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CATION EXCHANGER]1 Cosegregates with Cadmium
Tolerance in the Metal Hyperaccumulator
Arabidopsis halleri and Plays a Role in Limiting
Oxidative Stress in Arabidopsis Spp."'O"*N

Cecilia Baliardini, Claire-Lise Meyer, Pietrino Salis, Pierre Saumitou-Laprade, and Nathalie Verbruggen*
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Centre National de la Recherche Scientifique 8016, F-59655 Villeneuve d’Ascq cedex, France (P.S.-L.)

ORCID ID: 0000-0003-2296-5404 (N.V.).

Arabidopsis halleri is a model species for the study of plant adaptation to extreme metallic conditions. In this species, cadmium (Cd)
tolerance seems to be constitutive, and the mechanisms underlying the trait are still poorly understood. A previous quantitative
trait loci (QTL) analysis performed on A. halleri X Arabidopsis lyrata backcross populationl identified the metal-pump gene Heavy
Metal ATPase4 as the major genetic determinant for Cd tolerance. However, although necessary, Heavy Metal ATPase4 alone is not
sufficient for determining this trait. After fine mapping, a gene encoding a calcium®*/hydrogen® antiporter, cation/hydrogen”
exchangerl (CAX1), was identified as a candidate gene for the second QTL of Cd tolerance in A. halleri. Backcross populationl
individuals displaying the A. halleri allele for the CAX1 locus exhibited significantly higher CAX1 expression levels compared with
the ones with the A. lyrata allele, and a positive correlation between CAX1 expression and Cd tolerance was observed. Here, we
show that this QTL is conditional and that it is only detectable at low external Ca concentration. CAX1 expression in both roots and
shoots was higher in A. halleri than in the close Cd-sensitive relative species A. lyrata and Arabidopsis thaliana. Moreover, CAX1 loss
of function in A. thaliana led to higher Cd sensitivity at low concentration of Ca, higher sensitivity to methylviologen, and stronger
accumulation of reactive oxygen species after Cd treatment. Overall, this study identifies a unique genetic determinant of Cd

tolerance in the metal hyperaccumulator A. halleri and offers a new twist for the function of CAX1 in plants.

Pollution by excessive amounts of trace metal elements
(TMESs) has become a serious and widespread problem at
the global level (Koptsik, 2014). In particular, mining and
industrial activities have released large amounts of zinc
(Zn), cadmium (Cd), and lead (Pb) into the air, water, and
soil. In addition, the application of phosphate fertilizers
and sewage sludge contributed to the accumulation of
TMEs in agricultural soils and aquatic environments. Cd
represents one of the most toxic pollutants released into
the environment, and it is recognized as a main threat to
human health (Clemens et al., 2013). Moreover, compared
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with other trace metals, Cd is rapidly absorbed and ac-
cumulated in plant tissues, and its transfer to the food
chain is a severe consequence of widespread low-level
contamination of soil (Clemens et al., 2013). Although
plant responses to Cd toxicity are well reported and de-
scribed in the literature (Lux et al., 2011), the mechanisms
underlying Cd toxicity are not completely understood.
Cd has been reported to affect the uptake of other min-
erals from the soil (e.g. Fe, Mg, K, and Ca). At the cellular
level, Cd ions lock on many different targets. Cd ions,
indeed, can induce mineral deficiencies by competing
with the uptake of essential metallic elements, displace
other metals from protein active sites (e.g. Fe, Zn, and
Ca), and bind sulthydryl groups of structural proteins
and enzymes, leading to misfolding and inhibition of
activity (DalCorso et al., 2008; Gallego et al., 2012). Fur-
thermore, Cd can also impair photosynthetic and respira-
tion activities and induce oxidative stress (Heyno et al.,
2008). Cd presence inside the cell leads to the arousal of
reactive oxygen species (ROS), which can react with
lipids, proteins, nucleic acids, and pigments, causing
toxic effects and oxidative burst (Sharma and Dietz,
2009; Cuypers et al., 2010). Despite Cd toxicity, a class of
plants, referred to as hyperaccumulators, has evolved a
combination of mechanisms to reach high levels of
tolerance to and accumulation of this element. In these
species, some individuals display an extraordinary
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capacity to accumulate more than 100 ug of Cd g~ of dry
weight in their shoots in their natural habitats (Baker,
1981; Verbruggen et al., 2009; Krdmer, 2010). In the last
decade, great attention has been given to two Zn and Cd
hyperaccumulators, the Brassicaceae Arabidopsis halleri
and Noccaea caerulescens. The former is a clonal and self-
incompatible plant that is able to grow on both metal-
contaminated and noncontaminated soils. In Europe,
A. halleri occurs at low altitudes in industrial sites pol-
luted by Zn, Cd, and Pb (e.g. those in northern France,
Poland, Germany, and northern Italy among others) and
at moderate and high altitudes in soils containing low
levels of TMEs. A. halleri exhibits constitutive Zn and Cd
tolerance as well as Zn hyperaccumulation, while also
maintaining a high natural variability in all of these traits
(Bert et al., 2002; Pauwels et al., 2006). Currently, A. halleri
is considered a model species for metal accumulation and
tolerance studies and also for metal homeostasis because
itis a close relative of Arabidopsis thaliana (Al-Shehbaz and
O’Kane, 2002). Therefore, the molecular and genetic tools
that have been developed for Arabidopsis spp. can also be
used for A. halleri. Moreover, because A. halleri is inter-
fertile with Arabidopsis lyrata ssp. petraea, a close phylo-
genetic relative sensitive to and nonaccumulator of heavy
metals, metal tolerance and accumulation can be ana-
lyzed in segregating populations.

The genetic basis of Cd tolerance and accumulation has
been investigated in backcross populationl (BC1) that
was obtained from crosses between A. halleri (metal-
licolous accession Auby, France) and A. lyrata ssp. petraea
(Courbot et al., 2007; Willems et al., 2010). Three chro-
mosomal regions associated with Cd tolerance trait were
identified (Courbot et al., 2007). These quantitative trait
loci (QTL), named Cadmium Tolerancel (CdToll),
CdTol2, and CdTol3, explained together 83% of the
phenotypic variance (43%, 24%, and 16%, respectively).
Another QTL, which was found to be responsible for 21%
of the phenotypic variance for Cd accumulation, was
identified, and it colocalized with CdToll and Heavy
Metal ATPase4 (HMA4). HMA4 encodes a Zn/Cd pump
that mediates root-to-shoot metal translocation, and it has
been validated as a fundamental genetic determinant for
Zn/Cd tolerance and accumulation in A. halleri
(Hanikenne et al., 2008). Nonetheless, although neces-
sary to modify metal allocation and accumulation, HMA4
alone is not sufficient to explain the high level of Zn and
Cd tolerance exhibited by A. halleri. Thus, additional ge-
netic determinants are required for an efficient detoxifi-
cation mechanism in shoots considering the massive
metal flux generated by HMAA4 activity (Hanikenne et al.,
2008). Results from transcriptomic analyses performed on
A. halleri and N. caerulescens suggest that one of the main
mechanisms underlying metal tolerance is the constitu-
tive high expression of genes involved in metal transport
and detoxification processes (Weber et al., 2006; van de
Mortel et al., 2008). Among the genes found to be over-
expressed in these tolerant species, those involved in
metal uptake (e.g. ZINC-REGULATED TRANSPORTER,
IRON-REGULATED TRANSPORTER PROTEIN mem-
bers), xylem loading (in particular, HMA4 and HMA?2),
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synthesis of ligands (e.g. NICOTIANAMINE SYNTHASE,
YELLOW STRIPE-LIKE, and METALLOTHIONEIN
members), and vacuolar sequestration and detoxifi-
cation (e.g. cation/H" exchanger2 [CAX2], METAL
TOLERANCE PROTEIN1 [MTP1], and HMAZ3) are of par-
ticular interest (Verbruggen et al., 2013). In N. caerulescens,
several lines of evidence support the key role of ele-
vated transcript levels of the tonoplast Cd transporter
HMAS3 for the extraordinary vacuolar sequestration
capacity of some populations (Ueno et al., 2011). Taken
together, these studies suggest that the genes that con-
tribute to hyperaccumulation and hypertolerance are not
species specific or novel but rather, differently regulated
between tolerant and sensitive species. Nevertheless,
apart from HMA4 and HMA3, the molecular mecha-
nisms responsible for Cd tolerance and accumulation in
hyperaccumulators still remain elusive. Therefore, the
aim of this study was to further analyze CdTol2 QTL to
identify unique genetic determinants involved in Cd
tolerance. Marker densification in the QTL CdTol2 ge-
nomic region resulted in the identification of CAX1 as a
possible candidate gene. In Arabidopsis spp., CAX1 en-
codes a tonoplast Ca**/H" exchanger that plays a key
role in cellular Ca homeostasis (Cheng et al., 2003; Mei
et al., 2007; Conn et al., 2011). By using multiple ap-
proaches, we showed that CAX1 is involved in the
maintenance of Ca homeostasis, limiting the accumu-
lation of ROS upon Cd stress.

RESULTS

Marker Densification in the CdTol2 Region and
Identification of CAX1 as a Candidate Gene

Five markers were added to the Ah X Alp genetic map
published by Courbot et al. (2007) to confirm the locali-
zation of QTL CdTol2 and narrow down its size. BC1
individuals from the study by Courbot et al. (2007) were
genotyped for these markers and used for QTL fine
mapping. As a result, the CdTol2 locus was reduced to a
3-centiMorgan region between markers ACTIN3 and
At2g40140 (Fig. 1A). In A. thaliana, the region between
these markers is approximately 600 kb, and it contains
approximately 150 genes. Among them, four genes
showed gene ontology annotation associated with Cd
response or metal ion transport (Supplemental Table S1).
CAX1 was selected for additional studies based on (1)
current literature suggesting a role for CAXs in metal
transport in the vacuole (Hirschi et al., 2000; Shigaki
et al., 2005; Koren’kov et al., 2007; Mei et al., 2007; Wu
etal., 2011) and (2) expression analysis of BC1 Ah X Alp
individuals displaying different alleles at the CdTol2
locus. Indeed, BC1 individuals with the Ah allele at the
CdTol2 locus showed significantly higher CAX1 ex-
pression levels in shoots than the ones displaying the Alp
allele (Fig. 1B). Furthermore, a second expression analysis
identified a positive correlation between CAX1 ex-
pression levels in shoots and Cd tolerance in BC1 in-
dividuals (n = 20; data not shown).
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Figure 1. Identification of CAXT as a candidate gene for the QTL
CdTol2. A, Densification of the QTL CdTol2. Five additional markers
(red) were used to confirm the localization and reduce the CdTol2 locus
to a 3-centiMorgan region [for marker descriptions, see Supplemental
Table S3; all other markers are defined in Courbot et al. (2007)]. The
vertical dashed line represents the LOD score threshold (1.5) for QTL
detection at an error level of & = 0.05. Bars indicate the one-LOD (10-
fold) support interval, and whiskers (lines extending beyond bars) in-
dicate the two-LOD (100-fold) support intervals. BC1 individuals were
phenotyped at 0.5 mm CaNO in the study by Courbot et al. (2007). B,
CAX1 transcript levels in BC1 individuals displaying the Ah/Alp (h) or
Alp/Alp (a) allelic combinations at the CdTol2 locus. At least three
cuttings for each BC1 genotype were transferred in hydroponic solution
according to the work by Courbot et al. (2007) for 4 weeks. Clones were
pooled together, and CAXT expression levels were assessed through
gPCR analysis. Data are means = sp (n=9). *, P<<0.05 (Student’s ttest).

Cloning of A. halleri CAX1 and in Silico Analyses

In A. thaliana, three CAX1 transcripts are annotated.
The At2¢38170.3 sequence has been used as a model in
all previous studies of AfCAX1, whereas the other two
transcripts (At2¢38170.1 and At2¢38170.2) are predicted
as alternative splicing products (The Arabidopsis In-
formation Resource 10). The isolated AhCAX1 tran-
script exhibited a high level of sequence identity with
At2¢38170.1 and AICAX1 (95% and 96%, respectively)
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and a lower identity with the two other A. thaliana tran-
scripts At2¢38170.2 and At2¢38170.3 (90% and 85%, re-
spectively). The percentage identities of AhCAX1 at the
amino acid level with AICAX1 and At2g38170.1 are 97%
and 95%, respectively. The few differences that exist be-
tween the deduced sequence of AhCAXI1 and the se-
quences of AtCAX1 and AICAX1 all occur outside the
annotated functional domains that are the cation selection,
exchange, and autoinhibitory regions (Supplemental Fig.
S1). These results suggest that the three proteins share a
similar function and that substrate specificity of CAX1
transporter is conserved in the three species.

CAX1 Gene Copy Number in A. halleri

Given the high expression of CAX1 in the BC1 indi-
viduals displaying the Ah allele (Fig. 1B) and the several
reports of gene duplication linked to adaptation to ex-
treme environments (Hanikenne et al., 2008; Ueno et al.,
2011; Kondrashov, 2012), the copy number of CAX1 in
A. halleri was investigated. In quantitative real-time PCR
assays performed with genomic DNA from the Auby
population (the grandparent of the BC1 individuals) and
the A. thaliana single-copy gene short root (SHR) used as
the internal control, it is estimated that there is only one
copy of CAX1 in the A. halleri genome (mean = 1.08 *
0.15; Supplemental Fig. S2).

Study of CAX1 Expression after Cd Treatment at Different
Ca Concentrations

To investigate the impact of Cd treatment on the
regulation of CAX1 expression and compare transcript
levels in the different species, quantitative real-time re-
verse transcription (RT)-PCR assays were performed.
Because CAX1 is known to have a significant role in Ca
homeostasis, levels of CAX1 expression were assayed at
two different Ca concentrations. Shoot and root samples
were harvested from A. halleri, A. lyrata, and A. thaliana
plants grown in a hydroponic system at 0.5 (low Ca
concentration; used in the QTL analysis in Courbot et al.,
2007) and 2 mMm Ca (moderate Ca concentration). A one-
half set of samples was further treated with 10 um CdSO,
for 72 h (Fig. 2, A and B).

Under noncontaminated condition at low Ca, at least
3-fold higher levels of CAX1 were detected in the shoots
and roots of A. halleri compared with those of A. lyrata
(Fig. 2A). Between A. halleri and A. thaliana, expression of
CAX1 in the shoots was similar. However, in the roots,
expression of CAX1 was 5.6-fold higher in A. halleri.
After Cd treatment, CAX1 expression increased 5.5- and
2-fold in the roots of the Cd-sensitive species A. lyrata
and A. thaliana, respectively. In contrast, CAX1 expres-
sion did not increase in the shoots of these two species.
An increase in CAX1 transcript levels after Cd treatment
was also observed in A. halleri roots, although this dif-
ference was not statistically significant (Fig. 2A).

At 2 mmMm Ca, for all of the conditions tested and all
three species, the expression of CAX1 was at least 2-fold
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Figure 2. Expression analysis of CAXT.
CAX1 transcript levels at low (A) and
moderate (B) Ca concentration in control
condition (gray bars) and upon 72 h of
10 um CdSO, treatment (white bars) of
A. halleri, A. lyrata ssp. petraea, and
A. thaliana. Data are means = sp (n=8-12).
Lowercase letters are for comparison be-
tween conditions in the same species, and

010

Aa
008 | Aa

CAX1 relative expression >

SHOOT

capital letters are for comparison between
species in the same condition (Kruskall
Wallis test). C, Western blot showing rela-
tive levels of CAX1 protein in root from
A. halleri, A. lyrata, and A. thaliana. Samples
have been collected from plants grown at
low-Ca concentration in control condition
(lanes 1, 3, and 5) or upon 72 h of 10 um
CdSO, treatment (lanes 2, 4 and 6). As
negative control, we loaded total protein
fraction extracted from A. thaliana cax1-1
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higher than the levels detected at low Ca (Fig. 2B). Under
noncontaminated condition, CAX1 expression in the
shoots was similar in all three species. For the root
samples, similar transcript levels were detected in
A. halleri and A. lyrata, whereas A. thaliana exhibited 12-
fold lower levels of CAX1 transcript than the other two
species. In addition, Cd exposure did not modify CAX1
expression in any of the three species at 2 mm Ca (Fig.
2B). The increased expression of CAXI transcript in
roots upon Cd treatment at low Ca concentration was
then checked at the protein level by western blot. In-
creases in levels of CAX1 protein in all three species
were confirmed (Fig. 2C).

CdTol2 Is a Ca-Conditional QTL

At moderate Ca concentration, no difference in CAX1
expression was detected between the parental species
of the BC1 (Fig. 2B). Therefore, to verify the validity of
the candidate gene, individuals from the BC1 progeny
were phenotyped for Cd tolerance through a sequential
growth test at moderate Ca concentration (2 mMm). The
broad-sense heritability value that was estimated using
at least three clones of each BC1 genotype was relatively
high (0.51). In addition, segregation of Cd tolerance for
the unique BC1 individuals was bimodal and similar
to that observed by Courbot et al. (2007) (data not shown).
As a result of the QTL analysis, no QTL were detected
on the linkage group 4 (Fig. 3, red line), whereas with
the same set of markers and the phenotyping by
Courbot et al. (2007) (performed at 0.5 mm Ca), the
CdTol2 QTL were detectable (Fig. 3, green line).
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A. halleri

A. lyrata A. thalianaWT cax1-1

Loss of Function in A. thaliana Impairs Cd Tolerance at
Low Ca

The A. thaliana CAX1 knockout (k.0.) mutant, cax1-1,
has been well studied and already characterized for
metal tolerance by Cheng et al. (2003). However, no Cd
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Figure 3. QTL mapping of Cd tolerance in the CdTol2 region at two
different Ca concentrations. Red line, LOD score obtained with 125 BC1
individuals phenotyped for Cd tolerance at 2 mm CaNO, and genotyped
for six markers in the CdTol2 region. Green line, LOD score obtained with
the phenotyping at 0.5 mm CaNO; (Courbot et al., 2007) and the six
markers. The vertical dashed line represents the LOD score threshold for
QTL detection at an error level of a = 0.05. LG4, LINKAGE GROUP4.
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tolerance phenotype has been described for this
mutant. Therefore, Cd tolerance of the A. thaliana wild
type (Columbia-0 [Col-0] background) and cax1-1 was
reassessed at different Ca concentrations using the
primary root length and the shoot surface as growth
parameters (Fig. 4, A and B). Tests were performed in
vitro at low and moderate Ca (0.5 and 2 mwm) in the
presence or absence of 100 um Cd for 7 d.

Similar root lengths and shoot areas were observed
under the control conditions at the two tested Ca con-
centrations (Fig. 4). In contrast, Cd treatment induced a
significant decrease in both growth traits at both con-
centrations of Ca. However, a more significant decrease
was observed in the cax1-1 mutant compared with the
wild type at 0.5 mMm Ca, with decreases of 19% and 24%
observed for primary root length and shoot area, re-
spectively (Fig. 4, A and B). In the presence of 2 mm Ca,
no significant differences were detected between the
two genotypes (Fig. 4). An in vitro Zn tolerance test was
also performed with A. thaliana wild-type and cax1-1
plantlets grown at 0.5 or 2 mm Ca. No difference in either
growth parameter was detected between the two geno-
types after exposure to 150 um ZnSO, (data not shown),
thereby excluding a role for CAX1 in Zn tolerance. Shoot
tissues were pooled, and full mineral profiles were
assayed. No difference in Cd accumulation was ob-
served between wild-type and caxI-1 plants at both Ca
concentrations (data not shown).

CAX3 Does Not Seem to Have a Role in Cd Tolerance

Among the CAX transporters, CAX3 is the closest
homolog to CAX1 (77% sequence identity). CAX3 has
been shown to have a similar role in Ca homeostasis,
and itis able to partially compensate for the loss of CAX1
in the cax1-1 mutant (Cheng et al., 2005; Zhao et al., 2008,
2009; Conn et al., 2011). To investigate whether CAX3 is

Plant Physiol. Vol. 169, 2015

also involved in the Cd stress response, an in vitro toler-
ance test was performed for the wild-type A. thaliana and
A. thaliana CAX3 k.o. mutant (cax3-1). The test was per-
formed at low and moderate Ca concentrations (0.5 and
2 mm) in control condition or after 100 um CdCl, treatment
for 7 d. For all of the tested conditions, cax3-1 exhibited
similar growth to the A. thaliana wild type. However, af-
ter growth of the plants at 0.5 mm Ca and CdCl, treatment,
only cax1-1 mutant exhibited a significant decrease in the
primary root length compared with the wild type (Fig. 5).

CAX1 Limits ROS Accumulation after Cd Treatment

The link between ROS production and stress-induced
spikes of cytosolic Ca is well established (Pei et al., 2000;
Demidchik et al., 2003; Takeda et al., 2008; Hua et al.,

- = WT

—L T =

cax3-1

cax1-1

A

Primary root length (cm)

T T <
Low Ca control Low Ca +100,M Cd

Figure 5. Cdtolerance assessed in A. thalianak.o. mutant cax3-1 at low
Ca concentration. Comparison of Cd tolerance was performed between
the A. thaliana wild type (WT; gray bars), cax1-1 (white bars), and cax3-1
(striped bars). Tolerance was assessed in vitro by measuring primary
root length as a parameter for growth. One week after germination,
plantlets were transferred at low (0.5 mm) Ca concentration in control
condition or with 100 um CdSO, for another 1 week. Data are means *
s (n=15-27). *, P < 0.05 (Student’s t test).
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2012). To investigate a potential role for CAX1 in man-
aging ROS accumulation after Cd treatment, levels of
hydrogen peroxide (H,0,) and O, were measured
in A. thaliana (the wild type and cax1-1), A. lyrata, and
A. halleri plants grown in a hydroponic system and
treated with 10 um CdSO, for 72 h. Only results for the root
samples are presented, because ROS accumulation was
not detected in the shoots after 72 h of Cd treatment. At
0.5 mmM Ca, all of the root samples presented pale stain-
ing. In contrast, A. lyrata and both A. thaliana genotypes,
the wild type and cax1-1, exhibited stronger staining
after Cd treatment, corresponding to an accumulation of
H,0O, (Fig. 6A). Remarkably, cax1-1 roots appeared to
accumulate a higher level of ROS than wild-type A.
thaliana and A. lyrata (Fig. 6A). Accumulation of H,O, in
A. halleri after Cd treatment was not detected (Fig. 6A).
At 2 mm Ca, there was no difference in the staining
patterns between the control and the Cd-treated root
samples for all of the species and genotypes assayed
(data not shown). Quantification of H,O, accumulation
is shown in Figure 6B. After growth at low Ca and Cd
treatment, the cax1-1 mutant showed a 4-fold greater
accumulation of H,O, than the A. thaliana wild type. In
comparison, H,0, accumulation after Cd treatment was
slightly lower for A. lyrata than for the A. thaliana wild
type. Quantification of H,O, levels allowed differ-
ences to be detected after Cd treatment, even when
plants were grown with 2 mm Ca. Levels of H,O, were
the highest for the cax1-1 mutant (818.97 ug mgfl) followed
by the A. thaliana wild type (350.12 ug mg '), A. lyrata
(91.57 ug mgfl), and A. halleri (26.57 ug mgfl). However,
the induction of ROS was at least 2-fold lower at moderate
Ca concentrations than at low Ca. For all four genotypes,
we observed similar accumulation patterns of O,
(Supplemental Fig. S3).

Figure 6. H,0O, detection and quantification in A
DAB-stained samples. A, A. thaliana (the wild type
and cax1-1), A. halleri, and A. lyrata roots were
stained with DAB reagent in control condition
(upper) or after 72 h at 10 um CdSO, treatment
(lower) at low Ca. Polymerization of DAB is visible
as a brown precipitate in the presence of H,O,.
Bars = 50 um. B, The amount of H,0, was mea-
sured in roots of the A. thaliana wild type (WT; gray
bars), cax1-1 (white bars), A. halleri (black bars),
and A. lyrata (checked bars). H,O,-DAB content in
the samples was determined using a standard
curve prepared with known amounts of DAB.
Plants were grown in hydroponic solution with
low or moderate Ca contaminated for 72 h with 0
or 10 um CdSO,. To obtain sufficient material for
H,0O, quantification, roots (n = 3) were pooled
before measurements.

control

+10uM Cd
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CAX1 Involvement in Oxidative Stress

To investigate whether the role for CAX1 in ROS
accumulation was Cd specific or general for response to
oxidative stress, we performed in vitro tolerance test
using methylviologen (MV). This herbicide, which af-
fects electron-transducing reactions in chloroplast and
mitochondria, has been widely used to study ROS-
mediated damage in plants. For the tolerance test,
A. thaliana wild-type and cax1-1 plantlets were grown in
the presence of 0.5 and 2 mMm Ca as control conditions
and then, treated for 7 d with 0.1 um MV. The cax1-1
plants exhibited higher sensitivity to MV than the wild
type at the two Ca concentrations. Indeed, cax1-1
plants exhibited approximately 20% and 17% re-
duction in primary root growth and shoot surface
area, respectively, compared with A. thaliana wild-type
plants (Fig. 7).

DISCUSSION

To identify unique genetic determinants of Cd toler-
ance in the metal hyperaccumulator A. halleri, a fine-
mapping analysis was performed on the A. halleri X
A. lyrata petraea BC1 progeny previously studied by
Courbot et al. (2007). This analysis allowed the identifi-
cation of CAX1 as a candidate gene at the locus of the
QTL CdTol2, the second major QTL for Cd tolerance,
explaining 23.7% of the phenotypic variance observed.
In support of CAX1 as a candidate gene for CdTol2 QTL,
a positive correlation between CAX1 expression and the
tolerance level of individuals of the BC1 progeny was
observed. In addition, individuals with the highest levels
of CAX1 expression displayed the A. halleri allele at the
CdTol2 locus. In A. thaliana, CAX1 encodes a Ca**/H*
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Figure 7. In vitro tolerance to ROS-inducing reagent MV. Comparison
between the A. thaliana wild type (Col-0; gray bars) and cax7-7 mutant
(white bars) was based on primary root length (A) and total shoot surface
(B). Plants were grown at low (0.5 mm) and moderate (2 mm) Ca con-
centrations in control condition or with 0.1 um MV. Data are means *
sD (n=20-30). *, P< 0.05 (Student’s ttest). Pictures of A. thaliana wild-
type and cax1-T roots and shoots are reported in C and D, respectively.
Bars =2 cm.
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exchanger that localizes to the vacuolar membrane
(Cheng et al., 2003; Conn et al.,, 2011). Plant CAXs are
members of a multigene family that have the capacity to
transport a broad range of cations (Manohar et al., 2011).
In Arabidopsis spp., there are six CAX genes, and CAX1 is
a major tonoplast Ca** transporter (Cheng et al., 2003;
Shigaki and Hirschi, 2006). Other members of the CAX
family display the capability to transport Cd into the
vacuole than Ca (e.g. CAX2 and CAX4; Hirschi et al,,
2000; Mei et al., 2009). Furthermore, a mutant of an ac-
tivated N-terminal form of AtCAXI1 that differs by one
amino acid in the selectivity domain, named CAXcd,
showed high apparent Cd transport (Shigaki et al.,
2005), and petunia (Petunia hybrida) plants expressing
this CAXcd exhibited greater Cd accumulation than
control plants along with fewer toxicity symptoms
(Wu et al., 2011).

In this study, the expression of CAX1 was found to be
more than 3-fold higher in the shoots and roots of
A. halleri compared with the Cd-sensitive species A. lyrata
and 5-fold higher in the A. halleri roots compared with
the A. thaliana ones. One possible explanation for the
high levels of CAX1 expression observed in A. halleri is
copy number expansion, a common strategy that has
evolved in plants to survive and adapt to unfavorable
environments (Flagel and Wendel, 2009; Kondrashov,
2012). Indeed, some of the genes involved in metal tol-
erance (e.g. HMA4 and MTP1) have multiple copies in
the A. halleri genome (Talke et al., 2006; Hanikenne et al.,
2008; Shazad et al., 2013). Our data suggest that AhCAX1
is a single-copy gene in A. halleri and that differential
expression between species can be attributed to cis- or
transregulation. High levels of AhCAX1 expression
could have evolved in ancestral nonmetallicolous pop-
ulations from which metalicolous populations derived
(Pauwels et al., 2005). Indeed, nonmetallicolous popula-
tions in several parts of Europe are found in calcareous
areas (P. Saumitou-Laprade, personal communication),
and levels of CAX1 expression were found to be depen-
dent on the external Ca concentration (Hirschi, 1999;
this study). Other than that, a link between Ca concen-
tration in the soil and level of CAX1 expression was
previously suggested for soils with low levels of Ca. The
loss of function of CAX1 in Arabidopsis spp. conferred
better growth in culture conditions similar to serpentine
soils, which are characterized by a low Ca to Mg ratio
(Bradshaw, 2005). CAX1 transcript levels were also
found to vary according to the exposure of Cd. Atlow Ca
concentration, CAX1 was induced by Cd treatment in
the roots of all three species. To further investigate the
possible role of CAX1 in Cd tolerance, a k.o. mutant of
Arabidopsis spp. was studied. In the in vitro tolerance
tests that were performed, loss of CAX1 in A. thaliana
significantly affects the Cd tolerance phenotype at low
Ca but not at moderate concentrations. As a result, sig-
nificant reductions in primary root length and shoot
surface area were observed compared with the A. thaliana
wild type. The metal sensitivity of the cax1-1 mutant has
been studied, but no particular phenotype linked to
Cd was identified before, most probably because of the
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Ca level used during the phenotype assays performed
(Cheng et al., 2003).

Previous studies on caxI-1 mutant have reported
very subtle phenotypes after Ca?* stress caused by
functional compensation by CAX3 (Cheng et al., 2005;
Conn et al., 2011). Therefore, in this study, Cd sensi-
tivity of the A. thaliana cax3-1 k.o. mutant was evalu-
ated. The k.o. of CAX3 did not affect Cd sensitivity
compared with the wild-type phenotype. These results
suggest a specific role of CAX1 in response to Cd stress.

After cloning AhCAX1, the deduced amino acid se-
quences were analyzed considering the different vari-
ants issued from alternative splicing and compared
with the proteins of A. thaliana and A. lyrata. AhCAX1
shares 97% and 95% identity at the amino acid level
with AICAX1 and AtCAX1, respectively. Moreover, the
annotated functional domains are all entirely conserved
among A. lyrata, A. halleri, and A. thaliana, including the
selectivity domain. Therefore, it could be hypothesized
that AICAX1 and AhCAX1 have the same substrate
specificity as AtCAX1 and that the role of CAX1 in Cd
tolerance is probably not linked to Cd transport. Fur-
thermore, given that Cd accumulation is similar be-
tween the cax1-1 mutant and the A. thaliana wild type, it
is unlikely that CAX1 participates in the sequestration
of Cd in the vacuole. It was further investigated how
CAX1 could impact Cd sensitivity. Cd treatment is
known to induce oxidative stress (Sandalio et al., 2001;
Cuypers et al., 2010; Gallego et al., 2012). It has been
reported that an increase of cytosolic ROS level is re-
sponsible for the activation of Ca channels in pollen,
guard cells, and root cells (Pei et al., 2000; Demidchik
et al., 2003; Hua et al., 2012; Wudick and Feij6, 2014)
and that Ca accumulation in the cytosol seems to en-
hance the cellular accumulation of ROS (Potocky et al.,
2007; Takeda et al., 2008). A positive feedback loop was
accordingly shown between ROS production and
stress-induced cytosolic Ca spikes (Pei et al., 2000;
Demidchik et al., 2003; Takeda et al., 2008; Hua et al.,
2012). Given that CAX1 has a major role in Ca ho-
meostasis, a possible role for CAX1 in limiting ROS
production and oxidative burst in response to Cd stress
by sequestration of Ca in the vacuole was investigated
in this study. Loss of CAX1 function in A. thaliana led to
an enhanced accumulation of ROS after Cd treatment.
The patterns of ROS accumulation in roots also corre-
lated with the expression profile of CAX1 in the dif-
ferent species examined. Indeed, the genotypes that
resulted in null or low levels of CAX1 expression
showed a higher augmentation of ROS after Cd treat-
ment. The strongest accumulation was observed in the
cax1-1 mutant (ROS accumulation was 4-fold higher
than in the A. thaliana wild type). The only genotype
that did not accumulate ROS after exposure to Cd was
A. halleri, which well fits the exceptional Cd tolerance of
that species. The absence of H,0, accumulation in the
A. halleri root samples could be caused by (1) the effi-
cient transfer of Cd to the upper part of the plant as a
result of high levels of HMA4 expression, (2) the
constitutive high levels of CAX1 expression that lead
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to a stable maintenance of Ca homeostasis in the cyto-
solic compartment, or (3) a synergistic action of these
mechanisms.

On the whole, the evidence collected suggests that CAX1
expression may play an important role in maintaining
cytosolic Ca levels to avoid uncontrolled ROS accumula-
tion. Furthermore, the high sensitivity to ROS-generating
reagent of the cax1-1 mutant suggests that CAX1 plays a
role not limited to Cd tolerance but also, in the general
response to oxidative stress. In addition, we cannot exclude
that changes of CAX1 expression may have an impact on
downstream targets responsive to Cd stress. For example,
Catala et al. (2003) showed that CAX1 negatively regulates
the expression of the C-REPEAT BINDING FACTOR/
DEHYDRATION-RESPONSIVE ELEMENT-BINDING
PROTEINT1 transcription factor gene, which plays a role
in adaptation to freezing after cold acclimation.

In this study, the impact of CAX1 on Cd tolerance
could only be observed at low Ca supply in the external
medium, in the CAX1 loss of function in Arabidopsis
spp., and in the genetic analysis of Cd tolerance archi-
tecture in A. halleri. The apparent discrepancy in the
observations at low and moderate Ca can be explained
by two different sides of plant response to Cd and Ca
supplies. First, the sensitivity of the cax1-1 mutant to Cd
was only detected at a low level of Ca in the medium,
whereas, its sensitivity to MV-induced oxidative stress
was independent of Ca concentration in the medium.
These contrasting results may be caused by stronger
Ca/Cd competition when Ca levels in the medium are
increased. Correspondingly, it has previously been
reported in the literature that high external Ca mediates
a protection effect against Cd stress caused by compe-
tition at Ca-binding motifs of structural proteins and
enzymes (Rivetta et al., 1997; Perfus-Barbeoch et al.,
2002; Heyno et al., 2008; Rodriguez-Serrano et al., 2009;
Lu et al., 2010; Tian et al., 2011; Zorrig et al., 2012).
Second, the CdTol2 QTL was only detectable at low Ca
concentration (Courbot et al., 2007). The absence of the
CdTol2 detection at moderate Ca concentration is prob-
ably caused by the absence of differences in CAX1
expression between Cd-sensitive species and the Cd-
tolerant A. halleri under those conditions. The fact that
CdTol2 is Ca conditional further strongly supports
CAX1 as the candidate gene for this QTL in A. halleri.

It will be interesting to further investigate the role of
CAX1 in the Cd hypertolerance of A. halleri in its natural
environment. This will contribute to a better under-
standing of the evolution of naturally selected tolerance
to extreme conditions in plants. Overall, this study
identifies a unique genetic determinant of Cd tolerance
in the metal hyperaccumulator A. halleri and offers a
unique twist for the function of CAX1 in plants.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

For expression analysis and ROS detection experiments, seeds of Arabidopsis
halleri ecotype Auby (Bert et al., 2000), Arabidopsis lyrata ssp. petraea (Unhost;
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Macnair et al., 1999), Arabidopsis thaliana ecotype Col-0, and A. thaliana cax1 k.o.
mutant (cax1-1; Cheng et al., 2003) were used. Seeds were sown on humid ver-
miculite, and 4 weeks after germination, seedlings were transferred to hydroponic
culture. The hydroponic solution was a modified Murashige and Skoog culture
(Courbot et al., 2007): K,SO, (0.88 mwm), KH,PO, (0.25 mm), NaCl (10 um), CaCl,
(0.5 or 2 mm), MgNO, (1 mm), Fe-ethylenediamine-N,N-bis(2-hydroxyphenylacetic
acid; 20 um), H;BO; (10 um), ZnSO, (1 um), MnSO, (0.6 um), CuSO, (0.1 um),
and (NH,),Mo,0,, (0.01 um) adjusted to pH 5.7 with KOH and buffered with
0.25 mm MES. Plants were cultivated in a climate-controlled growth chamber
(20°C/17°C day-night cycle; 8-h-light [100 pmol photons m 2 s™']/16-h-dark
cycle; 60% humidity), and the hydroponic solution was changed every 1 week.
After 4 weeks in noncontaminated solution, 10 um CdSO, was supplied to
one-half of the plants for 72 h.

QTL mapping at 2 mm Ca was performed using [Ah X Alp] X Alp BC1 in-
dividuals generated from a batch of BC1 seeds from the same original cross de-
scribed by Courbot et al. (2007). This unique set of individuals was produced with
the same parental genotypes, because BC1 individuals used for the previous QTL
mapping (Courbot et al., 2007) died before starting our experiment. QTL analysis
was performed using three cuttings from 125 genotypes of the unique BC1
progeny. Cuttings were grown on sand for 4 weeks in greenhouses, and rooted
ones were then moved to hydroponic culture. Tolerance was assessed through a
sequential growth test (Courbot et al., 2007). The range of CdSO, concentrations
tested was 10, 25, 50, 75, 100, 150, and 250 um. The composition of the hydroponic
solution was the same as reported in the work by Courbot et al. (2007), except that
2 mm CaCl, was used instead of 0.5 mm CaCl,.

Invitro Cd tolerance test was performed by using 7-d-old plantlets previously
grown on one-half-strength Murashige and Skoog medium (MS; Murashige and
Skoog, 1962) containing 1% (w/v) Suc and 0.8% (w/v) agar. Cd concentration
was chosen after preliminary assays were performed with one-half-strength MS
plates supplemented with 75, 100, and 150 um CdCl,. The concentration (100 um
Cd) inhibiting root length of the wild type by 50% 7 d after the transfer was
selected. This concentration is higher than concentration used in hydropony
because of the presence of agar, which is known to bind cations.

The same transfer procedure was used to test the tolerance of Col-0 and cax1-1
to the ROS-inducing reagent MV (0.1 um; Sigma-Aldrich Co.). All plates were
incubated in a growth chamber (22°C under an 8-h-light/16-h-dark illumina-

tion cycle and 100 wmol photons m™?s™" of irradiance).

Marker Densification of the QTL CdTol2

To confirm localization of the QTL CdTol2 on linkage group 4 and decrease
its size, five markers (three microsatellite markers and two single-nucleotide
polymorphism [SNP] markers; Supplemental Table S1) were added to the ge-
netic map by Courbot et al. (2007). These markers were selected to cover the
CdTol2 region according to their position in the A. thaliana genome. The unique
microsatellite marker was developed as described by Frérot et al. (2010).
Resequencing data were used to design the two SNP markers. Illumina paired-
end sequencing reads from six A. halleri populations (P. Saumitou-Laprade,
unpublished data) were aligned to the Aralyl assembly of the A. lyrata lyrata
genome. Within regions of interest, the criteria used for the selection of SNPs
were (1) frequency of the polymorphism in A. halleri and A. lyrata equal to one,
(2) 50 base flanking regions with low polymorphism within A. halleri and be-
tween A. halleri and A. lyrata, and (3) read depth >20. BC1 individuals from the
study by Courbot et al. (2007) were genotyped for the microsatellite according
to the work by Frérot et al. (2010) and the SNPs using competitive allele-specific
PCR Kompetitive Allele Specific PCR genotyping system (KASP) chemistry
(LGC Genomics). KASP assays were performed in a final reaction volume of
8 uL containing 4 uL of KASP Master Mix V2 Low ROX (LGC Genomics),
0.125 uL of KASP Mix Assay (LGC Genomics), and approximately 100 ng of
genomic DNA. The PikoReal Real-Time PCR System (Thermo Scientific) was
used with the following cycling conditions: 15 min at 94°C; 10 touchdown
cycles of 20 s at 94°C and 60 s at 61°C to 55°C (the annealing temperature for
each cycle being reduced by 0.6°C per cycle); and 26 cycles of 20 s at 94°C and
60 s at 55°C. Fluorescence detection was performed at the end of each cycle, and
the data were analyzed using the allelic discrimination relative fluorescence
units-based method of the PikoReal software 2.1.

The unique Ah X Alp linkage map was constructed with the Joinmap 3.0 Pro-
gram (Van Ooijen et al., 2002). Markers along each linkage group were ordered
using the sequential method implemented in Joinmap 3.0. The mapping function by
Kosambi (1944) was used to translate recombination frequencies into map distances.
Detection of QTLs was performed using the MapQTL 4.0 software (Van Ooijen et al.,
2002). A multiple QTL model analysis was performed every centiMorgan, in which
markers close to detected QTLs (by interval mapping) were selected as cofactors to
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take over the role of the nearby QTLs in the approximate multiple QTL models used
in the subsequent multiple QTL model analysis. The calculated LOD scores were
compared with an LOD score threshold obtained by a permutation test (1,000
permutations), which corresponds to a linkage group-wide empirical significance
threshold at the 5% level (Churchill and Doerge, 1994).

QTL CdTol2 Detection at 2 mm Ca

The unique BC1 progeny (1 = 125) was genotyped for eight markers covering
one-half of the linkage group 4 of the Ah X Alp map. Four of these markers are
described in the previous paragraph. The four other microsatellite markers
(Supplemental Table S1) were developed and genotyped according to the work
by Frérot et al. (2010). For map construction and QTL mapping, we used the
same procedure as above.

Cloning of the A. halleri CAX1 Sequence

To clone the coding sequence of AhCAX1, A. halleri tissues were homoge-
nized in liquid nitrogen, and RNA was extracted with the Aurum Total RNA
Mini Kit (BIO-RAD Laboratories) according to the manufacturer’s instructions.
Complementary DNA (cDNA) was then synthesized using the GoScript Re-
verse Transcription Kit (Promega). The primers used for the cloning were
designed on conserved regions of AtCAX1 (At2¢38170) and AICAX1 (fge-
nesh2_kg.4_ 1885__AT2G38170.1 on Araly assembly) and are reported in
Supplemental Table S2. To obtain the full-length AhCAX1 transcript sequence,
5'— and 3'—RACE PCRs were performed (Scotto-Lavino et al., 2006a, 2006b).
The deduced amino acid sequence of AhCAX1 (GeneBank accession no.
KT156755) was obtained using the cDNA translation tool on Expasy (http://
web.expasy.org/translate/).

Real-Time RT-PCR Analysis

For CAX1 transcript quantification by quantitative RT-PCR, leaf and root
tissues of A. halleri, A. thaliana, and A. lyrata were separately homogenized in
liquid nitrogen, and RNA was extracted as described above. Extraction quality
and quantity were checked through nanodrop detector. cDNA was then syn-
thesize, and real-time PCR was performed in 96-well plates with the PikoReal
Real-Time PCR System (Thermo Scientific). In each 10-uL reaction, there were
2.5 uL of cDNA, 5 uL of SYBR Mastermix (VeriQuest Fast SYBR Green qPCR
Master Mix; Affymetrix), 2 uL of water, and 0.5 um each primer. In total, three
technical repeats were run per cDNA and primer pair combination. The
quantitative PCR (qPCR) reaction thermal profile was preincubation at 95°C for
3 min, 40 cycles at 95°C for 30 s, and 60°C for 1 min. Relative transcript levels
were calculated by normalization to ELONGATION FACTORI« as a constitu-
tively expressed reference gene (Talke et al., 2006; Deinlein et al., 2012).

For gene copy number analysis, genomic DNA of A. halleri and A. thaliana
species was extracted using the GeneJET Genomic DNA Purification Kit
(Thermo Scientific). qPCR was performed using the single-copy gene SHR
(At4g37650) as internal control (Ueno et al., 2011; Craciun et al., 2012). Reactions
were carried out as described above.

All primers were designed in conserved genomic and transcript regions of
A. thaliana and A. lyrata using Primer 3 (http://primer3.sourceforge.net/) and
checked on Beacon-Free software (Premier Biosoft) and mfold (Zuker, 2003).
Amplicons were sequenced, and reaction efficiencies were determined for each
primer pair (Supplemental Tables S2 and S3).

Protein Extraction and Immunoblotting

Proteins were extracted from plants grown in hydroponic culture for 4 weeks
(under the same conditions used for the plants analyzed by real-time RT-PCR
analysis). Root samples were homogenized in liquid nitrogen and then resus-
pended in 0.15 m Tris (pH 7.5). After centrifugation, the supernatants were re-
covered, and the total protein content of each sample was estimated using the
Bradford Protein Assay (Quick Start Bradford Protein Assay; BIO-RAD Labo-
ratories). As a negative control, the total protein fraction extracted from cax1-1
mutant was used. Proteins were separated at 4°C by SDS-PAGE (12% poly-
acrylamide gel) in SDS-Tris-Gly buffer (25 mwm Tris, 0.192 M Gly, and 0.1% SDS).
Western blotting was then performed by transferring proteins to a nitrocellu-
lose membrane. CAX1 protein was detected using a CAX1-specific antibody
(sc-27240; Santa Cruz Biotechnology). Bound antibodies were visualized using
Lumi-Phos WB Chemiluminescent Substrate for AP (Thermo Scientific).
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Analysis of in Vitro Tolerance and Mineral Analysis

After 1 week of growth in one-half-strength MS supplied with different Ca
concentrations (under control or Cd treatment conditions as described above),
plates were scanned, and images were analyzed using the RootNav platform
(Pound et al., 2013) to calculate primary root length. At the same time, shoot
surface area was measured using Image] software (Abramoff et al., 2004) and
used as an important parameter of plant growth in response to stress conditions
(Claeys et al., 2014). Shoot tissues were then harvested, dried at 60°C, and
pooled to have sufficient weight, and full mineral profiles of the bulks were
assayed by inductively coupled plasma optical emission spectrometry. Roots
were not analyzed because of their insufficient weight. Tolerance level of plants
grown on MV-containing plates was assessed by measuring primary root
length and shoot surface.

ROS Detection and Quantification

In situ detection of H,0, and O, was carried out for leaves and roots of
Arabidopsis (A. halleri, A. lyrata, the A. thaliana wild type, and A. thaliana cax1-1
mutant) plants according to protocols reported by Daudi et al. (2012) and
Ramel et al. (2009). To quantify the H,O, content after 3,3'-diaminobenzidine
(DAB) staining, samples were frozen in liquid nitrogen, ground to a powder,
resuspended in 0.2 M HCIO,, and centrifuged for 10 min at 12,000g. A5, values
were immediately measured and compared with a standard curve obtained
from known amounts of DAB resuspended in HCIO, (Ramel et al., 2009).

For O,  quantification after nitroblue tetrazolium staining, samples were
homogenized in liquid nitrogen and resuspended in 2 M KOH:dimethy] sulf-
oxide (1:1.16, v/v). After centrifugation (10 min at 12,000g), A¢;, was measured
and plotted on a standard curve.

Sequence data from this article can be found in the GenBank data library
under accession number KT156755 (AhCAX1 sequence).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Alignment of the amino-acid sequences of
AtCAX1, AICAX1 and the predicted sequence of AhCAXI.

Supplemental Figure S2. Genomic copy number of CAX1 in A. thaliana
and A. halleri.

Supplemental Figure S3. Detection and quantification of superoxide anion
©,).

Supplemental Table S1. List of genes with gene ontology annotations for
cadmium response or metal ion transport in the refined CdTol2 QTL.

Supplemental Table S2. Primer sequences.

Supplemental Table S3. List of markers used for the fine-mapping and the
QTL mapping at 2 mM CaCl,.
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