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Abstract

Understanding the mechanism of cadmium (Cd) accumulation in plants is important to help reduce its potential toxicity to
both plants and humans through dietary and environmental exposure. Here, we report on a study to uncover the genetic
basis underlying natural variation in Cd accumulation in a world-wide collection of 349 wild collected Arabidopsis thaliana
accessions. We identified a 4-fold variation (0.5–2 mg Cd g21 dry weight) in leaf Cd accumulation when these accessions
were grown in a controlled common garden. By combining genome-wide association mapping, linkage mapping in an
experimental F2 population, and transgenic complementation, we reveal that HMA3 is the sole major locus responsible for
the variation in leaf Cd accumulation we observe in this diverse population of A. thaliana accessions. Analysis of the
predicted amino acid sequence of HMA3 from 149 A. thaliana accessions reveals the existence of 10 major natural protein
haplotypes. Association of these haplotypes with leaf Cd accumulation and genetics complementation experiments indicate
that 5 of these haplotypes are active and 5 are inactive, and that elevated leaf Cd accumulation is associated with the
reduced function of HMA3 caused by a nonsense mutation and polymorphisms that change two specific amino acids.
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Introduction

Cadmium (Cd) is a significant pollutant and naturally occurring

trace element that is potentially toxic to both plants and animals,

including humans. The human body receives Cd from many

sources, but mainly from food, drinking water and smoking [1–3].

An important step for Cd to enter the human food chain is its

accumulation in plant tissues, especially the aerial parts that form

the majority of the food sources consumed either directly by

humans or through eating meat produced from animals raised on

a plant-based diet [4]. High level accumulation of Cd in the

harvestable, above-ground tissues of plants is also essential for

successful phytoremediation of environments contaminated with

potentially toxic concentrations of Cd [5]. Understanding the

mechanism of Cd accumulation in plants is therefore an important

step towards being able to control the health risk environmental

Cd poses.

Accumulation of Cd in the aerial tissues of plants is determined

by several factors, including the bioavailability of Cd in the soil,

uptake from the soil solution by roots and radial transport within

the root to the vascular system, translocation from the root, and

storage in the above ground tissues. Plants take up Cd from the soil

through the symplastic pathway, though apoplastic transport may

also be important [6]. Translocation of Cd from the roots to the

shoots requires loading of Cd into the xylem from the symplast in

the stele. Xylem loading of Cd in plants requires the Heavy Metal

ATPases AtHMA4 and/or AtHMA2 [7–13].

Unlike most animals, plant cells have large vacuoles that can be

used for Cd detoxification through compartmentalization and

storage. To date three types of transporters have been identified

that are responsible for sequestering Cd into plant vacuoles. They

are CAX-type antiporters, such as CAX2 and CAX4 [14,15], the

Heavy Metal ATPase 3 (HMA3) [16–19] and phytochelatin

transporters ABCC1 and ABCC2 [20,21]. Among these, the H+/

Cd2+-antiporters and HMA3 transport the ionic form of Cd

(Cd2+), whereas the phytochelatin transporters transport Cd

chelated with phytochelatins [14–21]. Further, the various

transport systems involved in the accumulation of leaf Cd play

different roles. Heterologous expression of AtCAX2 and AtCAX4 in

all tissues enhanced Cd accumulation in tobacco leaves [15],

whereas selective expression only in roots decreased leaf Cd

accumulation [14]. Similarly, A. thaliana plants over expressing

AtABCC1 and AtABCC2 in all tissues accumulate higher leaf Cd

than controls [20]. Such data suggest that enhancement of a root

sink for Cd reduces foliar Cd accumulation where as an enhanced

leaf sink can increase foliar Cd accumulation.
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HMA3 shows high amino acid sequence similarity to both

HMA2 and HMA4, but its function is distinct from either [10]. In

contrast to the plasma membrane localization of both HMA2 and

HMA4 [10], HMA3 is localized to the tonoplast [16–19]. Studies

have established that HMA3 orthologs in many plant species

function in sequestering heavy metals into the vacuole, but the

metal specificity and their role in leaf Cd accumulation appear to

vary. In rice, HMA3 was identified as the responsible locus

underlying a shoot Cd accumulation QTL [17–18]. Functional

HMA3 was found to specifically restrict Cd accumulation in rice

seeds and leaves [17]. HMA3 is highly expressed in the Zn/Cd

hyperaccumulators Noccaea caerulescens (previously named Thlaspi

caerulescens) and Arabidopsis halleri [16,22], suggesting it may play a

positive role in Zn/Cd hyperaccumulation. Heterologous expres-

sion of HMA3 from rice and A. thaliana in Saccharomyces cerevisiae

(yeast) suggests that HMA3 can function to sequesters Cd into

vacuoles [18,23], whereas HMA3 from A. halleri appears to

function in Zn but not Cd detoxication [22]. Further, overexpres-

sion in A. thaliana of HMA3 from A. thaliana enhanced Cd, Zn and

Co tolerance and accumulation [19]. It is not clear if these

differences in substrate specificity of HMA3 in the different species

are a result of evolutionary divergence or the use of different

experimental systems. The role of HMA3 in regulating foliar Cd

accumulation in A. thaliana also remains inconclusive. However,

the overall evidence supports the conclusion that HMA3 functions

at the tonoplast in vacuolar compartmentalization of multiple

heavy metals including Cd, Zn, cobalt (Co) and lead (Pb) [16–

19,23].

Natural variation is a powerful resource for studying the

molecular function of genes as well as understanding their

ecological function [24–29]. Natural variation has been observed

at HMA3 in a limited number of species including rice, N.

caerulescens and A. thaliana accessions [8,16–19], and this variation

has been established to impacts foliar Cd accumulation in rice and

N. caerulescens. However, to date population-wide variation in foliar

Cd and the potential link with variation at the HMA3 locus have

not been investigated in any species. Arabidopsis thaliana is broadly

distributed throughout the northern hemisphere growing in a

diversity of climatic, edaphic and altitudinal habitats where it is

likely to be exposed to a range of selective pressures [30]. The A.

thaliana genome contains extensive diversity throughout its global

range and at least part of this genetic diversity is associated with

broad phenotypic variability [31], and also local adaptation [27–

29]. This extensive natural variation in A. thaliana has also been

utilized to uncover specific genes and QTLs involved in

controlling natural variation in a variety of traits [24].

Traditionally, QTLs have been identified using experimental

populations such as recombinant inbred lines (RILs) in which

homozygous alternative alleles are segregating. These mapping

populations have high power to detect QTLs because each allele is

present in 50% of the recombinant lines. However, these

populations are time consuming to develop and also suffer from

low resolving power due to the limited number of recombination

events that occur during their development. This leads to the

identification of QTLs that span relatively large genomic regions,

making identification of causal genes more difficult. Further, each

mapping population is generated from a cross between two

parental accessions potentially captures only two alternative alleles

of any locus. This leads to very limited sampling of natural allelic

diversity in a population and the low probability of detecting

important minor alleles. An alternative approach to using

experimental recombinant populations for QTL analysis is

genome-wide association (GWA) mapping. This approach takes

advantage of the large number of historic recombination events

that have occurred within a population, and couples these events

with linked DNA polymorphisms in order to associate phenotypic

diversity with a relatively small region of the genome. However,

unlike RIL populations where each allele is at a frequency of 0.5,

in samples of natural populations rare alleles will occur at lower

frequency making it difficult to detect their phenotypic effect.

GWA mapping has been successfully used in A. thaliana [26,32–

37], rice [38–40]) and maize [41,42] for the identification of QTLs

and candidate genes for various ecological and agricultural traits.

However, few if any of these studies have verified the candidate

genes and polymorphisms identified using GWA mapping. Here,

we report the use of GWA mapping for the identification of a

major QTL for foliar Cd accumulation in A. thaliana. Further, we

extend the GWA mapping with fine mapping in an experimental

F2 population, genetic and transgenic complementation and with

analysis of whole genome re-sequencing data for the identification

of HMA3 as the causal gene, and the identification of the specific

protein coding haplotypes of HMA3 that underlie natural variation

in leaf Cd accumulation in the global A. thaliana population.

Results

Genome-wide association analysis of foliar cadmium
accumulation in A. thaliana

In a previous GWA study using a population of 93 A. thaliana

accessions we were unable to identify a major peak of linked SNPs

associated with leaf Cd accumulation, though we did identify

several SNPs with 2log(p-value).5 [31]. The absence of strong

associations might be a result of the small population size used in

this previous study combined with an underpowered experimental

design (fewer control genoypes in each experimental block for

inter block normalization). This is supported by the observation

that in the Atwell et al. [31] study, which used a population of 93

accessions, only two SNPs linked to HKT1 were observed to be

significantly associated with leaf Na, whereas in an expanded

population of 349 accessions Baxter et al. [26] observed 12 SNPs

significantly associated with leaf Na and linked to HKT1. We

therefore employed this enlarged mapping population of 349

accessions [26] for our current GWA study to identify reliable

QTLs contributing to leaf Cd accumulation in the globally

sampled A. thaliana population.

Each accession was grown in a controlled common garden in

potting mix soil with Cd supplied in the soil at a sub-toxic

concentration of 90 mg kg21. After 5-weeks of vegetative growth

leaves were harvested individually from each plant and analyzed

for Cd using inductively couple plasma mass spectrometry (ICP-

Author Summary

Cadmium (Cd) is a potentially toxic metal pollutant that
threatens food quality and human health in many regions
of the world. Plants have evolved mechanisms for the
acquisition of essential metals such as zinc and iron from
the soil. Though often quite specific, such mechanisms can
also lead to the accumulation of Cd by plants. Under-
standing natural variation in the processes that contribute
to Cd accumulation in food crops could help minimize the
human health risk posed. We have discovered that DNA
sequence changes at a single gene, which encodes the
Heavy Metal ATPase 3 (HMA3), drives the variation in Cd
accumulation we observe in a world-wide sample of
Arabidopsis thaliana. We identified 10 major HMA3 protein
variants, of which five contribute to reduce Cd accumu-
lation in leaves of A. thaliana.

HMA3 Controls Variation in Cadmium Accumulation

PLOS Genetics | www.plosgenetics.org 2 September 2012 | Volume 8 | Issue 9 | e1002923



MS) as described previously [43]. After normalization across

experimental blocks using common genotypes and normalization

of the ICP-MS data to an estimated leaf dry weight [26], we

observed that leaf Cd concentrations varied across the 349

accessions from 0.5 to 2.0 mg g21 dry weight (Figure 1A). From

the 349 accessions 337 had previously been genotyped using the

256K SNP-tilling array Atsnptile 1, which contains a probe sets for

248,584 SNPs [26]. Using the genotype and leaf Cd concentra-

tions for this subset of 337 accessions we performed a GWA

analysis in which a population structure correction method

implemented in EMMA was applied [31,44]. In this genome-

wide scan we observed a single region on chromosome 4 that

contained multiple SNPs highly associated with leaf Cd concen-

trations (Figure 1B and 1C). In a 100 kb interval within this region

we observed 54 SNPs significantly associated with leaf Cd (p-

value,1025), 39 of which were highly significantly associated with

leaf Cd concentration (p-value,10210). The most highly associ-

ated SNP was found at Chr4:14736658 (2log (p-value) = 21.32),

which explains 30% of the total variance in leaf Cd accumulation

we observed. In contrast, no SNP contributing to more than 8% of

the variance in leaf Cd was observed in any other region of the

genome, suggesting the causal gene in linkage with SNP

Chr4:14736658 is the major genetic locus responsible for natural

variation in leaf Cd accumulation in A. thaliana. At this peak SNP

accessions with the cytosine (C) allele have leaf Cd on average

34.4% higher than accessions with thymine (T) allele. The minor

allele (T) is represented in 42.4% of the population of 337

accessions. Within 40 kb either side of SNP Chr4:14736658 (LD

decay distance in this region) there are a total of 13 genes (Table 1),

including HMA2 and HMA3. Given that HMA2 and HMA3 have

been shown to function as Cd and/or Zn transporters [10,19,23,],

these two genes made good candidates for the causal gene

underlying the observed Cd QTL centered on SNP Chr4:

14736658.

Geographic distribution of alleles at the SNP
Chr4:14736658

To some extent, the geographic distribution of a genetic locus

may reflect if there is selection for a particular allele in a certain

environment. Using a genotyped worldwide collection of 1178 A.

thaliana accessions in which the genotype at SNP Chr4:14736658 is

known, we plotted the geographical distribution of the two alleles

at SNP Chr4:14736658. From this map we observe both alleles are

widely distributed within Europe and central Asia and the USA

(Figure S1). However, the enrichment of the two alleles varies by

geographical region. For example, accessions with the T allele are

Figure 1. Genome-wide association analysis of leaf Cd accumulation in a worldwide collection of A. thaliana accession grown in a
common garden. A. The frequency distribution of leaf Cd concentration in 349 A. thaliana accessions grown in a common garden. Horizontal bars
represent the standard deviations of five accessions grown in all experimental blocks. B. Genome-wide association mapping of leaf Cd at 213,497
SNPs across 337 A. thaliana accessions using a mixed model analysis implemented in EMMA [33]. Horizontal dashed line indicates a genome-wide
significance threshold of 2log10 = 5. C. Detailed plot of the region shown in the red box in B.
doi:10.1371/journal.pgen.1002923.g001

HMA3 Controls Variation in Cadmium Accumulation
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enriched in the United Kingdom and western France, while

accessions with the C allele predominantly occur in eastern Spain,

eastern France, Germany, the Czech Republic and Sweden

(Figure S1). The east-west structure in the geographical distribu-

tion of the alternate alleles at SNP Chr4:14736658 in Europe may

well be related to the known large-scale A. thaliana metapopulations

that also have an east-west structure, related to range expansion

from various southern glacial refugia [45].

Linkage mapping of the Cd QTL in an experimental F2
population

To further genetically characterize the Cd QTL on chromo-

some 4 identified using GWA analysis we generated an

experimental F2 population in which the alternate alleles of the

diallelic SNP Chr4: 14736658 were segregating. To achieve this we

outcrossed the low leaf Cd A. thaliana accession CS28181, with a T at

SNP Chr4: 14736658, to Col-0 which contains average leaf Cd and

has a C at SNP Chr4: 14736658. The F1 generation of this cross had

the same leaf Cd concentration as the CS28181 parent (Figure 2A),

indicating that the CS28181 allele for leaf Cd accumulation is

dominant over the Col-0 allele. eXtreme Array Mapping (XAM) was

performed in which we combined bulk segregant analysis (BSA) with

microarray genotyping [46,47] using the CS281816Col-0 F2

mapping population. A total of 314 F2 individuals in 4 experimental

blocks were grown vegetatively in potting mix soil, leaves harvested

after 5 weeks and analyzed by ICP-MS for Cd. Data was normalized

across experimental blocks using the parental genotypes common

within each block and normalization to estimated dry weight [26].

Consistent with the dominance of the CS28181 allele observed in the

F1 generation the center of the distribution is shifted towards

CS28181 leaf Cd accumulation (Figure 2B). 58 plants from the

extreme high side of the Cd distribution (leaf Cd.0.85 mg g21 dry

weight) and 79 plants from the extreme low side of the Cd

distribution (leaf Cd,0.55 mg g21 dry weight) were pooled sepa-

rately. Genomic DNA from each pool was isolated, labeled and

hybridized to the Affymetrix SNP-tilling array Atsnptile 1. The allele

frequency differences for all polymorphic SNPs were assessed

according to hybridization signals as previously described [47].

Based on the allele frequency differences between the two pools, the

causal locus of leaf Cd accumulation was mapped to a 3 Mb interval

on chromosome 4 (from 13 Mb to 16 Mb) (Figure 3A), with the peak

centered on the mapping interval identified in our GWA analysis

(Figure 1B and 1C). The observation of a single strong XAM peak

(Figure 3A) provides good supporting evidence for there being a

single major QTL responsible for natural variation on leaf Cd

accumulation.

PCR-based genotyping was used to further narrow down the

mapping interval obtained using XAM. 314 F2 recombinants from

the CS281816Col-0 cross were individually genotyped at five

CAPS markers spanning the 13–16 Mb interval on chromosome 4

and 20 recombinants between marker Fo13M and Fo16M were

identified. According to the genotypes of these 20 recombinants

and their leaf Cd accumulation in the F2 and/or F3 generations,

we mapped the casual locus to a 500 kb region between marker

Fo14.5M and marker Fo15M (Figure 3B), in which HMA2 and

HMA3 are located (Figure 3C). Our linkage mapping in the

CS281816Col-0 mapping population confirmed the results we

obtained from our GWA analysis, and further supported HMA2

and/or HMA3 as candidate genes driving the natural variation in

leaf Cd accumulation we observed in our global A. thaliana

population sample.

DNA sequencing and trangenic complementation using
A. thaliana HMA2 and HMA3

As both association mapping and linkage mapping in A. thaliana

indicate HMA2 and HMA3 are the best candidates for being

responsible for natural variation of leaf Cd accumulation, we

sequenced the genomic region covering the two genes in the

accession CS28181, including the promoters, intergenic regions and

39 termini. According to the assembled sequence, there are a total of

23 polymorphic sites between CS28181 and Col-0, of which 21 are

SNPs and two are 1-bp deletion/insertions (Table 2). Of those

polymorphic sites three are located in HMA3 exons, three in HMA2

exons, six in the HMA3 promoter and two in the HMA2 promoter.

The polymorphisms in exons lead to differences of two amino-acid

residues in HMA2 (Thr131Ala [CS28181 to Col-0 applied

throughout] and Thr759Ala) and three amino-acid residues in

HMA3 (Asn426Tyr, Ile448Arg and Leu543Stop). The premature

Table 1. Genes within 40 kb of the SNP most highly associated with leaf Cd.

Gene start stop Direction Annotation
Distance to SNP
Chr4:14736658

AT4G30080 14703201 14706336 Reverse ARF16, Auxin Response Factor 16 30322

AT4G30090 14708712 14711612 Reverse emb1353, embryo defective 1353 25046

AT4G30097 14713518 14713661 Reverse unknown protein 22997

AT4G30100 14714191 14720061 Forward P-loop containing nucleoside triphosphate
hydrolase

22467

AT4G30110 14720241 14724584 Reverse HMA2, Heavy Metal ATPase 2 12074

AT4G30120 14730401 14733510 Reverse HMA3, Heavy Metal ATPase 3 3148

AT4G30130 14734819 14737978 Forward unknown protein 1839

AT4G30140 14738387 14740676 Reverse CDEF1, Cuticle Destructing Factor 1 4018

AT4G30150 14742452 14749987 Forward unknown protein 5794

AT4G30160 14753432 14760189 Forward VLN4,Villin-Like actin-bindingprotein 4 16774

AT4G30170 14762841 14764627 Forward Putative peroxidase 26183

AT4G30180 14768936 14769648 Forward Putative transcription factor 32278

AT4G30190 14770499 14776056 Reverse AHA2, Arabidopsis H(+)-ATPase 2 39398

doi:10.1371/journal.pgen.1002923.t001

HMA3 Controls Variation in Cadmium Accumulation
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stop codon in Col-0 HMA3 is likely to eliminate the activity of the

translated protein as it will be truncated after amino acid 542. The

truncated product would lack the conserved ATP binding site and it

is therefore likely to be non-functional [8]. It is also possible that the

observed SNPs may contribute to differences in gene function

between the CS28181 and Col-0 alleles.

Given that the sequence polymorphisms cannot exclude HMA2

as a possible candidate gene, we used transgenic complementation

to determine which gene underlies the observed leaf Cd QTL on

chromosome 4. We constructed DNA vectors to introduce the

CS28181 genomic DNA fragments of HMA3 (HMA3CS28181) and

HMA2 (HMA2CS28181) separately into Col-0. These separate

genomic DNA fragments included the 2 kb promoter region, the

whole gene body and the 39 terminal for both HMA2CS28181 and

HMA3CS28181. In the T2 generation, transgenic lines were grown

vegetatively in potting mix soil, leaves harvested after 5-weeks and

analyzed for Cd using ICP-MS. Because transgenic plants were

segregating in the T2 generation, the reporter gene GUS was used

as a marker for the transformation construct using histochemical

staining in order to assess if an individual had the transgenic

fragment. Individuals without the transgenic fragment were

removed from further analysis. All seven independent Col-0 lines

transformed with HMA3CS28181 showed significantly reduced leaf

Cd compared to Col-0 wild-type, with leaf Cd similar to, or even

lower than CS28181 (Figure 4A). However, none of the Col-0 lines

transformed with HMA2CS28181 had reduced leaf Cd concentra-

tions compared with Col-0 wild-type (Figure 4B). These results

clearly indicate that it is HMA3 and not HMA2 that is the causal

gene underlying the leaf Cd QTL we observe on chromosome 4.

The role of the root and shoot in driving HMA3-
controlled leaf Cd accumulation

To determine which tissue (root or shoot) is responsible for

controlling the HMA3 dependent variation in leaf Cd between

Col-0 and CS28181 we performed a reciprocal grafting experi-

ment (Figure 5). Both self-grafted and non-grafted Col-0 had

similar leaf Cd concentrations, as did the self-grafted and non-

grafted CS28181. Further, both self-grafted and non-grafted

CS28181 showed significantly lower leaf Cd than Col-0 (self-

grafted or non-grafted) as expected. Grafted plants with a

CS28181 root and a Col-0 shoot contained leaf Cd concentrations

the same as CS28181 (self-grafted or non-grafted). Whereas, plants

with a Col-0 root and a CS28181 shoot had leaf Cd concentra-

tions the same as Col-0 (self-grafted or non-grafted). From this

experiment we conclude that the variation in leaf Cd accumula-

tion between Col-0 and CS28181, determined by HMA3, is driven

by physiological processes in the root.

Expression analysis of HMA3 in A. thaliana
Given that in many cases natural phenotypic variation is caused

by cis-element polymorphisms driving changes in the level of gene

expression [24], we used quantitative Reverse Transcription PCR

(qRT-PCR) to quantify steady state levels of HMA3 mRNA in Col-

0 and CS28181. We observe that HMA3 is primarily expressed in

roots of Col-0, though we do observe expression in leaves to a

lesser degree (Figure 6A). This is consistent with previous

observations also using qRT-PCR [22]. Primary expression of

HMA3 in the root is also consistent with our observation that the

root controls the HMA3-dependent variation in leaf Cd (Figure 5).

However, we observe no significant difference between the steady

state levels of HMA3 mRNA in roots of Col-0 and CS28181

(Figure 6A). These results suggest that differences in the level of

expression of HMA3 between Col-0 and CS28181 cannot explain

the differences in HMA3-dependent leaf Cd accumulation.

To further extend this analysis we used qRT-PCR to examine

the steady state levels of HMA3 mRNA in roots of 14 A. thaliana

accessions grown on media solidified with agar (Figure 6B),

representative of eight of the HMA3 protein coding haplotypes we

Figure 2. High leaf Cd in A. thaliana Col-0 is recessive to the low leaf Cd in the CS28181 accession. A. Leaf Cd concentration in A. thaliana
accession CS28181, Col-0 and their F1 progeny. Data represent the mean leaf Cd concentration 6 standard errors (n = 7–12 independent plants per
genotype). B. The frequency distribution of leaf Cd concentration in F2 progeny of a cross between CS28181 and Col-0. Arrows indicate leaf Cd
concentration of the parent accessions. Letters above each bar in (A) indicate statistically significant groups using a one-way ANOVA with groupings
by Tukey’s HSD using a 95% confidence interval.
doi:10.1371/journal.pgen.1002923.g002

HMA3 Controls Variation in Cadmium Accumulation
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have identified (Figure 7) from a set of 149 re-sequenced

accessions. We compared the root expression of HMA3 to the

leaf Cd accumulation in the same plants across all 14 accessions

and observed that expression of HMA3 varies among these 14

accessions but there is no correlation (R2 = 0.005) between HMA3

mRNA levels and leaf Cd accumulation (Figure 6B). Further, we

found a strong correlation between leaf Cd of the same accessions

grown in potting mix soil and on agar solidified media (Figure S2).

These results support our conclusion that root-driven HMA3-

dependent variation in leaf Cd accumulation in A. thaliana is not

due to variation in HMA3 expression level.

HMA3 protein coding haplotypes across 149 A. thaliana
accessions

Given that HMA3 expression level polymorphisms do not

appear to drive HMA3-dependent variation in leaf Cd in A. thaliana

we investigated the possibility that this variation is due to

differences in the function of the HMA3 protein. To test this

hypothesis we examined the predicted protein coding haplotypes

of HMA3 from a set of 149 genome re-sequenced A. thaliana

accessions that we had previously phenotyped in potting mix soil

grown plants for leaf Cd accumulation (Table S1). A total of 31

amino acid substitutions were found in the HMA3 predicted amino

Figure 3. Genetic linkage mapping of the low leaf Cd locus in A. thaliana accession CS28181. A. DNA microarray-based bulk segregant
analysis of the low leaf Cd phenotype of CS28181 using phenotyped F2 progeny from a CS281816Col-0 cross genotyped using the 256K AtSNPtilling
microarray. Lines represent allele frequency differences between high and low leaf Cd pools of F2 plants at SNPs known to be polymorphic between
CS28181 and Col-0 (black line = sense strand probes, blue line = antisense strand probes). B. Fine mapping localizes the causal gene to a 500 kb
interval between markers Fo14.5M and Fo15 indicated by the red vertical lines. Black bars represent the CS28181 genotype, grey bars represent
heterozygous genotypes and white bars represent Col-0 genotype. Recombinants were selected from 317 CS281816Col-0 F2 plants. Leaf Cd
concentration was determined in the F2 and/or the F3 generation. C. Localization and gene structure of HMA2 and HMA3 in the mapping interval.
Black bars indicate exons and black lines indicate introns.
doi:10.1371/journal.pgen.1002923.g003

HMA3 Controls Variation in Cadmium Accumulation
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acid sequence within this set of 149 genome re-sequenced

accessions. Fourteen of those substitutions are only present in

one accession (Table S1), which could represent sequencing errors.

Seven of them are only found in 2–4 accessions, which are also

considered as rare alleles. Removal of these 21 polymorphisms left

10 amino acid substitutions which were used to conservatively

estimate the existence of 10 HMA3 protein coding haplotypes.

(Figure 7A; Table S1). Given that the premature stop codon likely

produces an inactive truncated HMA3 protein [8,19] we put the

two haplotypes with the 1-bp deletion causing the premature stop

codon together and classify them as Type X (Figure 7A). We

identified nine accessions in this class (Figure 7A). For each

haplotype group we calculated the average leaf Cd concentration

from leaf Cd data collected on all 149 accessions grown and

analyzed individually (Figure 7B). A clear association between

haplotype groups and leaf Cd concentration is observed, with

accessions with haplotype I–V and haplotypes VI–X forming two

distinctly separate low and high leaf Cd groups (Figure 7B).

Given that the group X haplotype is defined by a loss of

function allele of HMA3 [8,19], we propose that elevated leaf Cd

in this group is caused by loss of HMA3 activity. This is supported

by the fact that the Col-0 allele of HMA3 (which falls into

haplotype group X) is a recessive allele compared to CS28181

(haplotype group I) (Figure 2). If elevated leaf Cd is associated with

hypofunctional alleles of HMA3, such as the loss of function alleles

in haplotype group X, then the haplotypes in groups VI, VII, VIII

and IX are also likely to represent hypofunctional alleles of HMA3.

Conversely, the CS28181 allele of HMA3 is functional since it is

dominant over the loss of function Col-0 allele (Figure 2), and

therefore low leaf Cd is associated with hyperfunctional alleles of

HMA3 in protein coding haplotype groups I–V. Consistent with

this, the Ws-2 allele of HMA3, which was previously established to

be functional [19], falls into haplotype group III. To test our

predicted functional classifications of the different HMA3 protein

coding haplotypes we examined leaf Cd accumulation in F1 plants

from crosses between Col-0 and accessions with HMA3 protein

coding haplotypes VII, VIII and IX. None of these three

haplotypes were able to complement the loss of function HMA3

allele in Col-0 (Figure 7D), establishing that HMA3 alleles in

protein coding haplotype groups VII, VIII, IX are hypofunctional

like the Col-0 allele.

Interestingly, the classification of the functional protein coding

haplotype groups is consistent with our GWA study with the T

allele at SNP Chr4:14736658 being highly enriched in most of the

functional haplotype groups, while the C allele is highly enriched

in the hypofunctional groups (Figure 7A). However, this associ-

ation is not perfect as might be expect for a linked yet non-causal

polymorphism. We do though observe an absolute linkage

between the HMA3 protein coding haplotypes and function. The

substitution of a glutamine at residue 564 (Q564) with a

Table 2. Polymorphisms in A. thaliana HMA2 and HMA3 between Col-0 and CS28181.

DNA nucleotidea Position Region affected Amino acid residue

Col-0 Cs28181 HMA2Gb HMA2Cc HMA3Gb HMA3Cc Col-0 CS28181

A G 4235 2766 13160 Exon C C

C T 3744 2275 12669 Exon A T

G A 1506 10431 Intron

C T 868 391 9793 Exon A T

T G 505 9430 Intron

T A 2391 8534 Promoter

T A 2392 8533 Promoter

C G 23530 5395 Intergenic

A C 23531 5394 Intergenic

G A 24146 4779 Intergenic

G A 24472 4453 Intergenic

A G 25293 3632 Intergenic

- A 26554 2371 1628 Exon * L

C A 26947 1978 1343 Exon R I

A T 27113 1812 1276 Exon Y N

G A 27467 1458 Intron

A G 27727 1198 Intron

C A 29226 2301 Promoter

C A 29419 2494 Promoter

C G 29524 2599 Promoter

A G 29627 2702 Promoter

T C 210155 21230 Promoter

A - 210155 21230 Promoter

aNucleotide on the forward genomic strand.
bIndicates gDNA sequence.
cIndicates cDNA sequences.
*indicates stop codon. The position of nucleotides is relative to start codons of HMA2 or HMA3.
doi:10.1371/journal.pgen.1002923.t002
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methionine (M564), or a tyrosine at residue 480 (Y480) with an

aspartic acid residue (D480), are absolutely associated with loss of

function of HMA3, reflecting the tight linkage between phenotype

and genotype that would be expected for these putative casual

polymorphisms.

A comparison of the functional HMA3 orthologs in Arabidopsis

halleri and rice [17,22] with the functional HMA3 protein coding

haplotypes (I–V) in A. thaliana reveals that in A. halleri and rice the

Q564 and M480 are also conserved, further supporting the

conclusion that changes at these two residues in A. thaliana

generate a non-functional HMA3 protein. The location of these

two amino acid residues in the important ATP binding domain

(Figure 7C) is also consistent with this inference.

Role of HMA3 in regulating accumulation of other trace
metals in A. thaliana

In rice, HMA3 was found to specifically control leaf accumu-

lation of Cd, but not Zn or other elements [17]. In A. thaliana

HMA3 was found to be involved in the transport of Cd and also

possibly Zn, Co and Pb [19,23]. To investigate a possible function

for HMA3 in controlling variation in accumulation of these trace

metals in A. thaliana we compared the foliar concentrations of Zn

and Co in Col-0 (hypofunctional allele of HMA3) with CS28181

(hyperfunctional allele HMA3). A significant difference in leaf Zn

was observed between Col-0 and CS28181 (Figure 8), with Col-0

having increased leaf Zn concentrations compared to CS28181.

This elevated Zn was partially reduced by transformation of Col-0

with a genomic DNA fragment containing the CS28181 HMA3

promoter, gene body and 39 terminus (Figure 8). No significant

differences in leaf Co were observed between CS28181, Col-0 or

Col-0 transformed with the CS28181 HMA3 genome clone

(Figure 8). From these results we conclude that the hypofunctional

allele of HMA3 in Col-0 also affects the concentration of leaf Zn

but has no effect on leaf Co.

Discussion

Using GWA mapping on 349 A. thaliana accessions selected

from a worldwide collections of 5810 accessions and genotyped at

approximately 250,00 SNPs [26,48] we successfully identified a

single strong peak of SNPs associated with leaf Cd accumulation

Figure 4. Transgenic complementation of the high leaf Cd phenotype of A. thaliana Col-0. The A. thaliana Col-0 accession was transformed
with either CS28181 HMA3 (A) or HMA2 (B) and leaf Cd concentration determined. Transgenic complementation lines were made by introducing the
CS28181 genomic DNA fragments of HMA3 and HMA2 (including promoter sequences) into the Col-0 accession. Data represents the mean leaf Cd
concentration 6 standard errors (n = 6–12 independent plants per genotype). Letters above bars indicate statistically different groups using a one-
way ANOVA with groupings by Tukey’s HSD using a 95% confidence interval.
doi:10.1371/journal.pgen.1002923.g004

Figure 5. Reciprocal grafting determines that the low leaf Cd
phenotype of CS28181 is driven by the root. Bars represent the
leaf Cd concentration of reciprocally grafted A. thaliana CS28181 and
Col-0 accessions. NG = Non-grafted plants; SG = Self grafted plants;
CS28181/Col-0 = CS28181 shoot grafted onto a Col-0 root; Col-0/
CS28181 = Col-0 shoot grafted onto a CS28181 root. Data represent
means of leaf Cd concentration 6 standard errors (n = 5–14 indepen-
dent plants per grafting type). Letters above bars indicate statistically
different groups using a one-way ANOVA with groupings by Tukey’s
HSD using a 95% confidence interval.
doi:10.1371/journal.pgen.1002923.g005
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near to HMA2 and HMA3 (Figure 1B). The most highly associated

SNP in this peak accounting for 30% of the total variance in leaf

Cd after accounting for population structure. To confirm the

GWA mapping result and identify the causal gene, we performed

linkage mapping and transgenic complementation experiments

and established that polymorphisms at HMA3 are the major

genetic determinant for the variation we observe in leaf Cd in this

global A. thaliana population sample.

Expression level polymorphisms in HMA3 do not appear to be

responsible for the HMA3-dependent variation in leaf Cd we

observe. This contrasts what we have previously found for natural

variation in A. thaliana leaf Na and Mo levels which are driven by

expression level polymorphisms in HKT1 and MOT1, respectively

[26,49,50]. In the reference accession Col-0 it had previously been

observed that a 1-bp deletion in HMA3 results in a premature stop

codon, which was believed to cause a loss of function HMA3

variant [8,19]. However, the effect of this loss of function allele of

HMA3 on leaf Cd accumulation was not investigated, though a

loss of function T-DNA insertion allele in Ws-2 was known to

increase sensitivity to Cd [8,19]. We compared the protein coding

haplotypes of HMA3 across 149 accessions and identified 10 major

HMA3 protein coding haplotypes. From the association of these

haplotypes with leaf Cd concentrations in these accessions, and a

comparison with the predicted amino acid sequence of HMA3

from A. halleri and rice, we infer that five of the protein coding

haplotypes of HMA3 in A. thaliana are functional and the other five

are non-functional. To confirm this hypothesis, we performed

genetic complementation tests for 4 accessions representing 4

haplotype groups (I, VII, VIII and IX). Our results show that the

known Col-0 loss of function protein coding haplotype cannot be

complemented by HMA3 alleles from haplotype group VII, VIII

and IX (represented by Duk, Van-0 and Ler-0), which establishes

that these three HMA3 protein coding haplotypes also represent

loss of function alleles. In contrast, the group I haplotype

(represented by CS28181) is able to complement the loss of

function allele in Col-0 confirming that this protein coding

haplotype represents a functional allele of HMA3. From this we

conclude that a major portion of the genetically determined

natural variation in leaf Cd observed in our world-wide A. thaliana

population sample is driven by variation in the level of function of

the HMA3 protein. The sequence differences among active and

inactive A. thaliana protein coding haplotypes of HMA3 allowed us

to further conclude that amino acid changes Gln564Met and

Tyr480Asp are responsible for the impaired activity of the HMA3

alleles in the protein coding haplotype group VI–IX. Furthermore,

we could also confirm the previous observation that the premature

stop codon is responsible for loss of function of protein coding

haplotype group X. Interestingly, these amino acid changes occur

in the ATP binding domain (Figure 7B) with Gln564Met and

Tyr480Asp potentially affect ATP binding or ATP hydrolysis.

Although further evidence is necessary to confirm the biochemical

effects of these amino acids changes, our discoveries contribute to

our understanding of the functional mechanism of HMA3 and

other heavy metal ATPases.

It is interesting to note that the hypofunctional HMA3 alleles we

identify are more common than the hyperfunctional alleles in the

genome re-sequenced population of 149 A. thaliana accessions we

investigated. Ninety seven accessions contained hypofunctional

HMA3 protein coding haplotype, suggesting that the hypofunc-

tional HMA3 alleles are widely distributed in the A. thaliana

population. This is supported by the high frequency and wide

geographical distribution of the C genotype at SNP Chr4:

14736658 linked to the hypofunctional HMA3 allele. This raises

the question of is the effect of the hypofunctional alleles of HMA3

neutral or do they provide an adaptive benefit to the plant under

certain environmental conditions? Recent genome-wide estima-

Figure 6. Quantification of expression of HMA3 in various A. thaliana accessions by quantitative real-time RT–PCR. A. Expression of
HMA3 in shoot and root of A. thaliana accession Col-0 and CS28181. B. Correlation between root expression of HMA3 and leaf Cd accumulation in 14
A. thaliana accessions. For the analysis UBC (AT5G25760) was used as an internal normalization standard across all samples. The expression of HMA3
was calculated as 22DCT relative to UBC. Data represent means 6 standard error (n = 4 independent biological replicates per accession and tissue).
doi:10.1371/journal.pgen.1002923.g006
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tions of selection in A. thaliana did not reveal any evidence for

selection at the HMA3 locus [29]. However, it is possible that

alleles could be adaptive in one environment but neutral in

another [27]. Signals of selection of such locally adaptive alleles

would be more difficult to identify in the world-wide A. thaliana

sample used [29]. The adaptive function of these natural alleles of

HMA3 in Cd or Zn homeostasis, if there is any, remains unknown.

We could speculate that the hypofunctional HMA3 in A. thaliana

might be neutral in soils with normal concentrations of Zn and

beneficial in soils with low Zn where translocation of Zn to shoots

needs to be maximized. Alternatively, the hyperfunational allele

may be neutral in regions of low Cd and beneficial in areas of

elevated Cd where enhanced vacuolar sequestration of Cd would

potentially reduce the plants sensitivity to Cd. Further studies are

required to eliminate the need for such speculation.

Genetics research indicates that loss of function of rice HMA3

only affects accumulation of Cd, and not other heavy metals, and

based on this observation it was concluded that HMA3 is a highly

specific Cd transporter [17]. Our results presented here for A.

thaliana are similar to rice in the sense that genetic alteration of

Figure 7. Natural HMA3 protein coding haplotypes and their association with leaf Cd concentration across 149 A. thaliana
accessions. A. Ten main HMA3 protein coding haplotypes. B. Leaf Cd concentration of A. thaliana accessions grouped by HMA3 protein coding
haplotype. C. Predicted structural model of HMA3 with the position of the amino acid substitutions in (A) indicated in the model. H1–H8,
transmembrane helixes. A-Domain = actuator domain; ATP-BD = ATP binding domain; Metal-BD = C-terminal metal binding domain. D. Leaf Cd
concentration of F1 progenies of Duk6Col-0, Col-06Van-0 and Col-06Ler-0 and their parents in the same experiment. Data represents the means leaf
Cd concentration 6 standard errors (n = 5–19 in B, 12–20 in C). Letters right of the bars in (B) or above bars in (D) indicate statistically significant
groups using one-way ANOVA with groupings by Tukey’s HSD using a 95% confidence interval.
doi:10.1371/journal.pgen.1002923.g007
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HMA3 function primarily effects Cd accumulation in leaves.

However, unlike rice we observe in A. thaliana that HMA3 also

contributes to a lesser degree to leaf Zn accumulation. We would

however caution against using such evidence to conclude that

HMA3 in A. thaliana has higher specificity for Cd transport over

other essential metals such as Zn. It is possible that the primary

function of HMA3 in A. thaliana is in Zn transport, as has been

proposed for HMA3 in A. halleri [22]. We observe that variation in

HMA3 function is not reflected in a large variation in leaf Zn

accumulation in A. thaliana and propose this could be due to other

genes involved in Zn homeostasis (e.g. ZIPs, MTP1/3, HMA2/4)

responding to maintain normal tissue Zn concentrations. Because

Cd accumulation in A. thaliana is unlikely to be tightly regulated in

the same way that Zn is, variation in HMA3 function is more

clearly manifest in variation in leaf Cd accumulation. In a sense,

variation in Cd accumulation is revealing hidden variation in Zn

homeostasis mechanisms. However, further experiments are

required to validate this model.

In previous studies in A. thaliana, HMA3 has been shown to

function in the detoxification of Cd [19,23], but its role in limiting

Cd translocation to the shoot was not investigated. We determine

genetically that HMA3 drives natural variation in leaf Cd

concentration in A. thaliana, and grafting determined that HMA3

functions in the root to determine leaf Cd concentration. Further,

the known root expression pattern of HMA3 is consistent with this

observation. The expression pattern of HMA3 in different plant

species may be very important in determining its roles in

regulating leaf Cd accumulation. Similar to HMA3 in A. thaliana,

rice HMA3 is also predominantly expressed in root. Since HMA3

functions in sequestering Cd into the vacuolar this expression

pattern is consistent with HMA3 acting to reduce leaf Cd

accumulation in both A. thaliana and rice. In contrast, the Cd/

Zn hyperaccumulators N. caerulescens and A. halleri express HMA3

to extremely high levels in leaves where HMA3 is thought to

enhance Cd sequestration into the vacuole, increasing its uptake

[16,22]. Consistent with this, constitutive over expression of a

functional HMA3 in A. thaliana increases leaf Cd accumulation

two-fold [19].

In conclusion, our data supports a model of HMA3 functioning

in roots of A. thaliana to limit long-distance transport of Cd from

root to shoot. We establish that the genetically determined

natural variation in leaf Cd accumulation we observe in the A.

thaliana global population is primarily controlled by variation of

the function of HMA3 driven by DNA polymorphisms in the

protein coding region of the gene. Further, we propose there are

two polymorphic amino acid residues and a nonsense mutation

distributed among 10 protein coding haplotypes that drive this

population-wide variation in HMA3 function. These discoveries

in A. thaliana improve our understanding of the mechanism of

natural variation in Cd accumulation in plants. Further, they

extend our knowledge of the function of HMA3 which could

contribute to the engineering or breeding of low Cd accumulating

crop plants.

Materials and Methods

Plant materials and growth conditions
The 349 A. thaliana accessions for the GWA study were selected

from 5810 worldwide accessions as described previously [26,48].

82 of the genome re-sequenced accessions used in this paper were

obtained from the Arabidopsis Biological Resource Center. Most

plants used for elemental analysis by ICP-MS were grown in a

controlled environment [26,43]. Briefly, seeds were sown on

moist soil (Promix; Premier Horticulture) with non essential

elements (As, Cd, Co, Li, Ni and Se) added at subtoxic

concentrations in a 20-row tray. After stratification at 4uC for 3

days the tray was moved into a climate-controlled room for

growth with a photoperiod of 10 h light (90 mmol?m22?s21)/14 h

dark, humidity of 60% and temperature ranging from 19 to

22uC. Plants were bottom-watered twice a week with modified

0.256Hoagland solution in which Fe was replaced by 10 mM Fe-

HBED (N,N9-di(2-hydroxybenzyl)ethylenediamine- N,N9-diacetic

acid monohydrochloride hydrate; Strem Chemicals, Inc.). Plants

used for studying the relationship between expression of HMA3

and leaf Cd concentration were grown in axenic conditions.

Briefly, seeds were surface sterilized using 50% bleach and 0.05%

Figure 8. The effect of HMA3 function on A. thaliana leaf Zn and Co. The A. thaliana Col-0 accession was transformed with CS28181 HMA3 and
leaf Zn (A) and Co (B) concentration determined. Transgenic lines were made by introducing the CS28181 genomic DNA fragment of HMA3 (including
promoter sequence) into the Col-0 accession. Data represents the mean leaf Zn and Co concentrations 6 standard errors (n = 7–12 independent
plants per genotype). Letters above bars indicate statistically significant groups using a one-way ANOVA with groupings by Tukey’s HSD using a 95%
confidence interval.
doi:10.1371/journal.pgen.1002923.g008
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SDS for 15 min, washed 8 times with sterilized deionized water

and sown on K strength Murashige and Skoog (Sigma-Aldrich,

St. Louis, USA) media solidified with agar containing 1% sucrose

in Petri dishes. Plates were placed at 4uC for 3 days for seed

stratification and then maintained at 16 h light (90–

120 mmol?m22?s21)/8 h dark and 22uC. After 3-weeks growth,

roots were harvested and used for RNA extraction and shoots

were harvested for elemental analysis.

Grafting of Arabidopsis thaliana plants
Seedlings were grafted as previously described [49]. Graft

unions were examined before transfer to potting mix soil under the

stereoscope to identify any adventitious root formation from graft

unions or above. Healthy grafted plants were transferred to potting

mix soil in a 20-row tray and grown in a controlled environment

and after 4-weeks leaf samples were harvested as described above.

After harvesting graft unions were examined again, and grafted

plants with adventitious roots or without a clear graft union were

removed from subsequent analysis.

Elemental analysis
The determination of leaf elemental concentrations was

performed as described previously [43]. One to two leaves (,2–

4 mg dry weight) were harvested from A. thaliana plants grown

vegetatively for 5 weeks, leaves were rinsed with 18 MV water and

placed into Pyrex digestion tubes. Samples were placed into an

oven at 92uC to dry for 20 hours. After cooling, 7 reference

samples from each planted block were weighed. Subsequently, all

samples were digested with 0.7 ml concentrated nitric acid

(OmniTrace; VWR Scientific Products) and diluted to 6.0 ml

with 18 MV water. Gallium (Ga) was added in the acid prior to

digestion to serve as an internal standard for assessing errors in

dilution, variations in sample introduction and plasma stability in

the ICP-MS instrument. Analytical blanks and standard reference

material (NIST SRM 1547) were digested together with plant

samples in the same manner. After samples and controls were

prepared, elemental analysis was performed with an ICP-MS

(Elan DRCe; PerkinElmer) for Li, B, Na, Mg, P, K, Ca, Mn, Fe,

Co, Ni, Cu, Zn, As, Se, Mo and Cd. All samples were normalized

to calculated weights, as determined with a heuristic algorithm

using the best-measured elements, the weights of the seven

weighed samples and the solution concentrations, detailed at www.

ionomicshub.org. For GWA analysis data was normalized using

common genotypes across experimental blocks as previously

described [26], and this normalized data has been deposited on

the iHUB (previously known as PiiMS [51]) for viewing and

download through www.ionomicshub.org.

Association mapping
The selection and genotyping of accessions for GWA analysis

was described previously [26,48]. Briefly, 5810 A. thaliana

accessions were collected worldwide and genotyped at 149

genome-wide SNPs [26,48]. These accessions were classified into

360 groups based on their genotypes at the 149 SNPs. One

accession from each group was chosen to make a core set with 360

accessions. Among the core set of 360 accessions, 349 were

phenotyped by ICP-MS for ionomic traits. Of this phenotyped

subset 337 accessions were genotyped for at least 213,497 SNPs

using the custom-designed SNP-tilling array Atsnptile 1

[26,31,48]. The GWA analysis was done using a linear mixed

model to correct confounding by population structure [44]

implemented in the program EMMA (Efficient Mixed-Model

Association), which was described previously [31].

Linkage mapping analysis
The SNP-Tilling array-based eXtreme Array Mapping (XAM)

was done following the description of Becker et al. [47]. First, F2

progeny from an outcross of CS28181 and Col-0 were sorted by

leaf Cd concentration. Approximately 25% of the total progeny at

each end of the leaf Cd concentration distribution were pooled

separately. From these pools approximately 300 ng genomic DNA

was labeled separately using the BioPrime DNA labeling system

(Invitrogen) and hybridized to the Affymetrix SNP-tilling array

Atsnptile 1. The CEL files containing raw data of signal intensity

for all probes were read and spatially corrected using R scripts

from Borevitz et al. [52] with the R program and the

Bioconductor Affymetrix package. The original CEL files used

in this study have been submitted to the Gene Expression

Omnibus (GEO) under accession GSE39679. Polymorphic SNPs

between the two parents identified previously [52] were used for

further analysis. There are 4 probes for each SNP, antisense and

sense probes for two alleles. The allele frequency difference

between the two pools for each SNP was then assessed based on

the signal intensity difference of the 4 probes. The whole process

can be carried out using R scripts that are available at http://ars.

usda.gov/mwa/bsasnp [47].

PCR-based genotyping was used to further narrow down the

mapping interval for the leaf Cd accumulation QTL. All 312 F2

plants that were phenotyped by ICP-MS were genotyped

individually at 5 cleaved-amplified polymorphic sequence (CAPS)

markers. The primers and restriction enzymes for the CAPS

markers are listed in Table S2. Recombinants between marker

Fo13M and Fo16M were selected for further analysis. The F2

recombinants with a clear low leaf Cd phenotype similar to

CS28181 were directly used for determination of the candidate

region. The F2 recombinants without a clear phenotype, or with a

low Cd phenotype were selfed and 24 F3 progeny of each F2

individual further phenotyped for leaf Cd contetnt. According to

the leaf Cd concentration of the F3’s the genotype in the mapping

interval was inferred and the region further narrowed.

Sequencing of candidate genes and haplotype analysis
The candidate genomic region of CS28181 was sequenced

through overlapping PCR. Firstly, 20 overlapping fragments were

amplified using KOD hot start DNA polymerase (Novagen, EMD

Chemicals, San Diego, CA USA) from the genomic region of

CS28181 covering HMA2 and HMA3 and their promoters. The

primers for the PCR reactions were designed using Overlapping

Primersets (http://pcrsuite.cse.ucsc.edu/Overlapping_Primers.

html) and are listed in Table S2. After purification, each fragment

was sequenced using its amplification primers in two directions.

The sequenced reads were assembled using SeqMan Lasergene

software (DNASTAR; http://www.dnastar.com), with Col-0

sequence used as the reference. The HMA3 haplotypes were

analyzed using 149 genome re-sequenced A. thaliana accessions.

Genomic sequence data of the 149 accessions was downloaded

from the 1001 Genomes Data Center (http://1001genomes.org/

data/MPI/MPICao2010/releases/2011_08_23/full_set/TAIR10,

http://signal.salk.edu/atg1001/index.php,). The genomic sequenc-

es of the HMA3 region were extracted using Text File Splitter 2.0.4

(http://www.softpedia.com/get/System/File-Management/Text-

File-Splitter.shtml). The sequence data was introduced into Micro-

soft Excel and polymorphic nucleotides identified. The coding

sequence (CDS) of each HMA3 allele was predicted according to the

reference cDNA of Col-0. Variations in protein amino acid

sequence were identified according to the polymorphic nucleotides

in the DNA sequence.
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Transgenic complementation
For construction of the expression vector of A. thaliana HMA3

and HMA2 two genomic DNA fragments for the two genes were

PCR amplified from CS28181 using KOD hot start DNA

polymerase and primers as listed in Table S2. The fragment for

HMA3 is ,4.9 kb including 1.6 kb promoter region and 0.8 kb 39

downstream sequence. The fragment for AtHMA2 is ,6.7 kb

including 2.0 kb promoter region and 0.4 kb 39 downstream

sequence. The fragments were cloned into pCR-XL-TOPO vector

(Invitrogen Life Technologies, http://www.invitrogen.com) for

sequencing and subsequently recombined into binary vector

pCAMBIA1301 by restriction enzymes of Sal I and BamH I.

The expression vectors with the two genes were transformed into

Agrobacterium tumeraciens strain GV3101 and were introduced into

Col-0 using the floral dip method [53]. Transgenic lines were

screened on K strength Murashige and Skoog (Sigma-Aldrich, St.

Louis, USA) medium solidified with agar containing 50 mg/ml

Hygromycin and 1% sucrose.

Quantitative real-time PCR
Total RNA was extracted from 3-week old plants grown on K

strength Murashige and Skoog (Sigma-Aldrich, St. Louis, USA)

medium solidified with agar containing 1% sucrose using TRIzol

Plus RNA Purification kit (Invitrogen Life Technologies, http://

www.invitrogen.com). Two microgram of total RNA was used to

synthesize first strand cDNA with SuperScript VILO cDNA

Synthesis Kit (Invitrogen Life Technologies, http://www.

invitrogen.com). Quantitative real-time PCR was performed using

SYBR Green PCR Master Mix (Applied Biosystems, USA) with

the fist strand cDNA as a template on a Real-Time PCR System

(ABI StepOnePlus, Applied Biosystems lco., USA). Primers for

qRT-PCR were designed using Primer Express Software Version

3.0 (Applied Biosystems, USA). One primer of a pair was designed

to cover an exon-exon junction. The primer sequences are shown

in Table S2. Expression data analysis was performed as described

previously [54].

Supporting Information

Figure S1 Geographic distribution of accessions and their alleles

at the SNP Chr4:14736658. Map showing the geographical

position of the collection site of 1178 accessions of A. thaliana.

The genotype at Chr4:14736658 of each accession is represented

by the type of symbol (red Chr4:6392276 = C, yellow

Chr4:6392276 = T). Pie charts on the map represent the propor-

tion of the local population containing the T allele (black sector)

and C allele (white sector).Total 19 local populations (West USA,

Middle-east USA, East USA, North UK, Middle UK, South UK,

West France, East France, Portugal, Spain, Netherland, Middle

Germany, North Germany, South Sweden, Middle Sweden,

North Sweden, Czech Republic, The alps and South Italy) are

plotted.

(TIF)

Figure S2 Comparison of the leaf Cd concentration in 14 A.

thaliana accessions grown on different growth medium. Data

represent the mean leaf Cd concentration 6 standard errors (n = 4

for plants grown on solidified K MS media and 6–12 for plants

grown on potting mix soil).

(TIF)

Table S1 Protein coding sequence variation of HMA3 and leaf

Cd concentration in 149 A. thaliana accessions.

(XLSX)

Table S2 Primers used in this study.

(XLSX)
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