0.002188

Northern Europe
SC3 Am Bodach AAT-2/PGI-2 0.001563
SC3 Am Bodach AAT-2/PGM-3 0.001875
SC3 Am Bodach AAT-2/SKDH 0.002188
SC4 Ben Hiant AAT-2/PGM-3 0.004687
SH1 Keen of Hamar 6-PGD-2/PGM-3 0.001563
IC2 Sudur Thingyjarsysla UGGP-2/PGI-2 0.000937

Table 2 Allozyme and chloroplast trnL-F IGS haplotype diversity organized by geographic area, based on individual population results,
as reported in Supplementary Table S1

Region Nos.
pops.

Mean
sample Size

Allozymes

Multi-locus genotypes Diversity (genets only)

Nos.
genets

Percentage of
unique MLG

Percentage
of Clones

P Ae He Ho f

Mean Europe 42 30.69 28.64 93.09 6.91 0.610 1.580 0.277 0.241 0.141
Mean Central Europe 17 36.24 34.12 93.29 6.71 0.632 1.567 0.284 0.257 0.100
Mean Northern Europe 25 26.92 24.92 92.95 7.05 0.595 1.589 0.273 0.230 0.169

Austria (AU1-7) 7 28.43 27.43 95.14 4.86 0.690 1.567 0.303 0.282 0.074
S. Germany (SG1-8) 8 44.88 42.13 93.49 6.51 0.604 1.586 0.277 0.252 0.097
British Isles (WA1, IR1,
SC1-9, SH1)

12 29.33 26.42 90.04 9.96 0.618 1.650 0.288 0.259 0.106

Iceland (IC1-6) 6 28.17 26.83 95.39 4.61 0.639 1.605 0.291 0.232 0.205
Scandinavia (SW1-2,
NO1-5)

7 21.71 20.71 95.86 4.14 0.517 1.471 0.232 0.177 0.246

Chloroplast

Haplotypes Diversity

Region Nos.
pops.

Sample
size

1 2 3 4 5 6 7 8 9 10 R p

Mean Europe 42 430 10 204 3 10 7 177 3 4 11 1 7.778 0.0066
Mean Central Europe 17 170 10 143 0 10 7 0 0 0 0 0 3.000 0.0047
Mean Northern Europe 25 250 0 51 3 0 0 177 3 4 11 1 5.606 0.0026

Austria (AU1-7) 7 70 10 43 0 10 7 0 0 0 0 0 3.000 0.0052
S. Germany (SG1-8) 8 180 90 0 90 0 0 0 0 0 0 0 0.000 0.0000
British Isles (WA1, IR1,
SC1-9, SH1)

12 120 0 11 3 0 0 98 3 4 0 1 4.197 0.0038

Iceland (IC1-6) 6 60 0 39 0 0 0 21 0 0 0 0 1.000 0.0053
Scandinavia (SW1-2,
NO1-5)

7 70 0 1 0 0 0 58 0 0 11 0 1.857 0.0018

Allozyme diversity measures: number of unique multi-locus genotypes (Nos. Genets), proportion of polymorphic loci 0.95 criterion (P),
effective number of alleles per locus (Ae), expected heterozygosity (He), observed heterozygosity (Ho), inbreeding coefficient (f). Choloroplast
diversity measures: haplotype rarefaction with correction for smallest regional sample size (n¼ 60) (R), nucleotide diversity (p). Numbers of
populations (Nos. pops.).
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The number of population clusters (K) within the entire
dataset was explored using Bayesian analysis. The log
likelihood was calculated over K¼ 1–6 with STRUCTURE,
and the delta-K analysis indicates that K¼ 2 is most likely
the correct minimum number of clusters (Figure 1). K2
separates populations from central Europe and northern
Europe (Figure 2a), with populations typically having 92–
99% assignment to a single cluster, but with evidence of
local recent genetic admixture for populations in Iceland and
western Scotland (Supplementary Table S1). Population
structure was further explored by conventional F-statistic
analysis. A hierarchical FST analysis indicated that diversity
is partitioned between the central and northern Europe
populations FCT¼ 0.155 (95% CI 0.067, 0.230). This trend was
further observed when FST was then calculated among all
pairwise combinations of regions with multiple population
samplings (Figure 2b and Table 3). Differentiation was consis-
tently lower for the regional comparisons from within
central or northern Europe (FST ranging 0.042–0.088),
compared with tests that involved both central and northern

Table 3 Two and three-level hierarchical analysis of genetic differentiation and inbreeding coefficients for allozyme and chloroplast
haplotype markers

Region Nos. pops Allozyme genets only Chloroplast haplotypes

FIS (f) FIT (F) FST (y) FCT (yP) FSC (yS) FST fST fCT fSC

Two-level hierarchical analysis
Total range 42 0.129

(0.066–0.185)

0.365

(0.370–0.428)

0.271

(0.212–0.326)

— — 0.840

(0.0001)

0.851

(0.0001)

— —

Central Europe 17 0.093

(0.052–0.134)

0.227

(0.189–0.264)

0.148

(0.128–0.169)

— — 0.910

(0.0001)

0.888

(0.0001)

— —

Northern Europe 25 0.163

(0.078–0.243)

0.372

(0.296–0.447)

0.249

(0.202–0.294)

— — 0.677

(0.0001)

0.693

(0.0001)

— —

Austria (AU1-7) 7 0.069

(0.017–0.116)

0.127

(0.076–0.168)

0.063

(0.038–0.091)

— — 0.899

(0.0001)

0.870

(0.0001)

— —

S. Germany (SG1-8) 8 0.090

(0.048–0.132)

0.230

(0.194–0.266)

0.154

(0.130–0.182)

— — 0.000

(1.0000)

0.000

(1.0000)

— —

British Isles (WA1,

SC1-9, SH-1, IRE-1)

12 0.113

(0.034–0.209)

0.289

(0.199–0.395)

0.199

(0.145–0.251)

— — 0.421

(0.0001)

0.372

(0.0001)

— —

Iceland (IC1-6) 6 0.203

(0.100–0.291)

0.333

(0.227–0.415)

0.163

(0.097–0.240)

— — 0.938

(0.0001)

0.938

(0.0001)

— —

Scandinavia

(NO1-5, SW1-2)

7 0.241

(0.110–0.330)

0.469

(0.394–0.518)

0.301

(0.217–0.380)

— — 0.468

(0.0001)

0.422

(0.0001)

— —

Three-level hierarchical analysis
((C. Europe): (N. Europe)) 17 vs 25 0.129

(0.067–0.185)

0.413

(0.339–0.485)

— 0.155

(0.067–0.230)

0.326

(0.241–0.400)

— 0.894

(0.0001)

0.581

(0.0001)

0.748

(0.0001)

((Austria): (S. Germany)) 7 vs 8 0.082

(0.041–0.122)

0.227

(0.183–0.266)

— 0.042

(0.025–0.057)

0.158

(0.133–0.183)

— 0.899

(0.0001)

0.217

(0.051)

0.871

(0.0001)

((Austria): (British Isles)) 7 vs 12 0.095

(0.031–0.164)

0.353

(0.243–0.477)

— 0.157

(0.060–0.264)

0.285

(0.197–0.384)

— 0.843

(0.0001)

0.586

(0.0001)

0.622

(0.0001)

((Austria): (Iceland)) 7 vs 6 0.128

(0.059–0.186)

0.305

(0.247–0.355)

— 0.106

(0.059–0.152)

0.204

(0.136–0.265)

— 0.903

(0.0001)

0.005

(0.353)

0.903

(0.0001)

((Austria): (Scandinavia)) 7 vs 7 0.131

(0.052–0.195)

0.426

(0.303–0.515)

— 0.209

(0.061–0.340)

0.340

(0.190–0.456)

— 0.890

(0.0001)

0.597

(0.0007)

0.728

(0.0001)

((S.Germany): (British Isles)) 8 vs 12 0.101

(0.045–0.162)

0.417

(0.311–0.523)

— 0.213

(0.089–0.326)

0.352

(0.249–0.447)

— 0.894

(0.0001)

0.828

(0.0001)

0.382

(0.0001)

((S.Germany): (Iceland)) 8 vs 6 0.127

(0.069–0.175)

0.375

(0.308–0.444)

— 0.150

(0.072–0.238)

0.283

(0.199–0.380)

— 0.956

(0.0001)

0.304

(0.042)

0.937

(0.0001)

((S.Germany): (Scandinavia)) 8 vs 7 0.130

(0.068–0.180)

0.482

(0.373–0.567)

— 0.259

(0.114V0.388)

0.405

(0.271–0.518)

— 0.938

(0.0001)

0.892

(0.0001)

0.425

(0.0001)

((British Isles): (Iceland)) 12 vs 6 0.144

(0.069–0.221)

0.352

(0.252–0.451)

— 0.068

(0.000–0.138)

0.243

(0.174–0.310)

— 0.793

(0.0001)

0.426

(0.009)

0.639

(0.0001)

((British Isles): (Scandinavia)) 12 vs 7 0.148

(0.057–0.242)

0.389

(0.303–0.473)

— 0.071

(0.010–0.120)

0.283

(0.211–0.335)

— 0.374

(0.0001)

�0.024

(0.638)

0.389

(0.0001)

((Iceland):(Scandinavia)) 6 vs 7 0.219

(0.112–0.295)

0.442

(0.377–0.496)

— 0.076

(-0.011–0.158)

0.285

(0.207–0.349)

— 0.866

(0.0001)

0.439

(0.035)

0.761

(0.0001)

For allozyme data, 95% confidence intervals by bootstrap (9999 replica) are given in brackets, and for chloroplast data, the probability values
(10 000 permutations) are given in brackets. Southern Germany is invariant for chloroplast haplotype 2. Number of populations (Nos. pops).
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Europe areas (FST ranging 0.106–0.259). Populations from
northern Europe had higher differentiation FST¼ 0.249
(95% CI 0.202, 0.0294) compared with the central European
populations FST¼ 0.148 (95% CI 0.128, 0.169), and overall,
European-wide differentiation was FST¼ 0.271 (95% CI
0.212, 0.326). A Mantel test indicated a relationship
(r2¼ 0.225, P¼ 0.001) between genetic similarity (log FST)
and geographic distance (log Km) when calculated among
all 861 pairwise combinations of populations.

Chloroplast diversity
Two new trnL-F types (PET 35–36) were identified from
the alignment of the new Norwegian and Irish sequences
(Supplementary Table S4). After excluding the trnF

pseudogene portion of the fragment, all sequences had
haplotypes identical to those reported earlier Ansell et al.,
(2007) (Table 4). The distribution and frequencies of the
10 unique haplotypes is shown in Table 2, and the
haplotype network in Figure 2d. Only haplotypes 2 and 6
occurred at high frequencies, 47 and 41% respectively.
The remaining haplotypes were private to two or fewer
populations in northern Europe (haplotypes 3, 7–10) or
central Europe (haplotypes 1, 4–5). Haplotype 6 was
confined to northern Europe, whereas haplotype 2 was
present in both central and northern Europe, the latter at
much lower frequencies and only common on eastern
Iceland.

Haplotype richness by rarefaction (R) and nucleotide
diversity (p) was higher for pooled northern European
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samples R¼ 5.606 p¼ 0.0047, compared with central
European samples R¼ 3.000 p¼ 0.0026. At a regional
scale, haplotype diversity was highest in the British Isles
R¼ 4.197, followed by Austria R¼ 3.000, Scandinavia
R¼ 1.857 and Iceland R¼ 1.000. Only haplotype 2 is
present in southern Germany. Nucleotide diversity in
contrast was highest in Iceland p¼ 0.0053, followed by
Austria p¼ 0.0052, the British Isles p¼ 0.0038, Scandina-
via p¼ 0.0018. Chloroplast diversity was significantly
partitioned among European populations (Table 3),
when estimated from haplotype frequencies FST¼ 0.840
(P¼ 0.0001), or when genetic distances were incorpo-
rated FST¼ 0.851 (P¼ 0.0001). Diversity was partitioned
between central and northern Europe areas FCT¼ 0.581
(P¼ 0.0001). This pattern was largely supported when
FCT is calculated among all pairs of regions (Figure 2c,
Table 3). Iceland was the exception to this trend, with
high frequencies of haplotype 2 in populations IC1-4
(Figures 2c and d), resulting in Iceland having low
overall differentiation from Austria and southern

Germany. The remaining Icelandic populations (IC5-6,
Figure 2d) had high frequencies of haplotype 6, and low
pairwise estimates of FCT were obtained between IC5-6
and the British Isles and Scandinavia, values in brackets
of Figure 2c.

Mismatch analyses on observed haplotype differences
failed to reject the sudden population expansion model
(Figure 3), when performed separately on cluster I and
cluster II (northern European haplotype 6-10) haplotype
lineages, with P¼ 0.540 and P¼ 0.580, respectively
(Figures 2a and 3b). Individual tests on the following
regions also failed to reject the sudden expansion model:
cluster I Austria lineages P¼ 0.333 (Figure 2d), cluster II
British lineages P¼ 0.680 and cluster II Scandinavian
lineages P¼ 0.140. However, the sudden expansion model
was rejected for the central Europe cluster I lineages
(haplotypes 1, 2, 4, 5) P¼ 0.002 (Figure 2c). This result
was biased by the relatively high density of sampling in
southern Germany (n¼ 8, 20 km� 30 km area), where the
populations are invariant for haplotype 2.

Table 4 Chloroplast trnL-F IGS haplotype definitions for A. l. petraea, based on variable positions 50 of pseudogene copy I, as defined by
Ansell et al. (2007), and the alternative scheme based on the combined trnL intron and trnL-F IGS regions used in Schmickl et al. (2009) and
related studies

Haplotype following
Ansell et al., 2007

Haplotype following
Schmickl et al., 2009

Positions of trnL-trnF alignment

47 Indel A 89 107 130 147 165 167 178

1 A, B A � C A C A T C C
2 AI-AL, G, K, J, C, A + C A C A T C C
3 AF A � C T C A T C C
4 V A � C A C A T A C
5 R A � C A C A G C C
6 AB A � T A C A T C C
7 AC A � T A C C T C C
8 AG A � T A T A T C C
9 AM G � T A C A T C C

10 S A � T A C A T C T

Bold text to highlight nucleotide differences.
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Discussion

Polyploid populations were detected in areas that had
previously been subjected to extensive cytological
screening (Austria and Czech Republic, Polataschek,
1966; Hejeny and Slavik, 1992), but also those lacking
detailed cytological data (northern Germany, and Hun-
gary, Supplementary Figure S1). Thus our study helps to
define the range and extent of diploid A. l. petraea. Within
diploid A. l. petraea most diversity (c. 70%) was
maintained within populations, which is consistent with
early predictions made for this obligate outcrossing (self-
incompatible SI) species (Clauss and Mitchell-Olds, 2006;
Schierup et al., 2006; Mable and Adam, 2007). The mean
estimates for diversity measures were higher compared
with average estimates for other short-lived outcrossing
perennials (Hamrick and Godt, 1996), potentially reflect-
ing the prolonged flowering period and insect pollina-
tion that promote local gene flow.

For an outcrossing plant genetic variation was unu-
sually structured at all geographic scales, with significant
differentiation detected at the continental, regional and
local scales, for example, Europe FST¼ 0.271, central
Europe FST¼ 0.148, Norway FST¼ 0.315, southern Ger-
many FST¼ 0.154. Our continental estimate was lower
than that reported by a recent microsatellite study (FST

¼ 0.420, Muller et al., 2008), but our regional estimates
are consistent with earlier allozyme and microsatellite
studies (FST ¼ 0.17 and FST ¼ 0.252 for central Europe
and Sweden, respectively Clauss and Mitchell-Olds,
2006; van Treuren et al., 1997). Recent demographic
history has contributed to this widespread population
differentiation, with genetic bottlenecks detected from
c. 50% of populations and these are, approximately,
uniformly distributed throughout the range (Figure 2a).
Austria was an exception. Here, only two somewhat
unusual populations showed bottlenecks, AU5/Lucker-
ter from an old quarry, and AU7/Bärenschützklamm, a
single patch colony. Furthermore, our results from
chloroplast diversity revealed a pattern consistent with
recent sudden population expansion (Figure 3). Thus we
consolidate previous observations (Muller et al., 2008;
Ross-Ibarra et al., 2008) and conclude that nearly the
entire range of A. l. petraea has been strongly influenced
by recent historical events.

Our dense sampling regime helped to minimize the
effect of the local genetic drift, and we detected that
diversity is organized at the continental scale in two
population clusters, one in central Europe and one in
northern Europe (Figures 2a–d). This arrangement
mirrors the core divisions in the European distribution
pattern (Jalas and Suominen, 1994), and was clearly
supported by Bayesian and FST analyses of allozyme
variation, and by the analysis of chloroplast sequences
(Figures 2a–d). We acknowledge that by excluding the
trnF pseudogene copies (Ansell et al., 2007; Schmickl
et al., 2009) the remaining portion of the chloroplast
sequences are short and additional sequencing might
improve the phylogeographic resolution. Nevertheless,
our data clearly indicate a distinct geographic substruc-
turing of Europe diversity.

Iceland is the notable exception to the clear central–
northern European split, with eastern populations (IC1-
4) having high frequencies of a haplotype more typical of
central European samples (Figure 2d). In Iceland and in

western Scotland we recovered clear evidence of gene
pool amalgamation from the allozymes (Figure 2a),
indicating local gene flow in otherwise distinct popula-
tions. Recent coalescence analysis on 77 nuclear loci
obtained a divergence time of around 36 000 years ago
between Swedish and German samples (Ross-Ibarra
et al., 2008). This would suggest the two European
populations differentiated before the last glacial
maximum (LGM) around 18 000 years ago (Hewitt,
2004), and the local genetic admixture is post-glacial
in origin.

Our results contrast with two earlier European-wide
diversity studies, which did not recover a distinct
northern European population (Muller et al., 2008;
Ross-Ibarra et al., 2008). These studies elected to
investigate wider genetic diversity patterns and included
samples of North American A. l. lyrata (Muller et al.,
2008; Ross-Ibarra et al., 2008). Multi-locus sequencing
studies have established that the European (A. l. petraea)
and North American (A. l. lyrata) taxa are substantially
differentiated (Wright et al., 2003, 2006). Thus inter-
subspecies differences may have masked the more subtle
substructuring of European diversity. Muller et al., (2008)
also reported relatively high levels of homoplasy in their
data, and the use of relatively few European populations
(n¼ 6) may have exacerbated this.

Compared with the central European populations,
the northern populations showed only modest and
non-significant reductions in diversity (P, He, Ho)
(Table 2). This trend was further observed when
populations of less than 92% assignment to a single
Bayesian cluster were excluded from Mann–Whitney
tests (except Ho, P¼ 0.011). This contrasts with the earlier
reports of significant reductions reported in comparative
analyses (Clauss and Mitchell-Olds, 2006; Muller et al.,
2008), although these studies included only limited
northern sampling. In agreement with Muller et al.,
(2008) we found elevated levels of inbreeding for
northern Europe, but these levels remained low
(FIS¼ 0.093 versus 0.163). Inbreeding increased locally
in Iceland and Scandinavia (Table 3), but also remained
low in comparison with the North American A. l. lyrata,
where selfing probably evolved in the recent post-glacial
period (Mable and Adam, 2007). The European A. l.
petraea retains sporophytic self-incompatibility (Schierup,
1998; Charlesworth et al., 2003), the genetic control
ensuring that populations must be established by at
least two unrelated individuals. Schierup et al., (2006)
detected 11 SRK (pistile locus) haplotypes in an Icelandic
population, implying a minimum of six diploid founder-
ing individuals. Consequently the SI system may have
helped to retain diversity, counterbalancing the effects of
rapid population expansion (Ibrahim et al., 1996) and
explain the absence of a clear ‘southern richness versus
northern purity’ pattern associated with many organ-
ism’s recent post-glacial history (Petit et al., 2003; Hewitt,
2004).

Phylogeographic model development
There is increasing fossil and molecular evidence
supporting the glacial survival of cold tolerant taxa
north of the Alps during the last glacial maximum
(LGM) (Alsos et al., 2005; Mráz et al., 2007), where an
extensive tundral landscape developed between the Alps
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and northern German ice sheets (Lang, 1994). A. l. petraea
is tolerant of cold conditions, having been recorded from
1250 m altitude in Scotland (Ratcliffe, 1994), and has a
preference for natural disturbed habitats (Ratcliffe, 1994;
Hemp, 1996). Consequently A. l. petraea potentially had a
widespread distribution across central Europe during the
LGM. Hence, it is proposed that A. l. petraea survived the
LGM in central European localities and then recolonized
northern Europe in the post-glacial period (Clauss and
Mitchell-Olds, 2006; Muller et al., 2008). These studies
cite the German population’s maintenance of extensive
heterozygosity, mutation-drift equilibrium and low with-
in-population inbreeding as factors associated with an
established population history and glacial survival.
Our denser survey of 17 central European populations
detected similar genetic patterns and broadly supports
this hypothesis, but also indicates a more complex
phylogeographic history. In agreement with the Arabi-
dopsis genus-wide phylogeographic trends (Koch and
Matschinger, 2007), eastern Austria is the centre of
central European genetic diversity for A. l. petraea.
Although centres of diversity may also arise from
population amalgamation (Petit et al., 2003), and both
diploid and polyploid populations of A. l. petraea occur in
Eastern Austria (Polatschek 1966 and Supplementary
Figure S1), the delta-K analysis of STRUCTURE outputs
did not support the local involvement of a second gene
pool, such as related A. arenosa (Figures 1 and 2a).
Furthermore, there is little evidence of recent coloniza-
tion within Austria, with low local estimates of differ-
entiation and inbreeding (FST¼ 0.063, FIS¼ 0.069). Hence,
Austria appears to have functioned as a long-term glacial
refugium for A. l. petraea. This is in agreement with the
findings from other cold-tolerant plants (Ehrich et al.,
2007; Mráz et al., 2007). Relative to eastern Austria
bottlenecks are widespread in Southern Germany,
allozyme diversity is reduced and differentiation is
elevated (FST¼ 0.154), and the populations lack chlor-
oplast variation despite comprehensive sampling
(n¼ 260, Ansell et al., 2007). Furthermore, a positive
Tajima’s D was obtained from Plech, implying this
population and potentially the entire southern Germany
range is not in equilibrium (Ross-Ibarra et al., 2008). In
addition, the local chloroplast haplotype and a high
fraction of allozyme diversity can be recovered from
Austrian populations. Taken together, these observations
suggest southern Germany is a secondary centre for
post-glacial survival, derived from earlier Quaternary
expansions from Austria, but having now reached a near
equilibrium state (Ross-ibarra et al., 2008).

The long-term glacial survival of A. l. petraea in central
Europe is linked to special local micro-habitats. Plant
community analysis revealed that Bavarian A. l. petraea
populations occupy special azonal habitats in semi-
shaded dolomitic rocks, which have ecologies that
closely resemble the cool moist rocky conditions that
prevailed locally during the LGM (Hemp, 1996). Thus a
local continuity of ecologies is provided in both warm
and cold Quaternary periods, maintaining local genetic
diversity. Similar habitats occur in the Wienerwald
forests of the eastern Austrian Alps, where A. l. petraea
is locally common (Polatschek, 1966). However, with
each glacial cycle only subsets of individuals from the
large glacial population are likely to survive on the
special micro-site habitats. Consequently, A. l. petraea

may have a history of glacial survival through a series of
transitory glacial relict sites, rather than through a
persistent recognizable refugial population.

Our data do not support the hypothesis of northern
post-glacial colonization from a central European source
(Clauss and Mitchell-Olds, 2006; Muller et al., 2008; Ross-
Ibarra et al., 2008). We did not detect a clear reduction in
northern European nuclear genome diversity, and the
dominant northern cpDNA haplotypes are absent from
extant diploid central European populations. This asym-
metric haplotype distribution could be explained by the
chloroplast genome having a small effective population
size, making it vulnerable to drift during Quaternary
population oscillations (Petit et al., 2003). However, the
divergence time between the central-northern European
populations based on nuclear loci appears to sub-
stantially predate the LGM (Ross-Ibarra et al., 2008),
suggesting the population subdivision is not very recent.
A similar asymmetric allelic distribution pattern was
also observed from a survey of diversity at the FRIGDA
locus (Kuittinen et al., 2007), which showed the central
European populations lack the common northern allele.
We speculate the northern populations are derived from
a source population independent of the central Europe
stock (for example northern Europe or Siberia), or represent
a fraction of diversity that is no longer extant in the central
European range. We argue it is likely A. l. petraea was
capable of surviving around the margins of the northern
European ice-sheets, as proposed for a number of other
arctic-alpine species (Gabrielsen et al., 1997; Alsos et al.,
2005; Ehrich et al., 2007). In Iceland A. l. petraea is only
absent from the areas permanently glaciated, and fossilized
seedpods are reported from former glaciated area of
northern England in the early post-glacial (Jones, unpub-
lished), suggesting glacial populations were nearby. Taken
together these observations indicate colonization may have
proceeded rapidly from source areas near to glacier
margins; and that colonization proceeded at the margin
of the receding glaciers, then climate warming exposed
open tundral habitats as suitable niches for A. l. petraea to
grow. The exact location of any potential northern refugia
still remains cryptic.

Model organism implications
The development of Arabidopsis lyrata for studying plant
ecological and evolutionary processes (Mitchell-Olds,
2006) will continue to gather pace with the recent arrival
of the completed genome (http://www.jgi.doe.gov/
sequencing/why/3066.html). So far a large proportion
of adaptation and diversity studies have used ‘standard’
sampling locations (for example Esja Mountain, Karhu-
maki, Mjällom, Plech, Reykjavik). A growing number of
studies have used collections from both central and
northern European territories (Kuittinen et al., 2007;
Leinonen et al., 2009), which we show here to be
genetically structured. Future adaptation studies should
ideally continue this wider sampling approach when
testing for local adaptation.

In general few sampling sites are needed to capture a
high proportion of Europe’s allelic diversity (neutral
variation), as a good portion of alleles are common
among all populations. Nevertheless, the occurrence
of locally restricted alleles (Supplementary Table S3)
should be considered when developing seed stock
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centres, as is standard for A. thaliana research. Sampling
should also consider the extensive local habitat diversity;
such as gypsum, serpentine and dolomitic substrates,
and the sea level to 1250 m altitudinal range. Presently it
appears adaptation studies have almost avoided sam-
pling populations from Austria (Clauss and Mitchell-
Olds, 2006), which we here show to be the centre of
central European genetic diversity. This under represen-
tation may reflect sampling uncertainties created by the
lack of clear geographic organization of ploidy levels
(Supplementary Figure S1), but we hope our results will
enable targeted collecting of appropriate populations in
this important region.

Our study highlights that genetic bottlenecks, recent
demographic history and regional glacial survival are
dominant factors in structuring European diversity.
Consequently genomic studies should consider popula-
tion history when testing hypothesis, for example,
selective sweeps and genome scans. While recombina-
tion appears effective in restoring linkage equilibrium in
A. lyrata, as indicated by the rapid linkage disequili-
brium decay around gene sequences (Wright et al., 2006;
Kuittinen et al., 2007; Ross-Ibarra et al., 2008), poly-
morphisms may still remain locally structured over
nearby nucleotide sites.
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Gaudeul M, Sten�nien HK, Ågren J (2007). Landscape structure,
clonal proprogation, and genetic diversity in Scandinavian
populations of Arabidopsis lyrata (Brassicaceae). Am J Botany
94: 1146–1155.

Hall TA (1999). BioEdit: A User-Friendly Biological Sequence
Alignment Editor and Analysis Program. North Carolina State
University: Raleigh. Available at http://www.mbio.ncsu.edu/
BioEdit/bioedit.html.

Hamrick JL, Godt MJW (1996). Effects of life history traits on
genetic diversity in plant species. Philos Trans R Soc Lond, Ser
B 351: 1291–1298.

Hejeny S, Slavik B (1992). Cardaminopsis petraea, Kvetena České
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Ostalpenländer, I. Österreichische Botanische Zeitschrift 113:
1–46.

Pritchard JK, Stephens M, Donelly P (2000). Inference of
population structure using multilocus genotype data. Genet-
ics 155: 945–959.

Ratcliffe DA (1994). Arabis petraea In: Stewart A, Pearman DA,
Preston CD (eds). Scarce plants of the British Isles. JNCC:
Peterborough. pp 51.

Rogers AR, Harpending H (1992). Population growth makes
waves in the distribution of pairwise genetic differences. Mol
Biol Evol 9: 552–569.

Ross-Ibarra J, Wright SI, Foxe JP, Kawabe A, DeRose-Wilson L,
Gos G et al. (2008). Patterns of Polymorphism and Demo-
graphic History in Natural Populations of Arabidopsis lyrata.
PloS One 3: e2411.
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