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Native range genetic variation in Arabidopsis thaliana is
strongly geographically structured and reflects Pleistocene

glacial dynamics
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Abstract

Despite Arabidopsis thaliana’s pre-eminence as a model organism, major questions remain
regarding the geographic structure of its genetic variation due to the geographically incomplete
sample set available for previous studies. Many of these questions are addressed here with
an analysis of genome-wide variation at 10 loci in 475 individuals from 167 globally distributed
populations, including many from critical but previously un-sampled regions. Rooted
haplotype networks at three loci suggest that A. thaliana arose in the Caucasus region.
Identification of large-scale metapopulations indicates clear east-west genetic structure,
both within proposed Pleistocene refugia and post-Pleistocene colonized regions. The
refugia themselves are genetically differentiated from one another and display elevated
levels of within-population genetic diversity relative to recolonized areas. The timing of an
inferred demographic expansion coincides with the Eemian interglacial (approximately
120 000 years ago). Taken together, these patterns are strongly suggestive of Pleistocene
range dynamics. Spatial autocorrelation analyses indicate that isolation by distance is
pervasive at all hierarchical levels, but that it is reduced in portions of Europe.
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Introduction

Like many model organisms, Arabidopsis thaliana (L.) Heynh.
is frequently found in areas of human disturbance. These
situations (roadsides, pastures, etc.) often support large A.
thaliana populations (]. Beck personal observation), and its
tiny seeds are viewed as easily transported by humans.
This potential for frequent, long distance dispersal has led
some researchers to assume that little or no genetic structure
exists at large geographic scales in A. thaliana (Maloof et al.
2001), an idea at odds with the null hypothesis for Eurasian
species with similar distributions. What we refer to as
the ‘Pleistocene Paradigm’ describes the genetic structure
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resulting from periodic north/south movements in response
to the expansion and contraction of available habitat during
the Pleistocene glacial cycles. During glacial advance and
particularly during glacial maxima, genetic drift acted to
alter allele frequencies in individual refugia, eventually
leading to genetic divergence among them. As glaciers
retreated, areas of now suitable habitat to the north were
colonized by individuals from adjacent southern refugia,
leading to an east-west pattern, or one in which zones of
differing allele frequencies are encountered as one moves
from east to west across the range (Marmi et al. 2006; Skrede
et al. 2006; Zink et al. 2006). The recolonization process itself
is thought to produce a second gradient, one of decreased
genetic diversity in the recently colonized northern portion
of the range relative to the southern refugia (Comes &
Kadereit 1998).

Human-mediated long distance dispersal can also
impact the correlation between the geographic and genetic
distances between populations, or isolation by distance
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(IBD). This pattern is driven by frequent gene flow between
neighbouring populations relative to that between distant
ones (Kimura & Weiss 1964), and is the result of both this
‘stepping-stone’” model of gene flow and drift/gene-flow
equilibrium (Kimura & Weiss 1964; Hutchinson & Templeton
1999). Since A. thaliana primarily undergoes self-fertilization
(Abbott & Gomes 1989), the potential for gene flow via pollen
is extremely limited and violation of the stepping-stone
model would be due to long distance seed dispersal. An
intriguing possibility is that higher levels of human activity
(Sanderson et al. 2002) in the European portion of A. thaliana’s
range could lead to more frequent episodes of long distance
dispersal, and therefore reduced levels of IBD. Intentional
human dispersal has been implicated in previous population
genetic studies of European taxa such as wild cherry (Prunus
avium, Mohanty et al. 2001), the brown hare (Lepus euro-
paeus, Kasapidis et al. 2005), and perennial ryegrass (Lolium
perenne, -Warren et al. 1998). Such human dispersal would
be almost assuredly unintentional in an organism such as A.
thaliana, which was until recently of little human interest.

Although over 30 population genetic studies have been
carried out in A. thaliana, only eight (Sharbel et al. 2000;
Symonds & Lloyd 2003; Schmuths et al. 2004; Nordborg et al.
2005; Bakker et al. 2006; Jakobsson et al. 2006a; Ostrowski
et al. 2006; Schmid et al. 2006) included the geographic
sampling necessary for range-wide population genetic
analysis. This lack of sampling is due to the frequent use of
stock centre accessions, which are often single-individual
population samples primarily from Central or Western
Europe, with few or no representatives from Eastern Europe,
European Russia, the Caucasus, or Central Asia. This
sampling bias has consistently limited insight into A. thaliana
population genetics, and a call for expanded sampling has
been echoed by many in the Arabidopsis field (Mitchell-Olds
2001; Hoffmann et al. 2003; Bakker et al. 2006; Ostrowski
et al. 2006).

Although east-west genetic structure is apparent in
certain prior studies, most included notable sampling in
only one potential refugial area, the Iberian Peninsula.
Lack of samples from Italy, the Balkans, and the Caucasus
seriously limits the ability to evaluate Pleistocene influences
(Hoffmann et al. 2003; Bakker et al. 2006). No study to date
has evaluated the expected diversity gradient, due primarily
to the lack of samples in many potential southern refugia.
Results of range-wide tests for IBD have been mixed, as three
studies (Sharbel et al. 2000; Schmuths et al. 2004; Schmid
et al. 2006) have indicated significant overall IBD, while
others (Bakker et al. 2006; Ostrowski et al. 2006) failed to
detect such a pattern. These divergent results could be due
in part to the differing sample sets, markers, and analytical
methods employed in these studies, and further work is
needed to build a consensus regarding IBD in A. thaliana.

Important population genetic questions remain beyond
basic issues of genetic structure, including identifying the
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area and timing of A. thaliana’s origin and identifying
genotypes involved in the origin of the hybrid species
Arabidopsis suecica (Fries) Norrlin. Older, more inclusive
definitions of Arabidopsis included many Central Asian
species, leading some to hypothesize a Central Asian origin
for A. thaliana (Hoffmann 2002). However, a recent molecular
phylogenetic study (O’Kane & Al-Shehbaz 2003) demon-
strated that historical definitions of Arabidopsis were
nonmonophyletic, and the genus was redefined to include
eight species, six of which are European endemics. This
raises the alternative hypothesis that the common ancestor
of Arabidopsis resided in Europe, and that A. thaliana arose
there along with its close relatives. Haplotype network
approaches provide a potential test for these alternative
hypotheses. If ancestral A. thaliana haplotypes identified
through outgroup rooting are geographically restricted, then
their current geographic location will suggest an ancestral
area for the species.

Although the allopolyploid A. suecica has been shown to
be a recently derived hybrid (Jakobsson et al. 2006a, b)
between A. thaliana and a member of the Arabidopsis arenosa
(L.) Lawalrée species complex (Beck et al. 2007), the geo-
graphic location of this hybridization event remains unclear.
If the alleles present in the maternal (A. thaliana) component
of this hybrid taxon are geographically restricted in the
context of A. thaliana’s range, this would provide insights
into the site of the hybridization event. Identifying this
location would allow researchers to prospect for extant
A. thaliana individuals carrying the genome most similar
to the one that participated in the hybridization event,
enhancing the value of the A. thaliana/A. suecica system as
a model for investigating hybridization.

These considerations lead to several research questions.
Where did A. thaliana arise? Do proposed Pleistocene refugia
exhibit genetic divergence relative to one another? Is genetic
diversity higher in refugial areas relative to recently colonized
areas? Is there a significant pattern of IBD across the native
range? Are levels of IBD similar in areas of both high and
low human activity? Where did the hybrid A. suecica arise?
We investigate these questions with an analysis of genetic
variation at 10 loci in 475 individuals from 167 populations.
The 101loci are genome-wide, taken from both the chloroplast
and all five A. thaliana chromosomes. Critically, the sample
set includes 313 individuals from 46 populations never
before analysed, many of which are from previously under-
sampled portions of A. thaliana’s range, greatly enhancing
our ability to understand global population genetic structure
in this model species.

Materials and methods

Sample information appears in Table S1, Supplementary
material. The sample set comprised 475 individuals from
167 populations sampled across both the native and
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introduced range of Arabidopsis thaliana. Three of these were
single-individual Arabidopsis suecica populations, and the
472 A thaliana populations ranged from one to 16 individuals
(mean 2.9). All individuals grouped into a population were
separated by less than 5 km. This set included 402 samples
recently collected by the authors or their collaborators, with
the remaining samples obtained from either the Nottingham
Arabidopsis Stock Center or the Arabidopsis Biological
Resource Center (ABRC). Approximately 70% of these
recently obtained individuals were collected as seed in the
field. Bulk seed via self-fertilization was obtained for 261 of
these samples, and is available through the ABRC. Although
only three samples of A. suecica were analysed, this species
is the result of a single, recent hybridization event (Jakobsson
et al. 2006b), and displays low levels of genetic variability
(Lind-Halldén et al. 2002). Our three samples thus are
exemplars for this species.

PCR amplification, sequencing, and genotyping

The primary data set comprised two DNA sequence regions
(one chloroplast, one nuclear) and eight microsatellite loci,
which together included a marker from the chloroplast
genome and at least one from each of the five A. thaliana
chromosomes. The chloroplast trnL-trnF intergenic spacer
was amplified with the primers ‘trn e’ (Taberlet et al. 1991) and
‘trn £.1” (5"-CAGTCCTCTGCTCTACCAAC-3’), which was
designed to avoid double priming. Since A. thaliana is the
maternal parent of the hybrid A. suecica (Séll et al. 2003), the
chloroplast haplotype we observed in this sample is in effect
one of A. thaliana. A portion of the 5’ flanking region of the
nuclear Atmyb2 gene (Kamiya et al. 2002) was amplified with
the primers ‘ATM 1" (5-CCCTAAACTCGCCTAACTCC-3")
and ‘ATM 4’ (5-ATTCGCTCGTAATCTTCC-3’), both
designed for this study. Using cloning, both the paternal and
maternal alleles from A. suecica were previously isolated at
this locus (Beck et al. 2007), and only the A. thaliana alleles in
our A. suecica samples were analysed. For the ancestral
haplotype analysis a third locus, approximately 700 bp of
the IVS 1 intron of the nuclear MADS-box gene PISTILLATA,
was amplified with the primers ‘pi504" and ‘pi 1254R’
(Bailey & Doyle 1999). Although we did not sequence this
region in all samples, an attempt was made to maximize
the number of populations represented (204 individuals
from 160 populations). All regions were amplified through
polymerase chain reaction (PCR) under standard conditions.
Products were dye-labelled using a Big Dye Terminator
Kit (Applied Biosystems), and analysed on an Applied
Biosystems 3700. Sequences were aligned manually with
SE-AL 2.0 (Rambaut 1996), and alignments are available
upon request to the first author.

Length variation at eight microsatellite loci (ngal51,
ngal62, ngal72, nga225, nga229 — Bell & Ecker 1994; ZFPG
— Symonds & Lloyd 2003; athDET1, ICE10 — Clauss et al.

2002) was determined. Twenty-microlitre reactions contained
2.5 mMm MgCl,, 0.2 mm deoxyribonucleotides, 4 pmoles
fluorescently labelled (6FAM, HEX, NED, VIC, Applied
Biosystems) forward primer, 4 pmoles reverse primer, 2 uL
Promega buffer, and 0.5 U of Promega Tag polymerase.
Reactions involved denaturing at 94 °C (3 min), 35 cycles of
94 °C denaturing (20 s), 55 °C annealing (30's), and 72 °C
extension (2 s), followed by a final extension step at 72 °C
(20 s). Amplicons were sized using 400HD ROX on an
Applied Biosystems 3700. Allele sizes were determined
using GENEMAPPER 3.7 (Applied Biosystems). Although we
did not attempt to amplify Arabidopsis arenosa samples as
positive controls, and the potential therefore existed for
recovering paternal (not maternal A. thaliana) microsatellite
alleles in the A. suecica samples, two of the three A. suecica
samples were completely homozygous for alleles observed
in A. thaliana. The third was heterozygous at three loci, but
in each case one of the alleles was outside of the size range
of alleles observed in A. thaliana. These divergent alleles
were presumed to be paternal and were not considered. The
mistaken scoring of A. arenosa alleles at A. suecicaloci would
therefore involve an unlikely scenario where null alleles
were present at the A. thaliana (maternal) loci and alleles
exactly matching those already observed in A. thaliana were
present at the A. arenosa (paternal) loci.

Data analysis

Haplotype networks for each DNA sequence locus were
generated using Tcs 1.18 (Clement ef al. 2000). The Tajima’s
D (Tajima 1989) statistic (for all three loci) and the mismatch
distribution of the chloroplast trnL-trnF region were evaluated
in ARLEQUIN 3.0 (Excoffier et al. 2005). Both demographic
events and recombination can affect the shape of the
mismatch distribution (Rogers & Harpending 1992), and
the nonrecombining chloroplast locus was therefore chosen
as the most reliable indicator of demographic events. The
fit of the mismatch distribution to one modelled under
a hypothesis of historical demographic expansion was
evaluated with the ‘raggedness statistic’ of Harpending
(1994). The value ‘tau’, which estimates the timing in
mutational units of the inferred expansion event (Rogers &
Harpending 1992), was also estimated. The approach
outlined in Bartish et al. (2006) was used to combine prior
estimates of mutation rate at the trnL-trnF spacer with
values of tau to estimate the onset of any inferred historical
demographic expansion.

In order to identify ancestral haplotypes, sequences from
Arabidopsis lyrata (L.) O’Kane & Al-Shehbaz ssp. petraea (L.)
O’Kane and & Al-Shehbaz were used to root the trnl-trnF,
PISTILLATA, and Atmyb2 haplotype networks in Tcs 1.18.
Sequences from multiple Arabidopsis species were used in
preliminary attempts to root the Atmyb2 and PISTILLATA
networks, and this taxon displayed minimal divergence
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from A. thaliana haplotypes in both cases (data not shown).
To minimize the branch connecting the ingroup to the
outgroup, sites involved in insertion/deletion events were
not analysed.

Unless otherwise specified, the multilocus analyses below
incorporated all 10 loci scored in all 475 individuals. Unless
otherwise noted, the loci were treated as unphased, diploid
loci with the chloroplast spacer assumed to be a completely
homozygous diploid locus. Range-wide population struc-
ture was inferred using STRUCTURE (Pritchard et al. 2000).
Due to the high rate of selfing in A. thaliana, many loci were
expected to be homozygous, and therefore nonindependent,
violating one of the fundamental assumptions of STRUCTURE.
As recommended by Falush et al. (2003), the data were
therefore treated as haploid, with one of the alleles at each
heterozygous position selected at random. Variants at each
of the two DNA sequence loci were considered as haplotypes,
since considering each individual (and tightly linked)
variable position at a locus would also violate the data
independence assumption. The admixture and correlated
allele frequency options were used, and a strategy of a
30 000 iteration burn-in period followed by a 100 000
iteration data collection phase was used. Twenty replicate
runs each were performed at K =1 to K = 9. The parameter
‘AK’ (Evanno et al. 2005) was evaluated to determine the
optimal K value. It should be noted that the A. thaliana
‘populations’ inferred by STRUCTURE are not populations in
the conventional sense. Rather, the large-scale groups inferred
by sTRUCTURE should be viewed as metapopulations, or
networks of local populations connected by patterns of
gene flow over long timescales. An analysis of molecular
variance (AMovA) was performed using ARLEQUIN 3.0.
In the first AMova, the haploid chloroplast marker was
excluded, and the between-population, within-population,
and within-individual variance components were assessed
in the remaining diploid nuclear data set. A second AMova
assessed the between- and within-population variance
components using the haploid chloroplast locus. Signifi-
cance was assessed through permutation analysis (10 000
replications).

In order to evaluate the hypothesis of genetic differentia-
tion between proposed refugia, the significance of allelic
differentiation and pairwise Fg between pairs of refugia
was assessed in ARLEQUIN 3.0. Proposed refugia included
the Iberian, Italian, and Balkan Peninsulas, the Caucasus
region, and Central Asia (samples from modern day
Tajikistan, Uzbekistan, and southern Kazakhstan). The first
four have been inferred from genetic data in a broad array
of organisms, and the Central Asian refugium was included
due to the isolating potential of the Caspian Sea and the arid
regions of modern day Turkmenistan, western Kazakstan,
and western Uzbekistan. The test of allelic differentiation
evaluates the null hypothesis that alleles are randomly
distributed between pairs of refugia through permutation
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testing, and rejection of the null hypothesis indicates
significant genetic differentiation between the refugia in
question. In order to test the prediction of higher genetic
variation in proposed refugia, average within-population
allelic richness in northern vs. southern Eurasia was com-
pared. We used 47°N latitude as an approximation of the
boundary between potential refugial areas and uninhabitable
areas to the north (either glacial ice or permafrost) (Williams
etal. 1993). Average within-population allelic richness of
multiple-individual populations either north or south of 47°N
latitude was computed and the significance of the difference
between the two averages was assessed with permutation
testing (15 000 replications) in FSTAT 2.9.3 (Goudet 1995).

Isolation by distance was assessed with a spatial autocor-
relation analysis on the 10-locus data set in GENALEX 6.0
(Peakall & Smouse 2006). GENALEX calculates an autocorre-
lation coefficient ‘#” for individuals in multiple geographic
distance classes, and assesses the significance of r values
with bootstrapping (Smouse & Peakall 1999). A significantly
positive r value indicates that individuals separated by
distances within that distance class are more similar to one
another than would be expected under a random geographic
distribution of individuals; a significantly negative r value
indicates the converse. Six analyses were conducted: (i) all
445 Eurasian individuals (excluding samples from the
Canary and Cape Verde Islands and the A. suecica samples);
(ii) the 19 North American individuals; (iii) all 262 European
individuals; (iv) the 132 European individuals north of 47°N
latitude; (v) the 80 Asian individuals; and (vi) the 57 Asian
individuals north of 47°N latitude. Isolation by distance
depends on both stepping-stone population structure and
drift/gene-flow equilibrium, and areas recently recolonized
following glacial retreat are likely in a state of nonequilib-
rium (Hutchinson & Templeton 1999). Evaluating violation
of the stepping stone model (due to human-mediated long
distance dispersal) should therefore involve comparisons
among either refugial or recolonized areas, and not those
between these groups. Given the small sample size (23
individuals) available in the Central Asia refugium, only
the comparison between the two recolonized areas was
considered.

Results

The 10-locus haplotypes for all 475 individuals are presented
in Table S1. Chloroplast trnL-trnF sequences varied in length
from 447 to 662 bp. The aligned data matrix was 679 bp,
including a 232-bp region (positions 238-470) which
exhibited extensive length variation due to the presence of
pseudogenized copies of the adjacent trnF coding region
(Koch et al. 2005, 2007). The number and structure of such
copies rendered alignment uncertain, and this region was
excluded from the analysis. The remaining alignment
exhibited four insertion/deletion polymorphisms, all of
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Fig. 1 Chloroplast trnL-trnF haplotype network and geographic array of haplotypes. In the network, box colour/size indicates frequency
(small, no colour = singleton; small, coloured = 1-10 samples; medium, coloured = 1049 samples; large, coloured = 50 or more samples).
Haplotypes one, two, 10, and 15 are inferred as ancestral (see text). The grey shaded area is A. thaliana’s contiguous native range, with grey
points representing isolated occurrences (adapted from Hoffmann 2002). Circles indicate population locations, a lone circle represents a
single-individual population, associated boxes represent multiple individuals sampled in that population. Circles below the map represent
samples from western North America (left), eastern North America (centre), and East Asia (right). Sample numbers correspond to Table S1.

which were analysed as single events. The full haplotype
network comprised 16 haplotypes (Fig. 1). PISTILLATA
sequences varied in length from 642 to 679 bp. The
aligned data matrix was 683 bp, including seven insertion/
deletion polymorphisms, six of which were analysed.
One polymorphism was excluded due to length variation
at a dinucleotide repeat, which was considered potentially
homoplastic. The full haplotype network comprised 24
haplotypes (Fig. 2). Atmyb2 flanking region sequences varied
in length from 695 to 712 bp. The aligned data matrix was
713 bp, including five insertion/deletion polymorphisms,
four of which were analysed. The polymorphism not
considered was due to length variation at a multinucleotide
repeat, which was considered potentially homoplastic. The
full haplotype network comprised 21 haplotypes (Fig. 3).

Tajima’s D-values for all three regions were negative,
although only significantly so at trnL-trnF (trnL-trnF = —1.6931,
P =0.0122; Atmyb2 =-1.2992, P =0.068; PISTILLATA =
-1.0506, P = 0.14). A significantly negative Tajima’s D value
is a general feature of the Arabidopsis thaliana genome (Schmid
etal. 2005), and is consistent with demographic forces,
such as population growth (Aris-Brosou & Excoffier 1996),
rather than non-neutral forces such as selection. The results
of the mismatch analysis were also consistent with this
interpretation, as the distribution at trnL-trnF fails to reject
the sudden demographic expansion model both if indels
are included (sum of squared deviations = 0.000205,
P =0.72; raggedness index = 0.098, P =0.69) or excluded
(sum of squared deviations = 0.000321, P = 0.28; raggedness
index = 0.116, P = 0.46). Séll et al. (2003) estimated a rate of
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Fig. 2 Nuclear PISTILLATA IVS 1 haplotype network and geographic array of haplotypes. In the network, box colour/size indicates
frequency (small, no colour = singleton; small, coloured = 1-10 samples; medium, coloured = 10-49 samples; large, coloured = 50 or more
samples). Haplotypes eight and 22 are inferred as ancestral (see text). The grey shaded area is Arabidopsis thaliana’s contiguous native range,
with grey points representing isolated occurrences (adapted from Hoffmann 2002). Circles indicate population locations, a lone circle
represents a single-individual population, associated boxes represent multiple individuals sampled in that population. Circles below the map
represent samples from western North America (left), eastern North America (centre), and East Asia (right). Sample numbers correspond to

Table S1.

2.9 x 10-9 changes per site per year for noncoding sequence
in the single-copy region of the A. thaliana chloroplast
genome (indels excluded), a set of sequences which includes
the trnL-trnF spacer. This rate and the estimates of tau
(indels excluded) indicate that the demographic expansion
began approximately 122 000 years ago, with lower and
upper bounds at 74 000 and 156 000 years ago.

Ancestral haplotype identification

With indels removed, the rooted trnL-trnF network
comprised 10 haplotypes, and the Arabidopsis lyrata ssp.
petraea sequence was connected to the ingroup by 12 steps.
This branch length was beyond the 95% statistical parsimony
confidence limit (8 steps), but within the 90% confidence
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limit (12 steps). The inferred ancestral haplotype comprised
haplotypes one, two, 10, and 15 in the full network. These
four haplotypes were geographically widespread, primarily
due to the ubiquity of haplotype one (Fig. 1). The rooted
PISTILLATA network comprised 21 haplotypes, and the
outgroup sequence was connected to the ingroup by 39
steps. This branch length was beyond both the 95% and 90%
statistical parsimony limits (10 and 14 steps, respectively).
The inferred ancestral haplotype comprised haplotypes
eight and 22 in the full network, and these haplotypes were
found in Europe and the Caucasus (Fig.2). The rooted
Atmyb2 network comprised 15 haplotypes, and the outgroup
sequence was connected to the ingroup by 18 steps. This
branch length was beyond both the 95% and 90% statistical
parsimony limits (10 and 14 steps, respectively). The inferred
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Fig. 3 Nuclear Atmyb2 haplotype network and geographic array of haplotypes. In the network, box colour/size indicates frequency (small,
no colour = singleton; small, coloured =1-10 samples; medium, coloured = 1049 samples; large, coloured =50 or more samples).
Haplotypes 4 and 15 are inferred as ancestral (see text). The grey shaded area is Arabidopsis thaliana’s contiguous native range, with grey points
representing isolated occurrences (adapted from Hoffmann 2002). Circles indicate population locations, a lone circle represents a single-
individual population, associated boxes represent multiple individuals sampled in that population. Circles below the map represent samples
from western North America (left), eastern North America (centre), and East Asia (right). Sample numbers correspond to Table S1.

ancestral haplotype comprised haplotypes four and 15 in
the full network. These haplotypes were restricted to the
Caucasus, observed in three populations from Georgia and
Azerbaijan (Fig. 3).

Evaluation of range-wide genetic structure

The STRUCTURE results (Fig. 4) clearly demonstrated genetic
structure across the Eurasian range. The parameter AK was
maximized at K=2, and group assignments for all 475
individuals are shown forboth K=2and K=3. AtK =2,
the range was divided between largely European and
largely Asian metapopulations, and at K = 3, the European
metapopulation was divided into largely eastern and

western metapopulations. In the K = 2 analysis, the 25 non-
native samples from North America and East Asia were
assigned to the European metapopulation, with the exception
of sample 815 (Kyoto, Japan), which exhibited a genome
partially (34%) assigned to the Asian metapopulation, and
sample 896 (Anhui Province, China), which was largely
(97%) assigned to the Asian metapopulation (Fig. 4). The
maternal components of the three A. suecica samples (800,
894, and 895) were almost entirely assigned (94%, 99% and
97%, respectively) to the Asian metapopulation. Interestingly,
two of these samples displayed a strikingly high simila-
rity to samples from China. Arabidopsis suecica sample 894
shared alleles with the A. suecica sample from Anhui
Province, China at nine of the 10 loci, and A. suecica sample

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd



ARABIDOPSIS THALIANA GENETIC STRUCTURE 909

SR

minor group %
000124 @
» 0125024 G
N 0250314 &
» 037505 §
"4
L)
(& '
- i)
- -
g
- . - -
-
0 S N,
e A
China (896) Arnbidopsis suscica (800)
Japan(60) @
lapan (814) @ Arabidopais suscica (B4)
3 Japan (815) &
Rhode Island (818) @ lapan (816) @ Arpiidcpale suecicn (K%)
A Michigan (29) Rhode Island (819) g
21
}f‘" B
o]
. %J tﬂ minor group %
00-0.124 (XX X ]
s "0
[T oE R XN RS
owsos d "@ed4OQ
= 28
"
1
i P Jich
- -

Uil A
] C @) e [ ] China (896) Arabidopsis suecica (800)
° Indlana (822) . ° Japan (50) ®
[ ] Indiana (826) @  Ohlo(817) [ ] Japan (814) @ Arabidopsis suscica (B94)
e e (38) ® Japan (815) »
° Missourd (881) @ Rhode Island (818) ® Japen (816) @ Arabidopsis suecica (895)
B ° Michigan (29) ®  FRhode island (819) ®
he °

Fig. 4 Results of the STRUCTURE analysis. The grey shaded area is Arabidopsis thaliana’s contiguous native range, with grey points representing
isolated occurrences (adapted from Hoffmann 2002). Circles indicate population locations, a lone circle represents a single-individual
population, associated small circles represent multiple individuals sampled in that population. Circles below the map represent samples from
western North America (left), eastern North America (centre), and East Asia (right). Sample numbers correspond to Table S1. Asterisks
indicate individuals heterozygous at one or more of the nine nuclear loci. Colours indicate assignment to one of two or three inferred groups.
Circles exhibiting multiple colours indicate notable variation from multiple groups, with the percentage of the individual’s genome
originating from each group indicated in the inset. (A) K =2; (B) K =3.

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd



910 B. BECK, H. SCHMUTHS and B. A. SCHAAL

North America (19)

-.—

aRoNao
{ -; )
-
L
g
-

0
0.
0.
0.
0!
0.

10” 25* 50* 100 25(?‘ 500 1000*2000 3000 4000 4420

Distance (km)

Recolonized Europe (132)

0.6

-0.2

* * * * *

S

All Eurasia (445)
0.6
03 -K
0.2
0 a + T
0.2 - P

1000 2000% 3000, 4000, 5000, 6000 7000,

Distance (km)

5 50 100 500

Recolonized Asia (57)

5 10 25 50 100 250 500 1000 2000* 3000* 4110

Distance (km)

‘et

* *
5007 1000" 2000, 2961,

Distance (km)

All Asia (80)

All Europe (262)

0.6

0.4
0.2
0 ~ -

-0.2

s 100% 250 sod*

Distance (km)

L] * ]

»*
5 10 25 1000 2000, 300Q, 411Gy

O 0000
NoNbO®

5“ 10* 25* 50* 100* 250 500*

Distance (km)

»*
1000 2000* 2961“

Fig. 5 Results of the spatial autocorrelation analysis. Each box details the results for a particular geographic region. Within each box the
number of samples included in that region is indicated in parentheses. Geographic distance classes are plotted against the autocorrelation
value ‘v’ for samples included in that class. Individual r values are connected with a bold line. Asterisks indicate that the 95% confidence
interval (obtained via bootstrapping) for the r value at that distance does not include zero; asterisks above the distance class number indicated
positive r-values, those below the distance class number indicate negative r-values. The broken lines denote the upper and lower bounds of
r under the null hypothesis of a random distribution of genotypes (Smouse & Peakall 1999).

895 shared nine of 10 alleles with the A. thaliana sample from
Xinjiang Province, China.

The amova framework indicated significant genetic
structure at all hierarchical levels (Table 1). Overall Fg;
values for the two genomes were qualitatively similar
(nuclear 0.53, chloroplast 0.61). The allelic differentiation
and Fgp analyses indicated significant genetic differentiation
between all hypothesized refugial pairs. Alleles were
nonrandomly distributed between all pairs of refugia except
for the Balkans and Italy, and all refugial comparisons
exhibited significant pairwise F¢ values (Table 2). Consistent
with recent colonization of northern Eurasia, the test of
allelic richness indicated that populations in the southern
part of the range contained more within-population variation
than the north (P = 0.02567).

Consistent with the STRUCTURE and AMOVA results, the
spatial autocorrelation analyses indicated significant genetic

Table 1 AMOVA results

Between Within Within
Data populations*  populations*  individuals*
trnL-trnF 61% 39% NA
9 nuclear loci 53.07% 45.75% 1.17%

*Per cent variance attributed to different components is indicated,
all values were highly significant (P < 0.00001).

structure at all hierarchical levels in Eurasia (Fig. 5). The total
Eurasian data set displayed significantly positive r values at
distances of up to 2000 km, and significantly negative r
values at greater distances. Both the Europe, Asia, and
recolonized Asia data sets generally displayed significantly
positive r values up to 1000 km, and significantly negative
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Table 2 Allelic differentiation and pairwise

Refugium Iberia Italy Balkans Caucasus Central Asia  Fg results
Iberia — 0.1494** 0.09398*** 0.08896*** 0.2897***

Italy o — 0.07903* 0.1443*** 0.3542***

Balkans ot 0.182ns. — 0.09424** 0.281***

Caucasus ok ** e — 0.2822%*

Central ASla Ed b A% XA —

Values above the diagonal are pairwise Fgp values (*P < 0.05; **P < 0.01; ***P < 0.001).
Asterisks below diagonal indicate significance of pairwise allelic differentiation. One

nonsignificant P value (Balkans/Italy comparison) is shown.

values at greater distances. In contrast, although the rec-
olonized Europe data set displayed significant r values
at certain distance classes, a departure from the general
Eurasian trend was evident, including a significantly
negative r at the 11-25 km distance class, and nonsignificant
values at the 101-250, 501-1000, and 3001-4110 (maximum)
km classes. The 19 North American samples displayed
positive r values at certain low distance classes (0-10, 11-25,
26-50, and 101-250 km), a significantly negative value at
501-1000 km, and nonsignificant values at remaining
distance classes.

Discussion

The results of all analyses designed to evaluate the effects
of glacial isolation and recolonization strongly suggest
that Arabidopsis thaliana is no exception to the Pleistocene
Paradigm. Both the significantly negative Tajima’s D value
at the trnL-trnF region and the results of the mismatch
analyses are consistent with demographic expansion.
Interestingly, the estimated onset of the inferred expansion
at 122 000 years ago lies directly within the Eemian
interglacial, an approximately 10 000-year warm period
during which estimated temperatures across much of
Europe were at or above present values (Kaspar et al. 2005).
It should be noted that the inferred demographic expansion
is likely not the only such event that has occurred in A.
thaliana’s history. Demographic expansions and contractions
are to be expected during each glacial cycle, events that A.
thaliana has assuredly participated in multiple times. It is
presently unclear if such inferences drawn from mismatch
distributions represent the most influential or the most
recent of these events.

The sTRUCTURE analysis infers large-scale metapopulations
with clear east-west structure, particularly evident in the
K =3 diagram (Fig. 4B), where the source of each of the
three major metapopulations found in glaciated areas
can be traced to adjacent southern refugia. Although our
sampling precludes a precise identification of the longitude
at which the Asian and European metapopulations meet
(Fig. 4A), the contact zone lies between 30° and 50°E
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longitude, approximately north of the Black and Caspian
Seas. These bodies of water served as dispersal barriers
themselves, and during glacial maxima permafrost extended
south to or near the northern borders of both seas (Williams
et al. 1993). Additionally, the Caspian Sea level rose to as
much as 30 m above its present-day depth during recent
interglacials, filling the Caspian Depression to the north,
potentially as far as 50°N latitude (Mamedov 1997). These
‘Caspian Transgressions’ limited the dispersal corridor
made available during glacial retreat, exacerbating the
isolating effects of the glacial periods. There are several
other examples of east-west phylogeographic discontinuities
in this area (Marmi et al. 2006; Skrede et al. 2006; Zink et al.
2006), suggesting that these biogeographic forces have
affected a broad array of organisms. With regards to the
refugia themselves, both the pairwise F¢; and allelic differ-
entiation tests indicate significant genetic differentiation
between all pairs of refugia. Differentiation is particularly
strong between the Central Asian refugium and all others,
suggesting that either small historical population sizes in
Central Asia, relatively limited gene flow between Central
Asia and other areas, or a combination of the two have
produced relatively strong genetic drift in this region.
The expected latitudinal diversity gradient is also evident,
with populations in the north exhibiting reduced within-
population diversity relative to populations in the south.

The extent of isolation by distance

The observation of significantly positive r values at local
and regional scales, which in turn give way to significantly
negative r values at higher spatial scales (Fig. 5), is convincing
evidence of pervasive IBD in A. thaliana. These conclusions
are consistent with similar analyses of genetic structure
at both local (Berge et al. 1998) and range-wide (Sharbel
et al. 2000; Schmuths ef al. 2004; Schmid et al. 2006) scales.
The recolonized Europe range in general displays a
reduced signal of IBD relative to the recolonized Asia
sample, exhibiting a lower absolute r value at all but the
smallest (0-5 km) distance class. These results are a novel
demonstration of a departure from the stepping-stone model
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of population structure in A. thaliana’s recolonized European
range, potentially via human-mediated dispersal. The leading
alternative explanation is that of greater A. thaliana population
density in Europe, which would lead to potentially higher
gene flow relative to that in Asia. Indeed, during our
fieldwork, we encountered a substantially higher population
density in Europe relative to Central Asia, although it
should be noted that European populations were almost
always found in areas of heavy human influence (fields,
roadsides, etc.). The influences of human activity and plant
population density on IBD may therefore be difficult to
disentangle.

Where did A. thaliana arise?

The geographic locations of inferred ancestral haplotypes
suggest that the Caucasus is the leading candidate for A.
thaliana’s ancestral area. Although the branch length
between A. thaliana and the outgroup at PISTILLATA and
Atmyb2 exceed the limits of statistical parsimony, the
single most parsimonious tree resulting from a parsimony
search in paur* 4.0b10 (Swofford 2002) for either locus
exhibits a consistency index of one, indicating a complete
lack of homoplasy at both loci (Hillis et al. 1996). It is therefore
unlikely that, for example, the Atmyb2 symplesiomorphy
shared by haplotypes four, 15, and the Arabidopsis lyrata
ssp. petraea sequence arose in parallel. Furthermore, the
results of the K =3 STRUCTURE analysis (Fig. 4B) indicate
that all three major metapopulations are present in the
Caucasus, consistent with an early diversification in this
region. From a macro-evolutionary standpoint, the Caucasus
forms part of the Irano-Turanian floristic region and is
adjacent to the Mediterranean floristic region (Takhtajan
1986), which combined exhibit 78% of the total genera and
44% of the total species in the family Brassicaceae (Koch &
Kiefer 2006). These two regions are traditionally viewed as
containing the ancestral area for the family (Hedge 1976),
and have been implicated in the origin of other Brassicaceae
species (Koch et al. 2006). The suggestion of the Caucasus as
the ancestral area, however, must be considered tentative
given alternative scenarios that could produce such a pattern.
The most likely alternative scenario is one in which A. thaliana
arose elsewhere, with ancestral alleles later becoming fixed
in the Caucasus due to relatively high effective population
sizes in this region. Additionally, the geographic array
of haplotypes at PISTILLATA and Atmyb2 represent the
outcomes of the coalescent process at only two loci, and similar
analyses at many loci are needed to determine if A. thaliana
carries the genomic signature of a Caucasian origin.

Origin of the hybrid A. suecica

The STRUCTURE analysis strongly assigns the maternal
genome of all three Arabidopsis suecica samples to the Asian

metapopulation, and the striking similarity of two of the A.
suecica maternal genomes to A. thaliana genomes from
China is in conflict with prevailing hypotheses regarding
the site of A. suecica’s origin. A. suecica is currently known
from Fennoscandinavia and the Baltic (Hoffmann 2005),
and its paternal parent is a member of the Arabidopsis
arenosa species complex (Beck et al. 2007), a group largely
restricted to Central and Eastern Europe (Hoffmann 2005).
In addition, A. suecica maternal genomes are most similar to
those from Eastern European A. thaliana individuals in
previous studies (Sall et al. 2003; Jakobsson et al. 2006a, b),
although these included limited sampling outside of
Europe. These observations have led to the prevailing view
(Clauss & Koch 2006; Jakobsson et al. 2006a, b) that the origin
of A. suecica occurred in Europe. The similarity between the
A. suecica and Chinese A. thaliana samples in this study
suggests additional scenarios, including the long distance
dispersal of A. suecica or the A. thaliana Chinese genotypes
from the site of hybridization, or the extinction of either
group at this site and intervening areas. We also cannot
exclude the possibility that we failed to sample A. thaliana
individuals which exhibit these genotypes closer to A.
suecica’s extant range. If A. suecica did arise in Asia, far from
its extant range and that of its paternal parent, it would
be another case in which the current ranges of hybrids
and/or parental species are poor predictors of the site of
hybridization (Cronn & Wendel 2003; James & Abbott 2005).
Future research using A. suecica as a model for the
genomic consequences of hybridization will require the
analysis of A. thaliana genomes most similar to those
participating in the original hybridization event. Our
results strongly indicate that corresponding collecting
efforts should be focused on the eastern edge of A. thaliana’s
range.

Origin of non-native populations

The results of the STRUCTURE analysis (Fig.4) clearly
demonstrate that all North American and three of the five
East Asian samples are part of the European metapopulation,
indicating that Europe was the source area for the bulk of
non-native samples worldwide. However, the presence of
East Asian individuals carrying genomes either partially
or largely assigned to the Asian metapopulation raises
interesting questions. Although there is a large gap in the
contiguous distribution of A. thaliana between western China
(approximately 90°E longitude) and the Korean peninsula
and Japan, scattered records do exist from this area
(Hoffmann 2002). It is therefore possible that individuals in
East Asia are: (i) recent introductions from the European
metapopulation; (ii) recent introductions from the Asian
metapopulation; (ii) part of an under-sampled extension
of the Asian metapopulation; or (iv) the result of recent
admixture between these groups. Expanded collection and
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analysis of populations from East Asia are needed to
evaluate these hypotheses.

Conclusions

Our analysis of genome-wide variation in an expansive
Arabidopsis thaliana sample set indicates that the array of
genetic variation in A. thaliana is highly geographically
structured. This structure is strongly suggestive of Pleistocene
glacial dynamics, and ongoing analyses will allow explicit
hypotheses regarding the number of refugia and the timing
of isolating events to be tested. Of particular interest is the
timing of divergence between the European and Asian
metapopulations, which could be the result of relatively
recent isolation in alternative refugia, or the remnant of a
relatively old fragmentation event. Isolation by distance,
while pervasive across A. thaliana’s range, is reduced in
Europe, potentially due to recent human-mediated gene
flow. This pattern is particularly important for researchers
wishing to link phenotypic and genotypic trends with
changing environments across A. thaliana’s range (Caicedo
et al. 2004; Edwards et al. 2005), relationships that would be
complicated by such elevated gene flow. These and other
insights have major implications for the design and
interpretation of future A. thaliana studies, particularly those
searching for the genetic basis of adaptation. While the
genetic tools needed for identifying the loci responsible for
phenotypes are readily available (Mitchell-Olds 2001; Jackson
et al. 2002), linking naturally occurring alleles at these loci
with adaptive phenotypes requires explicit knowledge of A.
thaliana’s background population genetic structure (Mitchell-
Olds & Schmitt 2006), a subject we hope to have illuminated
in this study.
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