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1 Functional Genomics and Plant Molecular Imaging, Center for Protein Engineering (CIP), Department of Life Sciences, University of Liège, Liège, Belgium, 2 Laboratoire
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Abstract

Among the rare colonizers of heavy-metal rich toxic soils, Arabidopsis halleri is a compelling model extremophile,
physiologically distinct from its sister species A. lyrata, and A. thaliana. Naturally selected metal hypertolerance and
extraordinarily high leaf metal accumulation in A. halleri both require Heavy Metal ATPase4 (HMA4) encoding a PIB-type
ATPase that pumps Zn2+ and Cd2+ out of specific cell types. Strongly enhanced HMA4 expression results from a combination
of gene copy number expansion and cis-regulatory modifications, when compared to A. thaliana. These findings were based
on a single accession of A. halleri. Few studies have addressed nucleotide sequence polymorphism at loci known to govern
adaptations. We thus sequenced 13 DNA segments across the HMA4 genomic region of multiple A. halleri individuals from
diverse habitats. Compared to control loci flanking the three tandem HMA4 gene copies, a gradual depletion of nucleotide
sequence diversity and an excess of low-frequency polymorphisms are hallmarks of positive selection in HMA4 promoter
regions, culminating at HMA4-3. The accompanying hard selective sweep is segmentally eclipsed as a consequence of
recurrent ectopic gene conversion among HMA4 protein-coding sequences, resulting in their concerted evolution. Thus,
HMA4 coding sequences exhibit a network-like genealogy and locally enhanced nucleotide sequence diversity within each
copy, accompanied by lowered sequence divergence between paralogs in any given individual. Quantitative PCR
corroborated that, across A. halleri, three genomic HMA4 copies generate overall 20- to 130-fold higher transcript levels than
in A. thaliana. Together, our observations constitute an unexpectedly complex profile of polymorphism resulting from
natural selection for increased gene product dosage. We propose that these findings are paradigmatic of a category of
multi-copy genes from a broad range of organisms. Our results emphasize that enhanced gene product dosage, in addition
to neo- and sub-functionalization, can account for the genomic maintenance of gene duplicates underlying environmental
adaptation.
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Introduction

Analyses of nucleotide sequence variation bear great promise for

advancing our understanding of evolutionary processes. However,

such analyses have so far rarely targeted loci of experimentally

established roles in naturally selected adaptive traits, and, instead,

have mostly been conducted on candidate loci or even anonymous

sequences [1–3]. Among the highest selection pressures known in

ecology are those encountered by plants on metalliferous soils,

which contain high, toxic levels of heavy metals from geological

anomalies or anthropogenic contamination [4]. Examples of

metalliferous soils are the widespread ultramafic (serpentine) soils

rich in Ni, Co and Cr, and calamine soils containing high levels of

Zn, Cd, and Pb. The extremophile species Arabidopsis halleri is one

of the few plant taxa capable of colonizing calamine metalliferous

soils [5]. In addition to its hypertolerance to Zn, Cd and likely Pb,

A. halleri groups among approximately 500 known taxa of so-called

hyperaccumulators of metals such as Ni, Co, Zn or Cd [6,7].

Hyperaccumulators are characterized by leaf metal concentrations

exceeding those of ordinary non-accumulator plants by more than

two orders of magnitude. Metal hyperaccumulation contributes to

metal hypertolerance and has been proposed to act as an

elemental defense against biotic stress [8,9].

A. halleri is closely related to Arabidopsis lyrata and to the genetic

model plant Arabidopsis thaliana, both of which are non-hyper-

accumulators and exhibit only basal metal tolerance common to
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all vascular plants [10]. Different from A. thaliana, A. halleri is an

outcrossing, stoloniferous perennial, with a nuclear genome of 2

n=16 chromosomes [6]. In an attempt to address the molecular

basis of Zn and Cd hyperaccumulation and associated hypertoler-

ance in A. halleri, cross-species transcriptomics approaches

employing the accession Langelsheim (Germany) established

dozens of candidate genes with potential functions in metal

homeostasis, of which transcript levels were elevated in A. halleri

when compared to A. thaliana [11–13]. Functional characterization

through various molecular approaches supported a role for several

of these genes including HEAVY METAL ATPASE4 (HMA4)

[8,12], HMA3 [11], METAL TRANSPORT PROTEIN1 (MTP1)

[11,14], NICOTIANAMINE SYNTHASE2 (NAS2) [13,15], and

IRON-REGULATED TRANSPORTER3 (IRT3) [6,7,16]. Transcript

abundance of HMA4 was highest of all identified candidate genes,

with more than 100-fold higher transcript levels in both roots and

shoots of A. halleri than in A. thaliana or A. lyrata [12,17]. The

HMA4 protein is a plasma membrane transport protein acting in

ATP-driven cellular export-mediated detoxification of Zn2+ and

Cd2+, as well as root-to-shoot translocation of both metals [8,18].

The strongly enhanced HMA4 transcript levels present in A. halleri

were shown to be necessary not only for metal hypertolerance but

also for metal hyperaccumulation, by employing RNA interfer-

ence-mediated silencing in the A. halleri accession Langelsheim.

The introduction into A. thaliana of an AhHMA4 promoter fused to

an AhHMA4 cDNA suggested that AhHMA4 alone, however, is not

sufficient to generate either metal hypertolerance or hyperaccu-

mulation [8]. In agreement with these findings, genetic studies

identified HMA4 andMTP1 to be located within rather large QTL

regions for metal hypertolerance in a segregating back-cross 1

population of an inter-specific hybrid cross between A. halleri

(accession Auby, France) and A. lyrata [17,19]. Moreover, HMA4

co-localized with one out of several major QTL for leaf Zn and Cd

hyperaccumulation, respectively, in a segregating F2 population

[20,21]. Among the candidate genes of A. halleri characterized in

detail to date, HMA4 thus makes the largest contribution to both

metal hyperaccumulation and metal hypertolerance.

High HMA4 transcript levels were shown to be attributable to a

combination of tandem gene triplication and cis-activation in

the Langelsheim accession of A. halleri [8]. Promoter-reporter

fusions suggested approximately equivalent quantities and

localizations of promoter activity for all three A. halleri HMA4

gene copies, in agreement with copy-specific transcript quanti-

fication through quantitative real-time RT-PCR [8]. Because of

almost identical protein-coding sequences, the functions of the

three HMA4 protein isoforms of A. halleri have not been

individually characterized. All these findings supported a critical

role of enhanced HMA4 gene product dosage in naturally

selected metal hyperaccumulation and hypertolerance of A.

halleri [8]. Interestingly, high HMA4 transcript levels, copy

number expansion and cis-activation were also reported in

Noccaea caerulescens [22,23], another Zn/Cd hyperaccumulator in

the Brassicaceae family, in which metal hyperaccumulation and

associated hypertolerance must have evolved independently.

Moreover, copy number expansion appears to be common

among additional highly expressed metal hyperaccumulation/

hypertolerance candidate genes of A. halleri, for example the

ZINC-REGULATED TRANSPORTER, IRON-REGULATED

TRANSPORTER-RELATED PROTEIN (ZIP) genes ZIP3, ZIP6

and ZIP9 [12], MTP1 [14,24] and PLANT DEFENSIN (PDF)

genes [25].

Gene duplication is known as a major driver of genome

evolution over long timescales [26]. In eukaryotic genomes,

gene duplications occur spontaneously at rates that are between

100 and 10,000 times higher per locus than those of base

substitutions per site [27,28], thus explaining the presence of

substantial gene copy number variation polymorphism in

genomes. For example, per haploid genome and generation, S.

cerevisiae was estimated to spontaneously acquire about 0.002

non-synonymous base substitutions within coding regions and

0.02 gene duplications [28]. A number of genetic diseases of

humans are caused by gene duplication events [29,30]. Current

theory predicts the rapid loss of recent duplicates unless they

undergo neo- or sub-functionalization, with few exceptions

[26,31,32]. However, the factual contribution of gene duplica-

tion to evolutionary adaptation as an outcome of natural

selection remains poorly understood. Functional diversity and

evolutionary dynamics of multigene families are of particular

importance in plant and animal immunity, as exemplified by

plant Resistance (R) and human Major Histocompatibility

Complex (MHC) genes [33]. Natural selection for increased

gene product dosage was implied to account for copy number

expansion of the BOT1 boron tolerance locus of barley [34], the

MATE1 aluminum tolerance locus of maize [35] and the human

salivary amylase gene (AMY1) [36]. However, these reports were

based merely on functional data encompassing genotype-

phenotype relationships, without evidence for selection from

an analysis of sequence polymorphism.

Here, we address two gaps in present knowledge, namely

whether a signature of selection can indeed be identified at a locus

known to functionally govern an adaptive trait and, more

specifically, whether positive selection for increased gene product

dosage can result in the fixation of gene duplications [37]. We

detect positive selection at the copy-number expanded HMA4

metal hypertolerance locus of Arabidopsis halleri. Moreover, we

show that the profile of polymorphism is unexpectedly complex as

a result of ectopic gene conversion. This work can act as a guide

for related studies on other duplicated genes, and warrants caution

in targeted analyses as well as genome-wide scans of polymor-

phism when dealing with presently or historically copy-number

expanded loci.

Author Summary

Existing genetic diversity reflects evolutionary history, but
it has rarely been possible to probe for footprints of
selection at loci known to functionally govern adaptive
traits. Both naturally selected metal hypertolerance and
extraordinary leaf metal accumulation of the extremophile
Arabidopsis halleri require strongly enhanced transcript
levels of Heavy Metal ATPase4 (HMA4) encoding a PIB-type
ATPase that pumps Zn2+ and Cd2+ out of specific cells. By
comparison to the metal-sensitive A. thaliana, highly
elevated HMA4 expression results from a combination of
gene copy number expansion and cis-regulatory modifi-
cations. But how do these findings, which were based on a
single accession, relate to species-wide HMA4 sequence
diversity in A. halleri? Addressing this question, we detect
positive selection in the promoter regions of three tandem
A. halleri HMA4 paralogs, which are uniformly cis-activated.
The accompanying hard selective sweep, however, is
segmentally eclipsed as a consequence of recurrent
ectopic gene conversion among HMA4 protein-coding
sequences, which undergo concerted evolution. Together,
this constitutes an unexpectedly complex profile of
polymorphism as a result of natural selection. Our
observations can serve as a blueprint for future analyses
of duplicated genes that have undergone selection for
more of the same gene product.

Complex Evolution of an Adaptive Gene Cluster
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Results/Discussion

Evidence for Positive Selection in HMA4 Promoter
Regions
For an analysis of intra-specific nucleotide sequence diversity

across the triple HMA4 genes of A. halleri, we sequenced from

multiple individuals (Table 1) series of 13 genomic DNA segments

positioned consecutively along the 150-kb HMA4 region and in

flanking regions (Figure 1, Figure S1A and Table S1). In more

detail, amplicons of between 492 and 2245 bp in length (see Table

S1) were designed based on published sequence data, and

sequenced from between 15 and 20 individuals (see Table S2;

http://www.ebi.ac.uk, accession nos. HE995813 to HE996227).

The number of alleles observed per genotype never exceeded

expectations of a maximum of two for any of the amplicons (see

Table S2, lower section; see Materials and Methods section

‘Sequencing, Sequence Assembly and Assignment of Consensi’).

We confirmed leaf metal accumulation in these same individuals

by Inductively-Coupled Atomic Emission Spectrometry analysis of

field-collected leaves. Maximal concentrations exceeded 10,000 mg

Zn g21 leaf dry biomass and 100 mg Cd g21 leaf dry biomass in

individuals from both non-metalliferous and metalliferous sites

that are characterized by toxic levels of metals in the soil and a

specialist vegetation (Table 1). For comparison, we also obtained

nucleotide sequence data from single individuals of the Zn/Cd-

hypertolerant and -hyperaccumulating subspecies A. halleri ssp.

gemmifera [38] from East Asia and the closely related Zn/Cd-

sensitive, non-hyperaccumulating Arabidopsis lyrata. The genome of

A. lyrata contains a single functional HMA4 gene (Figure S1B) in a

region that is overall syntenic to A. halleri (Figure 1 and S1A) and A.

thaliana (Figure S1C) [39]. In addition, the A. lyrata genome

uniquely contains a second, 59-truncated HMA4-like pseudogene

in a non-syntenic position.

If a novel mutation confers a strong selective advantage, the

corresponding haplotype is likely to sweep through a population.

This reduces or even eliminates pre-existing nucleotide sequence

diversity at the affected locus and – proportionately to the extent of

genetic linkage – at flanking loci through genetic hitchhiking [40].

In order to test for evidence of a selective sweep in the HMA4

genomic region of A. halleri, we calculated statistics of genetic

diversity. At distant control loci (S1 and S13) and loci flanking the

,150-kb HMA4 genomic region (S2 and S12), average pairwise

nucleotide sequence diversity (p) was between 4.9 and 9.1%

(Figure 1A and Table S2), and thus within the published range for

random neutral loci in A. halleri [41–43]. Comparable studies on A.

halleri ssp. halleri have reported a median p of 3.9% (between 0.3

and 37.7%) for 24 randomly chosen loci [42] and a median p of

4.3% (between 1.8 and 32.7%) for a total of 8 loci [41] (Figure

S2). Indeed, this was in sharp contrast with much lower values for

p of between 0.1 and 1.8% for segments comprising sequences in

the promoter regions of the three paralogous HMA4 gene copies

(S4, S6, S9; Figure 1A, Figure S1D and Table S2). Compared to

the distant and flanking control loci, p decreased gradually

towards and within the HMA4 region and reached a minimum of

0.1% at the HMA4-3 promoter (S9), yielding a profile as expected

upon a hard selective sweep. This characteristic profile of

nucleotide sequence diversity was found to be interrupted,

however, by elevated p values of between 3.2 and 5.2% for

segments positioned within the coding sequences of the three

HMA4 gene copies (S5, S7, S10) and also for the additional

segment S8, all comprising sequences that are present in two or

more, almost identical copies in the HMA4 genomic region

(Figure 1A, Tables S2 to S4). The overall profile of nucleotide

sequence diversity across the HMA4 region was robust against

error in sequence assignment to S5, S7 and S10 (see Materials and

Methods, Table S4A), as well as towards a regionally separate

analysis of individuals from the Harz Mountains and the

Thuringian Forest (Table S4B).

To further substantiate the evidence for positive selection in the

genomic HMA4 region of A. halleri, we conducted statistical tests of

molecular population genetics by calculating Tajima’s D, Fu and

Li’s D*, and Fu and Li’s F* [44,45]. For segments in the promoter

regions of HMA4-1 (S4), HMA4-2 (S6) and HMA4-3 (S9), these

three tests unanimously indicated an excess of rare polymorphisms

resulting from a depletion of higher-frequency, ancestral poly-

morphisms. A statistically significant deviation from expectations

Table 1. Origin of Arabidopsis halleri individuals and other plants used in this study.

Collection site Individuals GPS Soil conc. (mg kg21) Leaf conc. (mg kg21)

# Name Type n Species N E Zn Cd Zn Cd

1 Langelsheim M 3 A. halleri ssp. halleri 51 56.569 10 20.955 1,200–3,200 7.2–15 7,200–11,300 24–190

2 Oker M 3 A. halleri ssp. halleri 51 53.750 10 29.009 n.a. 11,600 12

3 Eckertal M 2 A. halleri ssp. halleri 51 52.690 10 38.298 1,000–1,200 0.6–0.7 14,800–17,000 24–38

4 Schierke Road NM 1 A. halleri ssp. halleri 51 45.413 10 41.147 20 0.5 6,100 56

5 Schierke M 3 A. halleri ssp. halleri 51 44.960 10 41.467 200–1,300 0.6–1.3 5,300–11,300 0.6–10

6 Rodacherbrunn NM 3 A. halleri ssp. halleri 50 25.623 11 33.811 3.4–6.3 0.3–0.6 4,700–8,800 58–220

7 Stutenkamm NM 3 A. halleri ssp. halleri 50 24.724 11 33.315 4.4–11 0.2–0.4 2,900–6,600 15–100

8 Auby, FRa M 1 A. halleri ssp. halleri n.a. n.a.

9 Tada Mine, JPb M 1 A. halleri ssp. gemmifera 34 53.728 135 21.044 n.a. n.a.

- MN47c NM 1 A. lyrata ssp. lyrata - - n.a. n.a.

Countries of sampling outside Germany are specified. Extractable soil and total leaf concentrations are shown relative to dry mass. M, metalliferous site; NM, non-
metalliferous site. Sources of genotypes:
aBC1 parent [17,72];
bFujita Co., Japan;
cNottingham Arabidopsis Stock Centre.
n.a.: not analyzed.
doi:10.1371/journal.pgen.1003707.t001

Complex Evolution of an Adaptive Gene Cluster
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under neutral evolution was detected at the promoter of HMA4-3

(S9; Figure 1B and Table S2), diagnostic of positive selection.

Indeed, diversity statistics indicated a unique combination of a

very low value for p with a highly negative Tajima’s D for S9 (see

Figure S2). In agreement with these results, there were fewer long

and intermediate-length branches in the topologies of maximum

likelihood phylogenetic trees for HMA4 (S4, S6, S9) than observed

for control loci on either side of the HMA4 region (S1, S2, S12,

S13; Figure 2, Figure S3) [44]. In the region of extremely low

sequence diversity in the promoter region of HMA4-3 (S9) of A.

halleri ssp. halleri (see Figure 1A), for example, all polymorphisms

were unique to single observations (e.g., Figure 2B, 1.1-2, 1.3-2,

5.1-1, 7.2-1; see also Figure 1B). Taken together, statistical tests of

sequence diversity, molecular population genetics and sequence

phylogenies concordantly support a hard selective sweep centered

on the promoter of HMA4-3, with genetic hitchhiking [40]

covering a total of 250 kb. This is comparable to previously

reported selective sweeps, which affect chromosomal regions of

between 60 and 600 kb in length linked to domestication loci of

crop plants [46].

HMA4 Transcript Levels
As demonstrated in a single individual of A. halleri [8], the

combination of gene copy number expansion and cis-regulatory

divergence results in strongly enhanced steady-state HMA4

transcript levels that are necessary for metal hyperaccumulation

and hypertolerance. If this was selected for in the entire species A.

halleri, as indicated by the diversity statistics (see Figure 1), then we

would expect high HMA4 transcript levels in all A. halleri

individuals. Indeed, we observed between 20- and 130-fold higher

HMA4 transcript levels across individuals of A. halleri from different

collection sites, when compared to A. thaliana (Figure 3). This result

supports a substantial increase in HMA4 gene product dosage in all

A. halleri ssp. halleri and ssp. gemmifera individuals analyzed here, by

comparison to A. lyrata and A. thaliana.

Ectopic Gene Conversion among Protein-Coding
Sequences of HMA4 Paralogs
For segments located within coding sequences of the three HMA4

gene copies (S5, S7, S10), relationships among haplotypes differed

from those for segments located in HMA4 promoters (S4, S6, S9).

Phylogenetic reconstructions of S5, S7 and S10 did not recover three

distinct groups of haplotypes as expected for three independently

evolving paralogs (Figure S4). Instead, the genealogy resembled a

network-like structure, with complex relationships between HMA4

haplotypes at different loci (Figure 4A). For example, out of a total of

25 haplotypes, three were found at two or more of the paralogous

HMA4 genes (h13, h20, h25; Figure 4B). These results demonstrate a

recurrent transfer of genetic information between the coding

sequences of different HMA4 gene copies of A. halleri.

Figure 1. Nucleotide sequence diversity across the HMA4 genomic region in A. halleri. (A) Average pairwise nucleotide sequence diversity p
across the HMA4 genomic region in A. halleri ssp. halleri. (B) Molecular population genetic statistical tests for the deviation from neutrality, Tajima’s D,
Fu and Li’s D*, and Fu and Li’s F* in A. halleri ssp. halleri. Differently colored symbols are defined by concordantly colored axis titles. Vertical arrows
indicate positions of sequenced segments. The region of HMA4 triplication is shaded in grey. Marked in red color are stretches of sequence that are
present in several, almost identical copies (horizontal bars; detected using NCBI MEGABLAST program with default settings and a word size of 256;
see Table S3), and sequenced segments therein (arrows, fonts, red open symbols instead of closed black symbols in panel (A)). Direction of
transcription (triangular arrow) is given for each gene (rectangle, Arabidopsis Genome Identifier code of A. thaliana ortholog), with genes of unknown
position in A. halleri shown in grey. For additional information see Table S2.
doi:10.1371/journal.pgen.1003707.g001

Complex Evolution of an Adaptive Gene Cluster
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Segmental transfer of genetic information between paralogous

sequences can arise in somatic cells during homologous recombi-

nation-based repair of double-strand breaks, addressed here as

ectopic gene conversion (EGC, also termed interlocus or non-

allelic gene conversion), or alternatively result from unequal

crossing-over events during meiosis [29,47,48]. Quantitative PCR

analysis of genomic DNA of A. halleri individuals from different

collection sites was consistent with the species-wide presence of

three HMA4 gene copies per haploid genome (Figure 5). Average

gene copy number was estimated at 3.260.2 for A. halleri,

compared to 1.860.2 and 1.060.1 for A. lyrata and A. thaliana,

respectively (arithmetic means 6 SD), whereby one of the two

gene copies detected in A. lyrata is a truncated pseudogene in a

non-syntenic position (see Figure S1B). A total of three HMA4

gene copies is in agreement with our observations of a maximum

of six alleles observed per individual upon joint PCR amplification

of all 39 HMA4 coding sequences (S5/S7/S10; Table S2), and a

maximum of two alleles observed in the promoter region of each

HMA4 gene copy (S4, S6, S9; Table S2). The lack of evidence for

HMA4 copy number variation among A. halleri individuals suggests

that recurrent EGC events account for the segmental transfer of

genetic information between paralogous HMA4 coding regions.

EGC is known to be common among some genes, for example

rRNA genes [29,47,49–51]. Paralogous genes of eukaryotes have

been reported to exchange sequence information at per-locus

frequencies even higher than those of spontaneous gene duplica-

tions [52,53], thus contributing significantly to human disease

[54]. The contribution of EGC to adaptation, however, is poorly

understood.

EGC is predicted to transfer a newly arisen mutation from the

site of its origin in one HMA4 paralog to the corresponding sites in

the other two paralogs, thus cumulatively enriching species-wide

sequence diversity in each individual HMA4 gene copy [55]. This

explains the higher levels of nucleotide sequence diversity detected

at S5, S7, S8 and S10, when compared to S4, S6 and S9 (see

Figure 1) [29,32]. Simultaneously, EGC suppresses between-copy

sequence divergence and thus results in the concerted evolution of

the affected loci [29]. Our findings imply that EGC accounts for

Figure 2. Phylogenetic trees for segments comprising unique sequences in the genomic HMA4 region of A. halleri. Shown are
maximum likelihood trees for amplicons (A) S2, (B) S9, and (C) S12. Alleles are named according to A. halleri individuals ([collection site].[individual],
see Table 1) and are color-coded based on the population of their origin: blue, Harz Mountains (1 to 5); violet, Thuringian Forest (6 and 7, BAC);
brown, Auby (8.1); red, A. halleri ssp. gemmifera (9.1). Published sequences from A. halleri BACs were included (Genbank accession numbers
EU382073.1 and EU382072.1) [8], and A. lyrata ssp. lyrata sequences [39] are shown as outgroup (green) where possible. Percentages of bootstrap
support (1000 replicates) of a minimum of 75% are given at the corresponding nodes. Branch lengths are scaled by the number of substitutions per
site. The datasets were as follows (number of sequences6number of aligned positions in bp): S2: 4261464 (A); S9: 3963710 (B); S12: 4262480 (C).
Asterisks (*) denote the second alleles that were inferred in individuals from which only a single sequence was obtained and which were thus
concluded to be homozygous for the respective locus. Note that in A. halleri ssp. gemmifera (individual 9.1), primer pairs designed to obtain S6 and S9
(see Table S1) both yielded the same set of four highly similar sequences (see Figure S1D).
doi:10.1371/journal.pgen.1003707.g002
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the high extent of 99 to 99.3% inter-copy sequence identity among

A. halleri HMA4-1 to -3 coding sequences (Table S3) [8], consistent

with the prevalence of EGC among duplicates of .95% sequence

identity known in other organisms [29,47].

Hallmarks of EGC were also detected in the multi-copy portion

of segment S8 outside the HMA4 coding sequence (Figure S5A,

Table S3), again with a network-like genealogy (Figure S5B–D)

and a comparably high p of 9.5% (as opposed to p of 1.7% for the

single-copy 39-portion of S8). As in A. halleri ssp. halleri, EGC was

also evident among the coding sequences of HMA4 gene copies of

A. halleri ssp. gemmifera (Figure S5D and S6), with an apparent

additional EGC event between the promoters of HMA4-2 and -3

that was uniquely observed in this individual (S6, S9; see Figure

S1D and compare Figure 2B and Figure S3C and S3D).

Population genetics theory and simulations have been devel-

oped for small multigene families undergoing concerted evolution

[56–59]. Nucleotide substitution rates were predicted to be

strongly enhanced with increasing gene copy number for

beneficial mutations, whereas gene copy number had no effect

on substitution rates for selectively neutral mutations [57]. Indeed,

the AhHMA4 protein-coding sequences represented in S5/S7/S10,

which correspond to the cytoplasmic C-terminal regulatory

domain of the HMA4 protein [60], show an over-proportionately

high nucleotide sequence divergence of 22% from A. thaliana [8].

By comparison, within coding regions in general, average

divergence of both A. halleri and A. lyrata from A. thaliana is around

6%. In the corresponding region of HMA4, A. lyrata is 9%

divergent from A. thaliana and 22% divergent from A. halleri. This

suggests an enhanced rate of fixed sequence alterations in 39

AhHMA4 coding sequence of S5/S7/S10, which – according to

theoretical considerations – is likely to constitute evidence for

positive selection [57]. Different from predictions, however, there

is no prevalence of non-synonymous over synonymous nucleotide

substitutions in this region, but a prevalence of indel polymor-

phisms instead. Nonetheless, these considerations suggest that

HMA4 gene copy number expansion is not only a result of

selection for enhanced gene product dosage, but – in combination

with EGC – accommodates an enhanced evolutionary rate of

HMA4 under positive directional selection.

Regions of the human genome hosting multigene families that

undergo segmental exchange of sequence information have been

addressed as hypermutable [8,30]. Similarly, sequence exchange

was proposed to contribute to the unusually high levels of sequence

diversity among plant disease Resistance (R) genes, which typically

belong to multigene families and are often present in the genome

as tandem arrays of multiple paralogous genes [61]. Alongside

unequal crossing over and illegitimate inter-allelic recombination,

EGC was implicated in the generation of novel pathogen

recognition specificities [33,61–64]. The pervasiveness of sequence

differences between paralogous R genes, despite sequence

exchange, was attributed to small exchanged tracts of sequence

of mostly ,100 bp among multiple paralogs [61,63,64], to the

suppression of unequal crossing over within R gene clusters of

homozygotes [61], to the occurrence of inter-allelic rather than

inter-locus gene conversion [33], or to the past discontinuation of

sequence exchange [65]. By comparison to the high sequence

diversification among paralogous R genes, the concerted evolution

of A. halleri HMA4 paralogs is in stark contrast. This could be

interpreted to indicate a prominent role for selection in

determining the outcome of inter-locus sequence exchange, a

process that appears to be common at least in some classes of

multigene families [61,62,64].

Ancestry of Nucleotide Sequence Polymorphism in the
HMA4 Genomic Region
The evolutionary events reflected in the profile of nucleotide

sequence diversity across the HMA4 region of A. halleri occurred
concurrent with or after the divergence from the A. lyrata

lineage. Whereas nucleotide sequence diversity within A. halleri
ssp. halleri was not positively correlated with the genetic

divergence from A. lyrata across the HMA4 region (Figure

S7A), we detected shared ancestry of nucleotide sequence

diversity profiles in the two subspecies of A. halleri, ssp. halleri and
ssp. gemmifera. This is supported by a positive correlation

between inter-subspecies sequence divergence and sequence

diversity p within ssp. halleri (Figure S7B), by the grouping of

ssp. gemmifera alleles among ssp. halleri alleles in genealogies

(Figures 2, S1D, S3, S4), and by shared polymorphisms among

the two A. halleri subspecies in the coding sequences of HMA4
genes (Figure S6) as well as downstream of HMA4-2 (S8) (Figure

S5D). These findings also indicate that our sampling captured a

large proportion of sequence diversity within A. halleri, which
was further confirmed by a larger genetic diversity of A. halleri

within collection sites than between collection sites or between

regional subgroups of collection sites according to analyses of

molecular variance (AMOVA) (Table S5).

Our results support two consecutive duplications of HMA4 with

or after the split of the lyrata and halleri lineages, which was

estimated at between 2 mio. years ago according to sequence

divergence [66] and around 0.34 mio. years ago according to

approximate Bayesian computation [43]. Previous estimates of the

timing of HMA4 duplication events 0.36 and 0.25 mio. years ago,

respectively, are likely to require downward adjustment as they

were based on single A. halleri sequences for each of the three gene

copies and did not take into account EGC [43].

Conclusion
Enhanced HMA4 gene product dosage is known to functionally

underlie the environmental adaptations of heavy metal hyper-

accumulation and hypertolerance in the wild plant A. halleri [8].
Here, we detect positive selection in HMA4 promoter regions of A.

halleri, incurred by either activating cis-regulatory mutations or

gene copy number expansion of HMA4, and likely by both.

Furthermore, we identify ectopic gene conversion to effect the

concerted evolution of paralogous HMA4 coding sequences, a

Figure 3. Leaf HMA4 transcript levels in A. halleri individuals.
Values (arithmetic means 6 s.e.m. of two independent biological
experiments) are given relative to HMA4 transcript levels in A. thaliana
(At). Nucleic acids were extracted from leaves of vegetative plants,
including A. lyrata (Al), grown on soil in a greenhouse.
doi:10.1371/journal.pgen.1003707.g003
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finding that adds unexpected complexity to the profile of sequence

polymorphism. We expect that, together, our results coin a class of

multi-copy genes associated not only with instances of environ-

mental adaptation in plants [6,51,67], but also more generally with

eukaryotic adaptation [29,32,36,37,68]. Thus, this work will

stimulate the development of crop breeding strategies based on

gene copy number variation [34,69]. In the future, complex

profiles of nucleotide sequence polymorphism, as exemplified by

the HMA4 region of A. halleri, will deserve designated attention in

advanced targeted studies as well as in large-scale genome

scanning approaches [2,3,70]. Subsequent to gene duplication

events [27], alongside neo- and sub-functionalization, selection for

more of the same gene product is of higher evolutionary relevance

than previously appreciated [26,31,32,71].

Materials and Methods

Plant and Soil Sampling, Processing and Multi-Element
Analyses
Leaf tissues and soil samples were collected in the field from

18 randomly selected A. halleri ssp. halleri individuals at 7

European sites (Table 1). A minimum distance of 2 m was kept

between sampled individuals to avoid sampling clones because

A. halleri is stoloniferous. From a subset of collected genotypes,

clones were propagated vegetatively and maintained in a

greenhouse. For element analysis by Inductively-Coupled

Plasma Atomic Emission Spectrometry (ICP-AES), leaf material

was washed with ultrapure water and dried at room temperature

(RT) for .1 week, followed by processing of samples and

measurements as described [11,12]. For the determination of

extractable soil metal concentrations, soil cores were taken

down to 0.05 m depth within 0.1 m distance from each

individual. Three g of air-dried, sieved soil (2 mm particle size)

were extracted in 25 ml of 0.1 M HCl with rotary shaking at

150 rpm at RT for 0.5 h.

For DNA extraction, leaf tissues were frozen in liquid nitrogen

immediately after harvest, kept on dry ice for up to 20 h, and

stored at 280uC until further processing. Additionally, previously

characterized greenhouse-cultivated, clonally propagated geno-

types were included in some experiments: the BC1 parent

individual from Auby (individual 8.1) [17,72], individuals 1.1/

Lan 3.1 [8,12] and 1.4/W504 [13] from Langelsheim, and an

individual (9.1) of A. halleri ssp. gemmifera [38] (Table 1).

Genomic DNA Preparation and DNA Cloning
Genomic DNA was extracted using the DNeasy Plant Mini Kit

(Qiagen, Venlo, The Netherlands) from 100 mg of frozen leaf

material of each genotype. The thirteen amplicons designed to

analyze sequence diversity (S1 to S13) comprised either non-

coding (i.e., promoter, UTR and intron) or both non-coding and

coding sequences, and were positioned within all three of the

HMA4 gene copies and at loci of increasing distances upstream

and downstream of HMA4 (Figure 1, Figure S1A, Tables S1 and

S2). No additional amplicons could be designed in the repeat- and

transposon-rich genomic regions between HMA4 genes [8]. Primer

sequences for amplicons S2 to S12 were designed based on

available A. halleri BAC sequences (Genbank accession numbers

EU382073.1 and EU382072.1) (Table S1) [8]. Primer design for

S1 and S13 was based on the Arabidopsis thaliana and Arabidopsis

lyrata ssp. lyrata genome sequences [39,73]. In A. thaliana and A.

lyrata, S1 is located 116 and 198 kb upstream of S2, and S13 is

located 113 kb and 2.47 Mbp downstream of S12, respectively.

Amplicons comprising the 39-portions of AhHMA4-1 (S5),

AhHMA4-2 (S7) and AhHMA4-3 (S10) were simultaneously

amplified in each of three independent PCRs using primer pairs

that were not copy-specific (Table S1). In contrast, primers for S8

amplified only the 39-end of AhHMA4-2 and additional down-

stream intergenic sequence, taking advantage of copy-specific

sequence polymorphisms in the design of the reverse primer (see

Figure S5A).

For PCR amplification, 2 ml of genomic DNA were used with

GoTaq DNA polymerase (S1, S2, S11 and S13, Promega,

Leiden, The Netherlands), Bio-X-Act Long DNA polymerase

(S4, S6, Bioline/Gentaur, Brussels, Belgium) or a mix of both

enzymes (S3, S9, S12 and S5/S7/S10), the respective primer

pairs (0.5 mM each) (Table S1) and dNTPs (200 mM each)

(Fermentas, St. Leon-Rot, Germany) in a final volume of 25 ml,

the latter enzyme allowing more efficient amplification. PCR

reactions were carried out as follows: 3 min at 95uC, followed by

30–32 cycles of 30 s at 95uC, 30 s at 58uC, 1 min per kb at 70–

72uC, and a final extension step of 7 min at 70–72uC. PCR

products were gel-purified and cloned into the pGEM-T easy

vector (Promega, Leiden, The Netherlands) before transforma-

tion of E. coli DH5a.

Figure 5. HMA4 gene copy number in field-collected individuals
of A. halleri. Values (arithmetic means 6 s.e.m., n= 16 technical
replicates) are given relative to single-copy control loci FRD3 [12] and
S13 (see Figure 1). A. thaliana (At) genomic DNA served as calibrator.
Note that one of the two HMA4 gene copies detected in A. lyrata (Al)
corresponds to a truncated pseudogene (see Figure S1B).
doi:10.1371/journal.pgen.1003707.g005

Figure 4. Recurrent sequence exchange between coding regions of A. halleri HMA4 gene copies. (A) Network analysis of consensus
sequences of 39 HMA4 coding regions of A. halleri ssp. halleri. Each node represents one mutational step. Node size corresponds to the number of
alleles, as specified inside nodes ([collection site].[individual], see Table 1), constituting the respective consensus (h01 to h25). Alleles were assigned
to HMA4-1 (green, S5), -2 (yellow, S7) or -3 (orange, S10, see Figure 1), with multiple coloration for both ambiguous assignments and assignments to
multiple gene copies. Note that assignment to HMA4-2 was based directly on sequence data, whereas for all sequences not derived from BAC (B)
data, assignment to HMA4-1 or HMA4-3 was inferred (Materials and Methods). (B) Polymorphic positions in consensus sequences. Header row refers to
the alignment of consensi of segments S5/S7/S10 from A. halleri. SNPs present in single (blue fonts) or multiple (red fonts) consensi are highlighted.
For indels, each color marks one allele.
doi:10.1371/journal.pgen.1003707.g004

Complex Evolution of an Adaptive Gene Cluster

PLOS Genetics | www.plosgenetics.org 8 August 2013 | Volume 9 | Issue 8 | e1003707



Sequencing, Sequence Assembly and Assignment of
Consensi
In order to ensure with high probability that both alleles were

sampled in heterozygous individuals through DNA sequencing,

plasmid DNA was isolated from overnight cultures of at least eight

independent bacterial colonies per amplicon and genotype, 20

clones for S6 and a total of 56 clones for S5/S7/S10, respectively,

before sequencing of inserts by the Sanger method on an ABI

3730xl automated sequencer (Applied Biosystems, Darmstadt,

Germany) using vector-specific and additional locus-specific

primers when required (Table S1). For two individuals, 48

additional clones from two further independent PCRs were

sequenced for S5/S7/S10 to resolve remaining sequence ambi-

guities.

For the S6 amplicon (corresponding to the promoter region

of HMA4-2), a set of substantially divergent sequences was

initially obtained, and, including these, a total of more than the

expected maximum of two types of S6 sequences, correspond-

ing to two alleles expected per individual at this single locus,

were found in several A. halleri individuals. Using a combina-

tion of PCR, BAC end sequencing and DNA gel blot analyses

of previously isolated A. halleri BACs harboring HMA4 and

related sequences [8], the divergent set of sequences was

unequivocally attributed to the promoter of AhHMA2, which

was found to occur in tandem with AhHMA3 on a BAC clone,

but this BAC did not contain any AhHMA4 coding sequence.

AhHMA2 and AhHMA3 are orthologs of AtHMA2 and AtHMA3 that
are located in tandem on chromosome 4 of A. thaliana whereas

AtHMA4 is on chromosome 2. HMA4, HMA2 and HMA3 genes all

encode divalent transition metal cation-transporting P1B-type

ATPases [18,74].

Sequence assembly was conducted with DNASTAR (DNAS-

TAR Inc., Madison, USA). First, a consensus sequence was

generated for each clone. Then, each consensus was compared to

all other consensi from the same amplicon in a given individual

and to all consensi of the same amplicon from all other individuals

to i) correct Taq polymerase errors, ii) identify recombinant

chimeras that resulted from template switches during PCR

amplification [75] and iii) distinguish heterozygous from homozy-

gous loci.

For the 39-regions of the three HMA4 gene copies (S5, S7, S10,

S8) more than 800 sequences were obtained in total. Among

these, sequences were considered to be authentic when the same

sequence was observed at least three times from one PCR

reaction or in at least two independent PCRs of the same

genotype. After removal of chimeras (which accounted for ca.

5% of the sequences), a total of 25 consensus sequences were

retained for the 39-regions of HMA4 gene copies. These consensi

were assigned to the three HMA4 loci taking advantage of i) the

copy-specific sequence information for AhHMA4-2 via the

overlap between S7 and S8 for each individual (see Figure

S5A), ii) position information available from two completely

sequenced BACs [8], and iii) step-wise inference using a strictly

parsimonious approach, similar to the strategy used to solve a

SUDOKU in two times three double-blind independent

replicates to ensure reproducibility.

Statistical and Phylogenetic Analyses
After sequence assembly and alignment, DnaSP v5 [76] was

used to calculate sequence diversity (p), Tajima’s D [45], Fu and

Li’s D* and F* [44], and to conduct other statistical tests of

molecular population genetics. MEGA v5 was used for phyloge-

netic analyses [77]. The ML trees shown throughout were

constructed using a general time-reversible model. Rates among

sites were assumed to be gamma-distributed with invariant sites,

and 5 discrete categories of gamma were used. All sites were

used. To estimate bootstrap support for the nodes, 1000

replicates were calculated. Neighbor joining methods yielded

essentially the same results for tree branching orders. Genome

sequence information from A. lyrata ssp. lyrata was used as a

reference [39]. Network analyses for HMA4 genes and for S8

were conducted with TCS v1.21 using a connection limit of

95% [78]. Alignment gaps were re-coded with nucleotides to

reflect the exact number of mutational steps between sequences

in the respective sequence portion. AMOVA (Analysis of

Molecular Variance) was carried out with Arlequin 3.5 [79] to

compare the contribution of three hierarchical levels to genetic

variance: among the geographic regions of the Thuringian

Forest (A. halleri ssp. halleri), the Harz Mountains (A. halleri ssp.
halleri), and Japan (A. halleri ssp. gemmifera), among geographic

collection sites in each of these three regions, and within single

geographic collection sites. A total of 1000 permutations were

carried out for each locus, with equal weights of 1 for transitions

and transversions, and a deletion weight of 0.

Determination of HMA4 Gene Copy Number
Quantitative PCR reactions were performed on 5 ng of

genomic DNA in 384-well plates with an ABI Prism 7900HT

system (Applied Biosystems, Brussels, Belgium) using MESA

GREEN qPCR MasterMix (Eurogentec, Liège, Belgium). Mean

reaction efficiencies were determined from all reactions for each

amplicon (.270 reactions, Table S6) [80] and used to calculate

relative gene copy number by normalization with the qBase

software [81] using (i) multiple single-copy reference amplicons

and (ii) A. thaliana genomic DNA (Col-0) as a calibrator [82]. Three

single-copy reference amplicons were selected and designed at the

59- and 39-ends of the AhFRD3 gene [12] and in the S13 amplicon

(this study), respectively. Their adequacy to normalize gene copy

number in our experimental conditions was validated using the

geNorm module in qBase (gene stability measure M=0.309,

pairwise variation CV=0.121) [83].

Quantification of Relative HMA4 Transcript Levels
Fresh cuttings of greenhouse-grown A. halleri and A. lyrata

genotypes were cultivated hydroponically in 0.16 Hoagland

solution for about 2 weeks [13]. After rooting, plants were

transferred to pots with soil and further grown in a greenhouse

with temperature settings of 22uC (day)/20uC (night) and a

photoperiod of 16 h light and 8 h dark. Leaf material was

harvested twice independently from the same individuals at an

interval of eight weeks, immediately frozen in liquid nitrogen and

stored at 280uC. A. thaliana and A. lyrata plants were grown from

seeds as described, with harvest of leaves from 6-week-old plants,

alongside harvest of A. halleri tissues [12]. Total RNA was

extracted with TRIzol Reagent (Invitrogen, Karlsruhe, Germany),

cDNA was synthesized from 1 mg of DNaseI-treated (Invitrogen)

total RNA using oligo-dT and the SuperScript First-Strand

Synthesis System (Invitrogen). Quantitative PCR was conducted

in 96-well plates with a MyiQ Single Color Real-Time PCR

Detection System (Bio-Rad, Munich, Germany) using SYBR

Green qPCR Master Mix (Eurogentec, Cologne, Germany). A

total of three technical repeats were run per cDNA and primer

pair combination. Data were analyzed using iQ5 Optical System

Software version 2.0 (Bio-Rad). Relative transcript levels of HMA4

were calculated by normalization to EF1a as a constitutively

expressed reference gene [12]. Primers were as follows: AhHMA4

primers (59- GCTGCAGCGATGAAAAACAAAC-39 and 59-

TCCATACAACATCCCGAGGAAC-39; amplification efficien-
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cy: 1.88); AlHMA4 primers (59- TGAAGGTGGTGGT-

GATTGCA-39 and 59-CTCTCCACATTGACCAACTTTG-39;

amplification efficiency: 1.90). AtHMA4 and EF1a primers were

described earlier [12].

Accession Numbers
Sequence data are available through EBI (http://www.ebi.ac.

uk), accession nos. HE995813 to HE996227.

Supporting Information

Figure S1 Organization of HMA4 genomic regions in different

Arabidopsis species, and sequence relationships among HMA4

promoters. (A–C) Genomic organization of the HMA4 region in A.

halleri ssp. halleri (A) shown again from Figure 1, A. lyrata ssp. lyrata

(B), and A. thaliana (C). (D) Sequence relationships among S4, S6

and S9 comprising the promoter regions of HMA4 genes. Given is

pair-wise sequence identity (id) over the length of alignment (cov),

both given in percent of the size of the shorter sequence of the

respective pair, as calculated based on discontiguous megablast

(NCBI MEGABLAST using default settings without filtering for

low complexity regions). Syntenic genomic HMA4 regions are

shaded in grey (A, B, C). Genes are represented by rectangles

(hatched: HMA4; vertically striped: truncated HMA4 pseudogene

in A. lyrata; open: absent in A. halleri), with genes of unknown

position shown in grey. Arabidopsis Genome Identifier (AGI)

codes and direction of transcription (triangular arrows) are given

for a subset of A. thaliana genes and corresponding homologous

genes in syntenic positions of A. halleri and A. lyrata. Positions

corresponding to the segments S1 to S13 are indicated by vertical

arrows (see Figure 1). Note that segments S6 to S10 are unique to

A. halleri. Color shading in (D) denotes HMA4 gene copy (-1: green;

-2: yellow; -3: orange). Note that in A. halleri ssp. gemmifera

(individual 9.1), primer pairs designed to obtain S6 and S9 (see

Table S1) both yielded the same set of four highly similar

sequences. Data shown are from this study (A. halleri ssp. gemmifera),

Genbank EU382073.1 and EU382072.1 [8] for A. halleri ssp.

halleri, and the published genome sequences of A. lyrata ssp. lyrata

[39] and A. thaliana (http://www.arabidopsis.org). Chr: chromo-

some; LG: linkage group; A: Arabidopsis; t: thaliana, l: lyrata; h: halleri;

g: gemmifera.

(TIF)

Figure S2 Comparison of diversity statistics from this study with

data published for A. halleri. Shown are Tajima’s D values as a

function of average pairwise nucleotide sequence diversity p re-

plotted for the loci analyzed in this study (Table S2, Figure 1) and

for other loci with publicly available data. Published dataset A is

based on 8 to 14 sequences for each of 8 loci from individuals

collected in France and the Czech Republic [41], as well as 12

sequences for each of 24 loci from individuals from Stutenkamm/

Thuringian Forest (our collection site no. 7) [42]. Dataset B

includes 29 nuclear genes, with one sequence from each of 31

individuals collected in France, Italy, Germany, Slovenia, Poland

and the Czech Republic, and with p computed from values listed

separately for synonymous and non-synonymous positions [43].

Median and 10/90 percentiles of all shown datapoints are given as

a red filled circle and red error bars, respectively. Datapoints S5,

S7, S8 and S10 from this study, as well as two datapoints of p=0

[43], are not shown because Tajima’s D values cannot be

computed.

(TIF)

Figure S3 Phylogenetic trees for additional segments comprising

unique sequences in the genomic HMA4 region of A. halleri. Shown

are maximum likelihood trees for amplicons (A) S1, (B) S3, (C) S4,

(D) S6, (E) S11, and (F) S13. Alleles are named according to A.

halleri individuals ([collection site].[individual], see Table 1) and

are color-coded based on the population of their origin: blue, Harz

Mountains (1 to 5); violet, Thuringian Forest (6 and 7, BAC);

brown, Auby (8.1); red, A. halleri ssp. gemmifera (9.1). Published

sequences from A. halleri BACs were included (Genbank accession

numbers EU382073.1 and EU382072.1) [8], and A. lyrata ssp.

lyrata sequences [39] are shown as outgroup (green), where

possible. Percentages of bootstrap support (1000 replicates) of a

minimum of 75% are given at their corresponding nodes. Branch

lengths are scaled by the number of substitutions per site. The

datasets were as follows (number of sequences 6 number of

aligned positions in bp): S1: 3161978 (A); S3: 4261312 (B); S4:

4261927 (C); S6: 436918 (D); S11: 3861538 (E); and S13:

3961739 (F). Asterisks (*) denote the second alleles that were

inferred in individuals from which only a single sequence was

obtained and which were thus concluded to be homozygous. Note

that in A. halleri ssp. gemmifera (individual 9.1), primer pairs

designed to obtain S6 and S9 (see Table S1) both yielded the same

set of four highly similar sequences (see Figure S1D). As the A.

halleri ssp. halleri S6 amplicon is shorter than S9, the corresponding

sequences ({) from A. halleri ssp. gemmifera were truncated in the

alignment used to infer the S6 tree (E). The phylogenetic trees for

segments S2, S9 and S12 are presented in Figure 2.

(TIF)

Figure S4 Phylogenetic tree for segments corresponding to the

almost identical 39-portions of the coding sequences of HMA4-1, -

2, and -3 of A. halleri. Shown is a maximum likelihood tree for

segments S5, S7 and S10 (see also Figure 4). The analysis included

25 consensi (h01 to h25) for S5/S7/S10 of A. halleri ssp. halleri, five

distinct HMA4 sequences obtained from A. halleri ssp. gemmifera

(individual 9.1), and the corresponding segments from two copies

of A. lyrata ssp. lyrata HMA4 and A. thaliana HMA4. Sequencing

showed that all S5, S7 and S10 were jointly amplified by PCR with

each of the primer combinations (Table S1). Post-sequencing

assignment (see Materials and Methods) to the three HMA4 gene

copies of A. halleri is given in color (green: HMA4-1, yellow: HMA4-

2, and orange: HMA4-3). Consensi containing alleles assigned to

different HMA4 gene copies or assigned ambiguously appear in a

combination of colors (see Figure 4). Percentages of bootstrap

support (1000 replicates) of a minimum of 75% are given at their

corresponding nodes. Branch lengths are scaled by the number of

substitutions per site. The dataset was 3061252 (number of

sequences6number of aligned positions in bp). 1Truncated HMA4

pseudogene copy in A. lyrata ssp. lyrata (see Figure S1B).

(TIF)

Figure S5 Ectopic gene conversion between non-coding se-

quences in the genomic HMA4 region of A. halleri. (A)

Organization of the S8 amplicon. The S8 amplicon was uniquely

amplified by PCR; portions comprising repeated sequence

stretches present in several, almost identical copies in the HMA4

genomic region are represented in red (see Figure 1), and portions

of unique sequence in black. Only the 59- and 39-ends of S8 were

sequenced: The 59-end corresponds to HMA4-2 coding sequence

and overlaps with S7. The sequenced 39-end of the amplicon was

designated segment S8 and used in all analyses of sequence data

(B, see also Figure 1, Table S2). Numbers indicate length in bp

based on BAC contig. (B) Maximum likelihood tree for segment

S8. Alleles are named according to A. halleri individuals ([collection

site].[individual], see Table 1) and are color-coded based on the

population of their origin: blue, Harz Mountains (1 to 5); violet,

Thuringian Forest (6 and 7, BAC); red, A. halleri ssp. gemmifera (9.1).
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A published sequence was included (Genbank accession number

EU382072.1) [8]. Percentages of bootstrap support (1000

replicates) did not reach a minimum of 75%. Branch lengths are

scaled by the number of substitutions per site. The dataset was

396501 (number of sequences 6 number of aligned positions in

bp). Asterisks (*) denote alleles that were inferred in individuals

from which only a single sequence was obtained and which were

concluded to be homozygous. (C) Network analysis of consensus

sequences of the repeated 59-portion of segment S8, and, (D)

polymorphic positions in consensus sequences, additionally

including those from A. halleri ssp. gemmifera. Each node represents

one mutational step (C). Node size corresponds to the number of

alleles per consensus. Alleles constituting the respective consensus

sequence (h1 to h6) are specified ([collection site].[individual], see

Table 1). SNPs and indels present in single (blue fonts) or multiple

(red fonts) consensi are highlighted (D). Note that the consensus h3

is shared between the position downstream of HMA4-1 (BAC

contig) [8] and several alleles of S8 (exclusively downstream of

HMA4-2) obtained in this study. The analyses (C,D) were

conducted based on an alignment of partial S8 sequences

downstream of the HMA4-2 coding sequence comprising 240

positions (yellow, positions 155593-155801 in the HMA4 BAC

contig of EU382072.1 and EU382073.1; 209 bp, shown in red in

(A)) that are repeated downstream of HMA4-1 (green, positions

73657–73865 in the HMA4 BAC contig, 98.1% nucleotide

sequence identity) and downstream of HMA4-3 (orange, positions

211208–211416 in the HMA4 BAC contig, 99.0% nucleotide

sequence identity), respectively. B in (C): BAC.

(TIF)

Figure S6 Polymorphic positions in consensus sequences of

partial HMA4 coding regions of both A. halleri ssp. halleri and A.

halleri ssp. gemmifera. Consensus sequences (h01 to h25 in ssp. halleri̧
shown again from Figure 4, and A. gem. A to E in ssp. gemmifera)

were assigned to HMA4-1 (green, S5), -2 (yellow, S7) or -3 (orange,

S10). Positions given in header row refer to the alignment of

consensi. SNPs present in single (blue fonts) or multiple (red fonts)

consensi are highlighted, as well as the only SNP that distinguishes

all ssp. gemmifera from all ssp. halleri sequences (position 408, blue

fill). For indels, each allele is shown in a different color.

(TIF)

Figure S7 Relationships between inter-(sub)species nucleotide

sequence divergence and sequence diversity in A. halleri ssp. halleri.

Shown is nucleotide sequence divergence (K) between (A) A. lyrata

ssp. lyrata or (B) A. halleri ssp. gemmifera and A. halleri ssp. halleri, as a
function of average pair-wise nucleotide sequence diversity p

within A. halleri ssp. halleri. Shown values are listed in tables on the

right. K was estimated using the Jukes and Cantor correction.

Note that slight differences of p values between (A) and (B) result

from differences in alignments. In the comparison of A. halleri ssp.

halleri with A. halleri ssp. gemmifera (B), the correlation analysis was

conducted including and excluding S6 and S9, respectively,

because of an apparent ectopic gene conversion event among these

segments in the lineage of A. halleri ssp. gemmifera individual 9.1 (see

Figures 2, S1 and S3). Correlation coefficient (R2), degrees of

freedom (df), F-ratios (F) and statistical significance (P-values, P) are

given in each panel (A, B).

(TIF)

Table S1 Information on DNA amplicons and on the

sequencing of cloned amplicons.

(PDF)

Table S2 Summary of statistics on nucleotide sequence diversity

as shown in Figure 1.

(PDF)

Table S3 Identification within amplicons of repeated sequence

stretches present in several copies in the HMA4 genomic region.

(PDF)

Table S4 Robustness of p estimation.

(PDF)

Table S5 Analyses of Molecular variance (AMOVA) in A. halleri.

(PDF)

Table S6 Sequences and reaction efficiencies of primer pairs

used for quantitative PCR determination of genomic copy

number.

(PDF)
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