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Summary

e Arabidopsis halleri is a pseudometallophyte involved in numerous molecular studies of the
adaptation to anthropogenic metal stress. In order to test the representativeness of genetic
accessions commonly used in these studies, we investigated the A. halleri population genetic
structure in Europe.

o Microsatellite and nucleotide polymorphisms from the nuclear and chloroplast genomes,
respectively, were used to genotype 65 populations scattered over Europe.

e The large-scale population structure was characterized by a significant phylogeographic
signal between two major genetic units. The localization of the phylogeographic break was
assumed to result from vicariance between large populations isolated in southern and central
Europe, on either side of ice sheets covering the Alps during the Quaternary ice ages. Genetic
isolation was shown to be maintained in western Europe by the high summits of the Alps,
whereas admixture was detected in the Carpathians.

e Considering the phylogeographic literature, our results suggest a distinct phylogeographic
pattern for European species occurring in both mountain and lowland habitats. Considering
the evolution of metal adaptation in A. halleri, it appears that recent adaptations to anthropo-
genic metal stress that have occurred within either phylogeographic unit should be regarded
as independent events that potentially have involved the evolution of a variety of genetic

mechanisms.

Introduction

Biological variation below the species level and the distribution
of this variation in geographically delimited subspecific units are
long-debated phenomena (Mallet, 2001; Winker, 2010). Sub-
specific units may involve either ecogeographic or phylogeo-
graphic units (Avise, 2000). Ecogeographic units are usually
determined using the spatial distribution of nonmolecular,
organismal traits, and are called either ‘(morphological) sub-
species’, when differential traits involve morphology (Wilson &
Brown, 1953), or ‘ecotypes’, when phenotypic differentiation is
assumed to result from adaptation to different environments
(Turesson, 1922). By contrast, phylogeographic units are identi-
fied using molecular genotyping. They are geographic sets of
conspecific populations in which all alleles at a specific locus are
genealogically closer to each other than to any allele from other
sets (Avise, 2000; Morrone, 2009). They are assumed to result
from vicariance among populations that have been genetically
isolated over long periods of time (Avise, 2000; Morrone, 2009).
Ecogeographic and phylogeographic concepts both suggest the
existence of geographically structured units within species, among
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which barriers have sufficiently reduced genetic exchange to gen-
erate ‘breaks’ in population structure and favour genetic differen-
tiation among isolated units. Barriers may be natural obstacles,
such as mountains or rivers, or may be genetically determined
when selection acts against the hybridization of divergent units,
or a combination of both (Bierne et a/, 2011). In some circum-
stances, ecogeographic and phylogeographic breaks may have
established simultaneously and may therefore be confounded.
For example, ecologically based adaptive differentiation among
units, generating exogenous barriers to gene flow, may influence
the localization of tension zones and genetic breaks among evolu-
tionary units (Bierne ez al,, 2011). Thus, ecogeographic differen-
tiation among populations in contrasted edaphic environments is
sometimes assumed to favour reproductive isolation among
divergent evolutionary units (Kruckeberg, 1986; Macnair &
Gardner, 1998; Rajakaruna, 2004). However, although the set-
up of phylogeographic breaks must require long-lasting reduction
in gene flow and is necessarily of ancient origin (Avise, 1989),
breaks in ecogeographic structure may establish rapidly, that is,
in a small number of generations, in particular when selection is
involved in the reduction in gene flow (e.g. Macnair & Gardner,
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1998), and may therefore be more recent (Zink & Barrowclough,
2008). In such cases, phylogeographic and ecogeographic breaks
may be noncongruent. This suggests that phylogeography could
give a ‘temporal context (to) traditional ecogeographic perspec-
tives’ (Avise, 2000). Indeed, the comparison of spatial localiza-
tions of phylogeographic and ecogeographic breaks within a
single species may be helpful to infer the spatial and temporal
scales at which barriers to gene flow and population differentia-
tion have established (Thorpe ez al., 1995; Zink & Barrowclough,
2008).

Arabidopsis halleri is a clonal, self-incompatible and highly
outcrossing perennial weed that is closely related to the model
species A. thaliana. Because it is able to both colonize zinc- and
cadmium-polluted sites (metal tolerance) and concentrate large
amounts of these metals in foliar tissues (metal hyperaccumula-
tion), the species is a promising model to gain an insight into the
genome-wide processes involved in ecologically important traits
(Roosens ¢t al., 2008a,b; Verbruggen et al., 2009; Bomblies &
Weigel, 2010).

Across its distribution range, from lowland to subalpine zones,
from Europe to the Far East (Al-Shehbaz & O’Kane, 2002),
A. halleri can be divided into ecogeographic units in several ways.
First, the species occurs on both metal-polluted and nonpolluted
soils; in Europe, ecological and phenotypic differentiation for
metal tolerance between metallicolous (M) and nonmetallicolous
(NM) populations suggests the existence of two established
edaphic ecotypes (Brej & Fabiszewski, 2006; Pauwels ez al.,
2006; Meyer et al., 2010). Second, the occurrence of morpholog-
ical subspecies with distinct geographic distributions has been
described (Al-Shehbaz & O’Kane, 2002; Kolnik & Marhold,
2006; Koch ez al., 2008). It is well recognized, for example, that
Asian populations belong to a distinct subspecies, A. 4. ssp.
gemmifera (Al-Shehbaz & O’Kane, 2002), probably isolated from
European accessions from the Pleistocene (Koch er al, 2008).
Indeed, chorological data from the literature (Hoffmann, 2005;
Koch & Matschinger, 2007) and online databases (AFE,
hetp://www.luomus.fi/english/botany/afe/; GBIF Data Portal,
http://data.gbif.org) suggest that European and Asian popula-
tions are disjunct. By contrast, in Europe, although no major
gaps in the distribution are mentioned, the species is divided into
several morphological subspecies (although the actual number of
subspecies remains debated, and varies from two (4. A. ssp.
halleri and A. hb. ssp. ovirensis; Al-Shehbaz & O’Kane, 2002) to
four (A h. ssp. dacica, A. h. ssp. haller, A. h. ssp. ovirensis,
A. h. ssp. tatrica; Kolnik & Marhold, 2006; Koch ez al., 2008)).

Interestingly, although the occurrence of several ecogeographic
units suggests the existence of differentiated genetic pools, and
although the belonging of any genetic accession to a particular
pool could affect the final results, this is barely taken into account
in studies of metal tolerance using A. halleri as a model. In this
context, we analysed the population genetics of A. halleri in
Europe, in which both edaphic ecotypes and up to four
subspecies are mentioned, using a phylogeographic approach.
In comparison with Pauwels ez a/. (2005), we surveyed the popu-
lation structure covering the entire species range in Europe.
Moreover, in contrast with Pauwels ez /. (2008a,b), we surveyed
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both the chloroplast and nuclear genome (cpDNA and nDNA,
respectively) and combined data on allele frequencies from both
genealogically ordered chloroplast haplotypes (chlorotypes) and
unordered alleles at multiple independent nuclear microsatellite
loci. Compared with chlorotype data, microsatellite data are
typically more powerful to document ongoing demographic
processes, such as contemporary gene exchange (e.g. gene freq-
uency data are particularly efficient in revealing the hybrid nature
of some individuals; Vallender ez 4/, 2007; Montarry et al.,
2010). To help interpret the phylogeographic patterns (Waltari
et al., 2007), we performed ecological niche modelling and com-
pared the potential current species distributional areas with those
occupied by the species during the Last Glacial Maximum
(LGM, 15 000 "C years ago). We then compared the phylo-
geographic pattern in A. halleri with current knowledge about
the phylogeographic history of European plant species, and with
the spatial distribution of know ecogeographic units, in order to
place their differentiation into an historical perspective.

Materials and Methods

Sampling

We sampled 65 locations (Supporting Information Table S1), 28
of which have already been described in a previous genetic study
(Pauwels ez al., 2005). Sampling included M and NM locations
scattered across the European species range. Most samples
belonged to the native species range of Arabidopsis halleri (L.)
O’Kane & Al-Shehbaz (syn. Cardaminopsis halleri (L.) Hayek), as
defined in the Atlas Florae Europacae.

Genetic analysis

DNA extraction In each sample, leaves were collected from 6 to
70 individuals, separated by at least 3 m to avoid the sampling of
clones (van Rossum ez al, 2004). Sample sizes more or less
reflected population sizes, with nearly exhaustive sampling in
populations with the smallest sample sizes. Leaves were immedi-
ately dried in silica gel before molecular analysis. DNA from each
genotype was extracted from 15 to 20 mg of dry material using
the Qiagen® Dneasy® kit, and PCR amplification was per-
formed on 1 : 100 dilutions.

Genotyping We genotyped 1403 individual samples at six
nuclear microsatellite loci. Markers included five previously
published loci (ATH, GC16, LYR132, LYR133, LYR417; van
Rossum ez al., 2004) and one additional locus (LYR104), whose
primer sequences were kindly provided by Thomas Mitchell-
Olds, Duke University, Durham (primer F, CTCCATCATCG
ATCTCAGCA; primer R, GAGGCGAATGTAGTGGAAGG).
Genotyping conditions were as described in van Rossum ez .
(2004). We located four microsatellite loci (GC16, LYR132,
LYR133, ATH) on an interspecific A. halleri X Arabidopsis lyrata
petraea (L.) O’Kane & Al-Shehbaz linkage map (Willems ez al.,
2007) and determined that they belonged to four distinct linkage
groups (C. Godé, unpublished data). The chlorotype dataset
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(1256 individual samples), which was fully re-analysed in the
present article, brought together data from 13 polymorphic sites
in three genomic regions (7K, trnC-trnD, psbC-trnS) previously
published in two separate papers (Pauwels ez /., 2005, 2008b).

Analysis of genetic diversity within samples For each sample,
microsatellite data were used to calculate the observed (Hp)
and expected (Hg) heterozygosity employing GENETIX 4.01
(Laboratoire Génome et Populations, CNRS UPR 9060, Univer-
sit¢ de Montpellier II, Montpellier, France), s and mean allelic
richness (As,) employing FSTAT 2.9.3. (Goudet, 1995). The
deviation of Fg from Hardy—Weinberg equilibrium expectations
was assessed by performing 7800 randomizations. Estimates of
As,, were standardized to a standard sample size equal to that of
the smallest sample with no missing data (z = 5, SLO8). cpDNA
data were used to define cpDNA haplotypes or chlorotypes and
phylogenetic relationships among chlorotypes (Pauwels ez al.,
2005, 2008b). For each sample, the allelic or chlorotypic richness
(Aso) was estimated using FSTAT 2.9.3. (Goudet, 1995). Esti-
mates of As. were standardized to the smallest sample size (7 = 6,
SLO8). Chloroplast gene diversity (Hs) and its sampling variance
were estimated using Arlequin v3.1 (Excoffier ez al., 2005).

Bayesian clustering We estimated the number of putative clus-
ters or gene pools K that best explained the pattern of genetic
structure at microsatellite loci using Bayesian clustering methods.
Previously, we have investigated the linkage disequilibrium
between loci within samples using the exact test implemented in
GENEPOP 3.4 (Raymond & Rousset, 1995). Structure 2.1
(Pritchard er al., 2000) was used under the admixture model,
assuming an identical parameter of individual admixture (alpha,
o) across clusters and a uniform prior. For K= 2 to K = 30, we
performed 10 independent runs for 10 iterations after a burn-in
period of 5 X 10% with no prior information on the origin of
individuals. As suggested by Evanno ez al. (2005), for each K, we
computed the AK statistics from the mean likelihood log.(X) of
replicates to decide on a possibly optimal K.

Structure 2.1 results were compared with Bayesian clustering
results from TESS 2.0 (Francois ez al., 2006; Chen ez al., 2007).
Compared with Structure 2.1, the algorithm implemented in
TESS models spatial dependence in cluster membership using an
interaction parameter i and therefore allows the testing of the
robustness of genetic discontinuities in allele frequencies among
clusters, which may be particularly relevant when sampling is
unbalanced (Francois et al, 2006). The admixture model was
also assumed using the Monte Carlo Markov Chain computing
method. The admixture parameter was set to unity. Four values
of Y were used, from ¥ = 0 to i = 0.9 (step = 0.3). The algo-
rithm was run 10 times for each value of K, with K ranging from
2 to 30, with total and burn-in numbers of sweeps of 50 000 and
10 000, respectively. The most likely number of clusters was
identified using the smallest values of the Deviance Information
Criterion (DIC) (Francois et al., 2008).

Once the most likely K had been identified, we used CLUMPP
vl.1 (Jakobsson & Rosenberg, 2007) to compute the average
individual’s membership coefficient to each cluster 7 (Q;) over
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replicates. Then, the sample membership coefficients (Qs,) were
computed averaging over individuals. Finally, DISTRUCT vl1.1
(Rosenberg, 2004) was used to display the clustering results.

Comparison of spatial patterns of nDNA and ¢pDNA varia-
tion We paid particular attention to the congruence between
nDNA and cpDNA datasets. First, we performed univariate or
multivariate analyses of variance (ANOVA and MANOVA)
(GLM procedure of SAS; SAS Institute, 2002; see Methods S1),
depending on the K values (see the Results section) to test the
effect of the chlorotype carried by an individual (considered as
the categorical variable) on the corresponding Q, values obtained
from nuclear microsatellite data (as dependent variables). The
MANOVA was followed by a canonical analysis in order to rep-
resent the distribution of chlorotypes (GLM procedure of SAS;
Methods S1). Low-frequency chlorotypes (C, M and O) were
excluded from this analysis. Second, we used ESTAT 2.9.3
(10 000 permutations) to perform Mantel tests between matrices
of pairwise Fgr values obtained from SPAGeDi 1.2b (Hardy &
Vekemans, 2002). In addition, we used SAS (CORR procedure;
SAS Institute, 2002) to perform Pearson correlation tests among
nDNA and cpDNA gene diversity or allelic richness estimates.

Patterns of genetic diversity within and among units Data on
sample location, clustering results and chlorotype composition
were used to assign samples to distinct population units. Mean
estimates of As., As,, Hg and Fg were computed for each unit
and among-unit comparisons were performed using FSTAT
2.9.3. The level of genetic differentiation among units was esti-
mated through hierarchical F statistics using the HIERESTAT
package for R (Goudet, 2005). Tests for the effect of each hierar-
chical level on genetic structure were performed by randomiza-
tion (5000 permutations) of the unit defining the level just below
that of interest. The contribution of both allele sizes at micro-
satellite loci and molecular distances between chlorotypes to the
level of genetic structure within and among units was investigated
through the estimation of Rst and Nst statistics using SPAGeDi
1.2b (Hardy & Vekemans, 2002). Sample pairwise Rst and Ngr
values were compared with corresponding permutation values,
performing 10 000 permutations of either allele sizes among
alleles within microsatellite loci or rows and columns of the
matrix of molecular distance among chlorotypes. Finally, the
contribution of geographic distance to genetic structure within
and among units at nuclear loci was assessed by comparing the
matrices of log-transformed geographic distances among samples
and linearized pairwise genetic distances (Fst,/(1 = Fst,)) using
a Mantel test with 10 000 permutations.

Ecological niche modelling

We inferred the current and past (21 000 yr before present (BP))
geographic distribution of A. halleri in continental Europe using
the ecological niche modelling method implemented in MaxEnt
3.2.1 (Phillips ez al., 2006). Environmental layers representing
19 ecogeographic variables (EGVs, Table 3) over the area under
study, at a resolution of 0.0417 decimal degree or 2.5 arc minutes
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(4 km at the equator, 235 939 grid cells with data in total), were
computed from publicly available databases. One variable was
topographic and corresponded to the digital elevation model
provided by the NASA Shuttde Radar Topographic Mission
(available at http://csi.cgiar.org/index.asp). Other variables were
climatic. They represented seasonal and extreme trends of tem-
perature and precipitation, depicting either the current climate
(WorldClim data set; Hijmans er al., 2005) or the climate of the
end of the LGM, as simulated by two alternative coupled climate
models, the Community Climate System Model (CCSM; heep://
www.ccsm.ucar.edu) and the Model for Interdisciplinary
Research on Climate (MIROC; http://www-pcmdi.llnl.gov/ipec/
model_documentation/MIROC3.2_hires.htm). Climate and
palacoclimate layers were taken from http://www.worldclim.org/
past. Data on species occurrence in Europe included the geo-
graphic coordinates of 577 A. halleri locations sampled in the
present study, mentioned in recent studies (Kolnik & Marhold,
2006; Koch & Matschinger, 2007) or referenced in the Global
Biodiversity Information Facility database (http://www.gbif.org).
Duplicate presence records and locations corresponding to
regions of recent introduction (northern France, Belgium, North
Sea Coast of Lower Saxony in Germany; (Jalas & Suominen,
1994) were removed. Finally, 575 A. halleri accessions belonging
to 348 grid cells were represented. EGV coefficients were com-
puted from the current climate layers using the default parameter
values; 25% of localities were used for model testing.

EGV coefficients were used to project the modelled ecological
niche from current and palacoclimate layers, resulting in pre-
dicted current and past geographic patterns of distribution. In
both cases, we determined suitable grid cells, that is, cells with a
significant output probability of occurrence, employing the ‘aver-
age probability/suitability approach’, which recommends the use
of the average raw probability of occurrence over all grid cells of
the area under study as the threshold to eliminate unsuitable grid
cells (Liu et al., 2005).

Results

Genetic analysis

Genetic diversity within samples All six microsatellite loci
scored in this study were highly polymorphic (749 alleles per
locus). Except for ATH and Lyr104, which displayed one allele
of particularly large size, the variation in allele size appeared to be
continuous. Moderate variation was observed among loci in Hy
(coefficient of variation (CV) = 17.83%), overall Fgp (CV =
9.91%) and Rsr (CV = 30.69%), whereas stronger variation
was observed in Fig (CV = 59.82%).

In comparison with Pauwels ez al. (2005), three additional
chlorotypes (L, M, O) were identified, thus leading to a total of
14 chlorotypes, labelled from A to O (Fig. 1; Table S2). Chloro-
types M and O correspond to expected but missing chlorotypes
in Pauwels ez al. (2005). Chlorotype L derives from chlorotype G
by the same mutation (A/T substitution) that links chlorotypes A
and D. The homoplasic nature of the mutation was confirmed by

sequencing (unpublished data). All chlorotypes are separated
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Fig. 1 Genealogical relationships among Arabidopsis halleri chlorotypes.
Circle sizes are proportional to the absolute frequencies of chlorotypes.
The dotted line separates the two main chlorotype lineages (see text in
the Results section). In addition to chlorotypes and lineages, histograms
represent the mean membership coefficients to each cluster identified by
nuclear DNA markers at K = 2 (left) and K = 15 (right), calculated by
averaging over individuals sharing the same chlorotype or chlorotype
lineage. Lowercase letters indicate statistical categories as deduced,
respectively, from multiple comparison Tukey tests following ANOVAs on
Qy,, or on Q;, calculated from standardized canonical coefficients on axis 2
of the canonical analysis.

from neighbours by a single detected mutation event, with the
notable exception of chlorotypes E and G, which are separated by
two detected mutation events (Fig. 1). This higher genetic dis-
tance, confirmed by sequencing analysis (unpublished data), and
the topology of the chlorotype network suggest the occurrence of
two major lineages separating chlorotypes A-F from chlorotypes
G-O.

Averaged over locus, sample estimates of nDNA and ¢cpDNA
allelic richness (As, and As,) varied in the ranges 1.96-4.20 and
1-4.89, respectively, observed heterozygosity (Ho) from 0.27 to
0.63, gene diversities (Hg and Hs) from 0.32 to 0.76 and 0 to
0.89, respectively, and inbreeding coefficient (Fs) from —0.05
(not significant) to 0.38 (P < 0.001) (Table S3).

Bayesian clustering Among a total of 915 tests for linkage dis-
equilibrium between pairs of loci within samples, 11 were signifi-
cant at P < 0.01 and 49 at P < 0.05. None of the global tests for
pairs of loci across samples were significant (Fisher’s method).
We concluded that the analysed loci were sufficiently indepen-
dent for the application of Bayesian methods for the analysis of
population structure.

From Structure 2.1 results, the likelihood log.(K) averaged
over replicates increased with K] reached a plateau and decreased
slightly only after K'= 15, suggesting that K = 15 is the probable
true number of clusters (Fig. S1). At K'= 15, Qy, values were gen-
erally high and individuals from a given sample were consistently
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Fig. 2 (a,b) Bayesian clustering results of Arabidopsis
halleri nuclear DNA markers. Each individual is repre-
sented by a vertical line partitioned into K segments

corresponding to its membership coefficients at K = 2 (a)

and K = 15 (b). Each colour represents a different gene
pool. Vertical black lines separate individuals from differ-
ent samples. The names of samples and corresponding
subunits and units are given (see Table 1 and Supporting
Information Table S1 for details). (c) Histograms
representing chlorotype relative frequencies in samples.
Histogram widths are proportional to sample sizes and
each colour represents a different chlorotype.

NW, north-western unit; HZ, hybrid zone unit;
SE, south-eastern unit.

assigned to a common gene pool, leading to high mean values
(Qs,) with low SE (Fig. 2b). Moreover, geographically proximate
samples were often found to belong to the same cluster, suggesting

a general island pattern of population structure.

By contrast, the modal value of the distribution of AK was
located at K = 2, suggesting K = 2 as an alternative real number
of clusters (Fig. S1), revealing a discrepancy in K determination
using either the log.(K) or AK model choice criterion. This was
also observed by Evanno ez al. (2005), who analysed datasets
simulated under hierarchical models of population structure. In
such cases, AK and log.(K) were shown to reveal the number of
sets of populations and the total number of populations, respec-
tively. K = 2 was particularly expected from data simulated under
a contact zone hierarchical model, when migration among
two structured sets of populations was restricted to peripheral
populations. In our case, K = 2 distinguished two geographically
continuous and nonoverlapping sets of samples, within which
Q, values were high and consistent among individuals (Fig. 2a).
Samples from France, Germany, the Czech Republic and Austria
were highly assigned to a similar gene pool, whereas samples from
Romania, Italy and Switzerland were assigned to another. In
comparison, Q values were lower and heterogeneous in geo-
graphically intermediate samples from Poland, Slovakia and
Slovenia, suggesting admixture.

Using TESS, only the lower level of population structure was
revealed (K = 15; Fig. S1). However, Structure 2.1 and TESS
gave highly congruent results at both levels of genetic structure
(data not shown). Interestingly, TESS results were hardly affected
by variation in W from 0 to 0.9. Thus, genetic discontinuities
among samples, including those at a small geographic scale, for
example, among Austrian and Italian samples from the eastern
Alps (at K = 2 and K = 15) and among south German and Czech
samples from the Bohemian Forest (K'= 15 only), were main-
tained even when the clustering of neighbouring samples was
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strongly favoured (i = 0.9). TESS results thus confirmed that
clustering results from Structure 2.1 were not a result of patchy
sampling along continuous clines (Francois e al., 2006; Guillot
& Santos, 2009).

Comparison of spatial patterns of nDNA and ¢pDNA varia-
tion We observed a strong geographic structure in chlorotype
frequencies (Fig. 2c). Most chlorotypes were locally very abun-
dant, if not fixed, and rare or absent in other geographic areas.
Consequently, chlorotype mixing was generally low within sam-
ples. The chlorotypes belonging to the G-O lineage, which were
either rare or absent in Pauwels ez 4/. (2005), were quite frequent
in most additional samples, that is, at lower latitudes, in Switzer-
land, Italy, Slovenia and Romania. The co-occurrence of chloro-
types from either the A-F or G-O lineage at comparable
frequencies was only detected in Polish and Slovakian samples (F
with J and F with I, respectively).

Direct observation of spatial distributions revealed striking cor-
respondence between the nDNA and cpDNA population struc-
ture (Fig. 2). In particular, clustering results in the eastern Alps
and Bohemian Forest (see the ‘Genetic analysis: Bayesian cluster-
ing’ paragraph of the Results section) were confirmed by cpDNA
data: Austrian and Italian samples were associated with chloro-
types from distinct lineages (E vs mostly G and J, respectively);
south German and Czech samples shared no chlorotype (Fig. 2c¢).
Congruence between nDNA and cpDNA patterns of genetic
structure was confirmed statistically (Methods S1). First, chloro-
types were shown to be highly predictive of individual nuclear
genotypic composition (Q;) at both levels of genetic structure
(ANOVA for K=2, one independent variable: Fg 235 =
259.46, P < 0.0001; MANOVA for K= 15, 14 independent
variables: Roy’s greatest root = 9.45, P < 0.0001; Fig. S2).
Second, the Mantel test comparing matrices of pairwise genetic
distance (Fsr) revealed a significant correlation between nDNA
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Table 1 Mean estimates of statistics (+ SD) describing genetic variation and genetic structure in Arabidopsis halleri

Nuclear diversity Chloroplast diversity

(Sub)units  Samples () Asn Ho He Fis Fstn Asc Hs Fste
NWA1 F1-3(3) 2.81 +0.03 0.5 +0.01 0.53 £ 0.01 0.06 + 0.01 0.019 157 + 0.51 0.21+£0.24 0.258
NW2 D8-14 (6) 3.25 £ 0.31 0.45 + 0.06 0.57 + 0.05 0.21 £ 0.1 0.077 235 +0.54 0.4 +0.21 0.146
NW3 D1-6; CZ14 (6) 335+ 054 0.54 +0.06 0.61 £ 0.07 013 +£0.08 0.146 2.63+1.47 047 +0.34 0.554
NwW4 CZ4-8 (5) 3.42+£0.18 0.51 +0.03 0.61 £ 0.01 0.16 £ 0.06  0.011 1.28 £0.38 0.06 + 0.08 0.008
NW5 CZ16-18 (2) 236+0.03 041 +0.01 043 £0 0.06 + 0.03 0.122 1.1+0.14 0.02 +0.02 -0.057
NWe A5-9 (3) 2.02+006 031+003 034+0.02 0.08=+0.07 0.255 120 0+0 0.000
Differences among NW subunits ** * 0.09 ns * * ns
NwW (25) 3.04 £ 0.58 0.47 = 0.09 0.54 = 0.1 0.14 £0.09 0.298 1.85x0.99 0.25x0.29 0.742
SE1 CH1-7 (6) 236+0.16 0.37 +0.05 0.42 + 0.04 0.11 £ 0.11 0.298 1.64+05 0.23 £ 0.19 0.107
SE2 12;16-9 (5) 221+£0.15 0.35+0.06 0.37 £ 0.04 0.05+£0.05 0.265 138 +0.39 0.07 +£0.06 0.007
SE3 11,15 (2) 3.31+£0.05 0.53+0.01 0.53 + 0.04 0+0.06 0.063 232+045 047 +0.02 -0.014
SE4 RO3-9 (6) 329+045 046+009 054+0.09 0.15+0.1 0238 1.44+049 0.11+0.12 -0.023
SE5 RO12-18 (4) 3.34 £ 0.11 0.56 + 0.04 0.56 + 0.03 0+0.05 0.372 158 + 0.4 0.13 £0.09 -0.036
Differences among SE subunits ** * 0.070 0.070 ns ns ns ns
SE (23) 282058 04401 0.47 £ 0.1 0.08 = 0.1 0.284 1.58x0.48 0.17 £ 0.16 0.706
HZ1 SK2; SK5 (2) 3.23+£04 0.5 +0.05 0.58 + 0.04 013 +£0.02 0.09% 2.21+04 0.43 £ 0.16 0.334
HZ2 PL1-8 (7) 3.12 £ 0.51 0.5 +0.08 0.57 + 0.09 0.13 £0.08 0.152 193 +046 037 +0.19 0.152
HZ3 SLO1-8(7) 34+044 054 +0.08 0.57 + 0.08 0.06 + 0.05 0.161 1.96 = 0.5 0.25 £ 0.17 0.615
Hz4 B1 (1) 2.29 0.35 0.39 0.09 - 1.62 0.13 -
Differences among HZ subunits * ns ns ns ns 0.07 ns ns
HZ (17) 3205 0.51 + 0.08 0.56 + 0.09 0.1+£0.07 0.158 1.96+0.44 0.31+0.18 0.562

Total 3 +0.57 0.47 + 0.09 0.52 + 0.1 0.11 = 0.09 0.33 1.78+0.72 0.24 +0.23 0.74
Differences among units 0.10 * 0.06 * 010 ns 0.11

Black text indicates comparisons made between samples within subunits, bold text indicates comparisons made between different subunits, and the

differences between units are shown at the bottom of the table.
* P <0.05; **, P <0.01; *** P < 0.001; ns, not significant.
NW, north-western unit; SE, south-eastern unit; HZ, hybrid zone unit.

and cpDNA datasets (£ = 0.01, Fig. S3). In addition, weak but
significant correlations were detected between chloroplast and
nuclear sample allelic richness (As. vs Agp, R? = 0.1254,
P =0.0038) and gene diversity (Hs vs Hg, R? = 0.0992,
P =0.01006).

Patterns of genetic diversity within and among units and
subunits Considering the geographic location of the samples
and the congruence between genetic data, samples were grouped
into geographically distinct population units (Figs 2, 3). Consid-
ering K'= 2 as the real number of clusters, three units were
defined. The first unit had a north-western (NW) distribution
and included samples showing high Qs values (Qs, > 0.75) and
chlorotypes A-E. The second unit had a south-eastern (SE)
distribution and included samples showing high Qs, values
(Qs, > 0.75) and chlorotypes G, H, ] and L. The remaining
samples showed high levels of admixture and chlorotypes from
both main lineages. These samples were grouped into a third
unit, called HZ for Hybrid Zones. Considering K = 15 as the
real number of clusters led to the definition of 15 subunits within
the three units (NW1-NW6, SE1-SE5 and HZ1-HZ4).
Significant differences in the levels of nuclear gene diversity
(Ho, Hg) were detected among units (Table 1). Pairwise

© 2012 The Authors
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comparisons, however, revealed that significance was a result of
the higher genetic diversity estimates in HZ compared with NW
and SE samples (data not shown). Genetic differentiation among
units was significant at both nDNA and ¢cpDNA loci (Table 2a),
and pairwise differentiation was highest between samples from
NW and SE (Table 2b). Although differences in allele sizes at
microsatellite loci were never informative, a phylogeographic
signal was detected at cpDNA loci between NW and SE
(Table 2). Within units, significant differentiation among subun-
its was detected from both datasets, but pairwise differentiation
was lower than among units and no phylogeographic signal
was apparent (Tables 1, 2). The level of differentiation among
subunits differed significantly among the three units, with lower
differentiation among subunits within HZ than within NW and
SE (Table 1).

A significant positive correlation between linearized Fsr,, and
log.(geographic distance) was observed for pairwise comparisons
among samples within each unit (Fig. 4), suggesting within-unit
limitation of gene flow by geographic distance (isolation by dis-
tance or IBD pattern; Slatkin, 1993). Similarly, NW-HZ and
SE-HZ pairwise comparisons revealed a tendency towards posi-
tive correlation between linearized Fst,, estimators and log.(geo-
graphic distance) (Fig. 4). By contrast, a negative correlation was
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Table 2 (a) Hierarchical F statistics estimating the genetic differentiation among each level of genetic structure (unit, subunit and sample) in Arabidopsis
halleri and (b) mean pairwise estimator of sample differentiation within and between units

Hierarchical level

(a) Fusr Py Fsusu Psy Fs/su Ps Fiss
nDNA 0.07 < 0.001 0.20 < 0.001 0.10 < 0.001 0.10
cpDNA 0.12 < 0.001 0.60 < 0.001 0.28 < 0.001
nDNA cpDNA
(b NW SE HZ NW SE HZ
NW Fstm = 0.25 Fstn = 0.37 Fstn = 0.26 Fste = 0.62 Fstc = 0.78 Fste = 0.71
Rst = 0.17 Rst = 0.28 Rst = 0.28 Nst = 0.58 Nsr = 0.85 Nst = 0.73
P=076 P =053 P=0.15 P=0.58 P=0.01 P=0.11
SE Fsta = 0.27 Fsta = 0.28 Fstc = 0.55 Fstc = 0.58
Rst = 0.34 Rsr = 0.31 Nst = 0.58 Nst = 0.57
P=0.11 P =026 P=0.69 P =0.51
HZ Fsta = 017 Fste = 0.50
Rst = 0.30 Nst = 0.50
P=0.03 P=038

(a) P; are estimated P values for the effect of the ith hierarchical level. T, total; U, unit; sU, subunit; S, sample; I, individual.
(b) Differentiation was estimated using allele frequencies only (Fst) or considering the contribution of allele sizes at microsatellite loci (Rst) and molecular

distances between chlorotypes (Ns7).
Bold indicates P < 0.05.
cpDNA, chloroplast DNA; nDNA, nuclear DNA.

detected for NW-SE sample pairs (Fig. 4), suggesting strong
barriers to gene flow among these units (Slatkin, 1993; Hardy &
Vekemans, 2001). The regression plot (Fig. 4) revealed that the
correlation was a result of high genetic differentiation among
Austrian (NW6) and Italian (SE2, SE3) samples which, although
geographically close, are separated by the highest summits of the
central Alps, as represented in Fig. 3.

Ecological niche modelling

MaxEnt uses the score of the area under the receiver operating
characteristic curve (AUC) to evaluate the model performance
(Phillips e al., 2006). The AUC score was very high (0.945),
suggesting a good fit between the model and the data (Fielding &
Bell, 1997). EGVs with greatest predictive power were mostly
temperature parameters and elevation (Table 3). The most suit-
able locations for A. halleri have intermediate values for the three
most determinant EGVs (data not shown). This result is in agree-
ment with a previous analysis showing that A. halleri prefers
intermediate climatic conditions (Hoffmann, 2005).

The projection onto current climate layers resulted in a puta-
tive distribution covering most montane habitats of central
Europe, from the Alps and the Carpathians to the Central Euro-
pean Highlands (Fig. S4). The potential distribution was rather
continuous, whereas the species only occurs sparsely, in particular
in European lowland areas. However, our results were consistent
overall with the chorological data-based distribution provided by
Atlas Florae Europaeae or Hoffmann’s (2005) prediction. The
projection onto palaeoclimate layers suggested that the species
range was probably as large at the end of the LGM as it is cur-
rently. However, a shift in the distribution towards the western
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and southern parts of Europe was predicted. In particular, the
abundance of A. halleri at the end of the LGM was probably
reduced in the Carpathian Mountains and greater in the Balkans.
Finally, considering the extent of the ice sheets covering the Alps
up to the end of the LGM (Ray & Adams, 2001), it is almost cer-
tain that, despite predictions, the species was not present in most
parts of the Alps at that time.

Discussion

Phylogeographic structure of A. halleri in Europe

Microsatellite data supported a hierarchical pattern of population
structure in A. halleri, with two allopatric and divergent genetic
units (NW and SE) in north-western and south-eastern Europe,
respectively, and substantial population structure within both
units, probably as a result of an IBD pattern of gene flow. High
genetic differentiation among geographically closest Austrian
(NW) and Italian (SE) samples suggested that the highest sum-
mits of the Alps have remained a strong physical barrier to gene
flow among units in western Europe. By contrast, hybridization
was suggested by strong admixture signals along a large zone
across Europe, from Slovenia to southern Poland (HZ samples).
The observation of an IBD signal among NW or SE and HZ
comparisons also supported the occurrence of genetic exchanges
among units in this zone (Hardy & Vekemans, 2001) and higher
genetic diversity within HZ samples (Comps ez al, 2001).
Chlorotype data were highly congruent with microsatellite data
and further revealed a significant phylogeographic signal among
NW and SE samples. Thus, NW and SE genetic units appear to
be two well-established phylogeographic units, and can be
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assumed to have resulted from vicariance among populations that
have experienced a long-term barrier to gene flow (Avise ez al.,
1987; Avise, 2000; Morrone, 2009). In this context, HZ samples
can be assumed to represent a secondary contact zone among
previously isolated genetic pools.

Origin of phylogeographic units

Our results suggest that the phylogeographic structure detected
in A. halleri in Europe has resulted from the isolation of large
population units on either side of the European Alps during
the LGM. According to ecological niche modelling results, the
species did not suffer large reductions of its range during the
LGM. However, the species occurrence was then probably
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reduced in the Carpathians, and must have been absent from
most of the European Alps, largely covered by ice sheets (Ray &
Adams, 2001). This latter assumption is corroborated by lower
levels of genetic diversity in the Alpine (Austrian, Italian and
Swiss) samples. In summary, the LGM species range must have
mainly consisted of at least two large continuous populations,
towards the Dinaric Alps in the Balkan Peninsula, and in the
Central European Highlands. The LGM ice extent over the Alps
(Ray & Adams, 2001; Schonswetter er @/, 2005) must have
represented a strong physical barrier to gene flow between these
populations, thus favouring vicariance.

Such a phylogeographic scenario differs from current paradigm
scenarios for European taxa. As for numerous temperate species,
we assumed only a few widespread phylogeographic units (Taberlet
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Table 3 Bioclimatic variables used for the ecological niche modelling of Arabidopsis halleri and contribution of the variables to the model
Range (units) in area of interest
Current climate Palaeoclimate layers Palaeoclimate layers % Permutation

Name Description (WorldClim) (CCSM) (MIROC) contribution  importance
BIOCLIM4  Temperature seasonality (SD x 100) 3586109118 (°C x 100) 3442 to 9042 (°C x 100) 3442 to 9097 (°C x 100) 27 19
BIOCLIM9  Mean temperature of the driest quarter —107 to 252 (°C x 10) —254 10 236 (°C x 10) —2201t0 231 (°C x 10) 16.3 16.7
BIOCLIM 11 Mean temperature of the coldest quarter -143 to 113 (°C x 10) —334t0 53 (°C x 10) —234to0 105 (°C x 10) 9.9 1.1
BIOCLIM 10 Mean temperature of the warmest quarter ~ —-25 to 257 (°C x 10) —-102 to 236 (°C x 10) —46to0 231 (°C x 10) 9.1 1
BIOCLIM5  Maximum temperature of warmest month 4t0336 (°C x 10) —-17 t0 328 (°C x 10) —17 to 303 (°C x 10) 8.1 6.6
SRTM Elevation -281t03638 (m) 28103638 (m) —28t0 3638 (m) 71 13.1
BIOCLIM 1 Mean annual temperature —871t0 172 (°C x 10) —-187 to 157 (°C x 10) —131to 162 (°C x 10) 5.4 1.2
BIOCLIM 3 Isothermality (BIO2/BIO7) (x 100) 19to 43 24to76 20to 53 4.2 7.1
BIOCLIM 14 Precipitation of the driest period 2to 172 (mm) 0to 184 (mm) 1to 204 (mm) 35 3.9
BIOCLIM 2 Mean diurnal range 42 t0 124 (°C x 10) 50 to 412 (°C x 10) 40to 132 (°C x 10) 3.5 3.9
BIOCLIM 18  Precipitation of the warmest quarter 41 to0 593 (mm) 32 to 628 (mm) 36 to 700 (mm) 1.9 16.2
BIOCLIM 15 Precipitation seasonality (CV) 7 to 65 (mm) 7 to 67 (mm) 7 to 67 (mm) 1.3 34
BIOCLIM 12 Annual precipitation 312 to 2543 (mm) 299 to 2720 (mm) 217 t0 3016 (mm) 0.9 1.7
BIOCLIM 6  Minimum temperature of coldest month —174 to 85 (°C x 10) —-482 to 54 (°C x 10) —300 to 67 (°C x 10) 0.8 2.8
BIOCLIM 17  Precipitation of the driest quarter 22 to 562 (mm) 13 to 601 (mm) 20 to 667 (mm) 0.4 1
BIOCLIM7  Temperature annual range (BIO5 to BIO6) 157 to 344 (°C x 10) 151 to 627 (°C x 10) 147 to 372 (°C x 10) 0.3 0.9
BIOCLIM 13 Precipitation of the wettest period 34 to0 281 (mm) 33 to 264 (mm) 24 to 347 (mm) 0.2 0.1
BIOCLIM 8  Mean temperature of the wettest quarter ~ —139to 213 (°C x 10) -216t0 169 (°C x 10) —160 to 189 (°C x 10) 0.1 0.2
BIOCLIM 16 Precipitation of the wettest quarter 94 to 741 (mm) 90 to 744 (mm) 65 to 914 (mm) 0 0
BIOCLIM 19  Precipitation of the coldest quarter 63 to 710 (mm) 54 to 524 (mm) 44 to 876 (mm) 0 0

CCSM, Community Climate System Model; MIROC, Model for Interdisciplinary Research on Climate.

et al., 1998; Hewitt, 1999; Schonswetter ez al., 2005; Weiss &
Ferrand, 2007). However, the geographic distribution of units in
temperate taxa suggested that refugial populations were located
in the southern European peninsula. In some cases, nongenetic
data supported the existence of smaller refugia in central Europe,
but with no significant impact on large-scale population genetics
(‘cryptic refugia’; see Stewart & Lister, 2001; Provan & Bennett,
2008). By contrast, glacial survival at northern latitudes was com-
monly assumed for Alpine species (Schonswetter ez al., 2005;
Holderegger & Thiel-Egenter, 2009). However, refugia were
probably multiple, spatially restricted (microrefugia, sensu Rull,
2009) and close to the border or in central parts of the Alps.
However, our results corroborated recent studies focused on the
glacial history of herbaceous subalpine and montane species,
including A. lyrata ssp. petraea, the closest relative of A. halleri,
in Europe (Clauss & Mitchell-Olds, 2006; Mraz er al., 2007;
Ronikier et al., 2008; Huck ez al., 2009; Ansell et al., 2010). For
such species, the existence of glacial macrorefugia in the lowland
areas of central Europe, north of the Alps, was proposed (Ronikier
et al., 2008). Although the landscape was largely covered by
permafrost, herbaceous subalpine and montane species proba-
bly occupied steppe—tundra habitats (Williams ez 2/, 1998;
Schonswetter et al., 2005).

Together, recent phylogeographic results on species that occur
in both mountain and lowland habitats, in the Alps and the
Carpathians, such as A. halleri, suggest that they could share an
alternative paradigmatic phylogeographic pattern. This would
confirm the role of among-species variation in ecological traits, in
particular tolerance to climatic factors, on species response to cli-
matic oscillations (Bhagwat & Willis, 2008). However, the exact
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pattern remains unclear. Indeed, in addition to the lowlands or
highlands of central Europe, in situ glacial survival in one or sev-
eral areas within the Carpathians has also been hypothesized
(Mraz et al., 2007; Pugcas et al., 2008; Ronikier et al., 2008;
Thiel-Egenter ez al., 2009). Although this was not supported by
our data, the long-term survival of A. halleri in the Carpathians
could explain the occurrence of specific chlorotypes in elevated
frequency in Polish, Slovak and Romanian samples of A. halleri
(chlorotypes F, I and L, respectively). It should be mentioned,
however, that local haplotypes in certain regions may also result
from interspecies hybridization, a phenomenon that seems to
be common in the Arabidopsis genus (Schmickl et al, 20105
Schmickl & Koch, 2011). Obviously, a more intensive sampling
effort in the Carpathians would be necessary to discuss more
precisely the phylogeographic history of A. halleri in this region.

Comparison of phylogeographic and ecogeographic units

In 2005, Pauwels ez al. suggested that the recent colonization of
metal-polluted soils had no influence on the A. halleri population
genetic structure. However, this suggestion was based on limited
information as the study only covered a restricted portion of the
European species range, was based on cpDNA data only and did
not detect any phylogeographic signal. In the present study, we
revealed from cpDNA data that there is a phylogeographic break
among European populations, and that phylogeographic units
differ from edaphic ecotypes. Indeed, although the NW unit
comprises both M and NM samples, the fact that M populations
also occur in Italy (e.g. Shahzad er al, 2010) strongly suggests
that the SE unit also contains both ecotypes. As candidate
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genes for the evolution of metal tolerance are exclusively nuclear
(Roosens et al., 2008a,b), one could assume that the convergent
evolution of phylogeographically distant M populations towards
higher tolerance levels (see Pauwels ez /., 20006) is associated with
nuclear gene flow among units. However, the high level of con-
gruence between nDNA and cpDNA population genetic patterns
suggests that such gene flow did not occur. Together, our new
results confirm that the colonization of polluted soils is more
recent than the vicariance among phylogeographic units, occurred
independently in both units and did not generate additional
genetic breaks.

Unfortunately, our study did not include any voucher speci-
mens, therefore reducing the strength of comparisons made
between identified phylogeographic units and previously defined
morphological subspecies. However, such questions open up very
interesting new perspectives for future phylogeographic studies
(Zink & Barrowclough, 2008). In our case, population genetic
structure did not match the division of the species into the two
European subspecies described by Al-Shehbaz & O’Kane (2002),
and therefore our results call for a revision of subspecies delimita-
tion, as suggested previously by Kolnik & Marhold (2006) and
Koch et al. (2008). The delimitation of two phylogeographic
units also does not seem to support the definition of four Euro-
pean subspecies (Kolnik & Marhold, 2006), but we suggest that
the phylogeographic results and subspecies delimitation are not
totally incongruent. Indeed, one subspecies, A. A. ssp. ovirensis,
is only known from a single locality in eastern Austria (Kolnik &
Marhold, 2006; Koch ez al., 2008) and is probably missing from
our sampling. The morphological type described as A. A. ssp.
tatrica in Kolnik & Marhold (2006) is endemic to the western
Carpathians. It seems to include intermediates between ssp.
halleri and ssp. ovirensis (Jones & Akeroyd, 1993 cited in
Al-Shehbaz & O’Kane, 2002 and Kolnik & Marhold, 2006).
This observation fits remarkably well with the high levels of
genetic admixture in samples from this region, suggesting that
HZ samples may include A. 4. ssp. tatrica specimens. In this
case, the NW and SE units described could correspond to
A. h. ssp. halleri and A. h. ssp. dacica, respectively. However,
although, according to Kolnik & Marhold (2006), the distribu-
tion of the taxa may be incompletely characterized, A. 4. ssp. da-
cica occurs in the eastern and western Carpathians and the
Balkan peninsula. In comparison, the distribution of the SE units
clearly extends towards northern Italy and southern Switzerland
(subunits SE1-SE3; Figs 2, 3).

Implications of phylogeographic structure for the genetic
study of adaptive traits in A. halleri

Arabidopsis halleri is an emerging model involved in numerous
studies using genomics, transcriptomics and quantitative trait loci
mapping to unravel the genetic bases of metal tolerance in plants
(e.g. Weber ez al., 2006; Willems ez al., 2007; Hanikenne ez al.,
2008; Frérot et al., 2010). A recent study suggested that metal
tolerance evolved in association with speciation of A. halleri
about 300 000 years ago (Roux et al, 2011). As it is now clear
that metal tolerance shows a quantitative polymorphism
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differentiating M from NM accessions in A. halleri (Pauwels
et al, 2006; Meyer et al, 2010), future mechanistic studies
should undoubtedly also include the comparison between M and
NM populations (e.g. Meyer ez al., 2009; Shahzad ez al., 2010).
However, the noncongruence among ecotypes and phylogeo-
graphic units suggests that adaptive differentiation for tolerance
traits between NM and M populations is more recent than vicari-
ance among phylogeographic units. This agrees with the assump-
tion that traits under selection allow the identification of a
relatively recent barrier to gene flow (Zink & Barrowclough,
2008). This also fits with the fact that M populations occur on
metalliferous sites of recent anthropogenic origin, and with the
assumption that the colonization of metalliferous sites occurred
independently in distant geographic areas (Pauwels ez al., 2005).
However, we have further demonstrated that adaptive differentia-
tion could have occurred several times independently in distinct
phylogeographic units, that is, in vicariant gene pools that have
suffered high genetic isolation over long periods of time. This
significantly reduces the possibility of common ancestry of adap-
tive genes in phenotypically similar populations from different
phylogeographic units (the trait originated in one unit and was
secondarily transferred in others by hybridization; Rieseberg &
Wendel, 1993; Vekemans, 2010). Alternatively, this strongly sug-
gests that the evolution of populations towards similar ecological
trait values in either phylogeographic unit reflects convergent
evolution, potentially through distinct evolutionary pathways, so
that a similar phenotype may not indicate comparable genetic
composition at functional loci (Alonso-Blanco ez al, 2009).
Thus, M or NM accessions from either phylogeographic unit
may not be genetically exchangeable (Crandall ez a/., 2000; Tem-
pleton, 2001). Finally, in contrast with many recent metal toler-
ance studies (e.g. Hanikenne ez al, 2008; Frérot er al, 2010;
Farinati et al, 2011; Meyer et al., 2011), which mainly used
accessions from the northern edge of the species range as repre-
sentative of the species (in Europe), we suggest that future studies
should consider accessions from vicariant phylogeographic units
as potentially representing independent selection events from dif-
ferentiated gene pools.
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Supporting Information

Additional supporting information may be found in the online
version of this article. [Correction added after online publication
17 Jan 2012: the Supporting Information file has been renamed
to replace ‘Notes S1° with ‘Methods S1°.]
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