] New '.)
Researc Phytologist
Check for
updates

Arabidopsis halleri shows hyperbioindicator behaviour for Pb
and leaf Pb accumulation spatially separated from Zn
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Introduction

Lead (Pb) is one of the most problematic environmental pollu-
tants, ranking, for example, second on the Agency for Toxic Sub-
stances and Disease Registry 2017 substance priority list. The list
is based on assessments of frequency, toxicity, and the potential
for human exposure at or near hazardous waste sites (https://
www.atsdr.cdc.gov/spl/index.html). Pb has been anthropogeni-
cally released into the environment at least since the invention of
cupellation ¢. 5000 yr ago. During the industrial revolution and
with the introduction of leaded gasoline in the 1920s, world Pb
production rose to several million tons per year. Despite the ban
on tetracthyl Pb in gasoline and on the use of Pb in many con-
sumer products since the 1970s, Pb production remains at almost
5 million tons per year according to data compiled by the US
Geological Survey (https://minerals.usgs.gov/minerals/pubs/com
modity/lead/). Widespread Pb pollution results in continuous

Summary

e Lead (Pb) ranks among the most problematic environmental pollutants. Background con-
tamination of soils is nearly ubiquitous, yet plant Pb accumulation is barely understood. In a
survey covering 165 European populations of the metallophyte Arabidopsis halleri, several
field samples had indicated Pb hyperaccumulation, offering a chance to dissect plant Pb accu-
mulation.

e Accumulation of Pb was analysed in A. halleri individuals from contrasting habitats under
controlled conditions to rule out aerial deposition as a source of apparent Pb accumulation.
Several elemental imaging techniques were employed to study the spatial distribution and
ligand environment of Pb.

e Regardless of genetic background, A. halleri individuals showed higher shoot Pb accumula-
tion than A. thaliana. However, dose-response curves revealed indicator rather than hyperac-
cumulator behaviour. Xylem sap data and elemental imaging unequivocally demonstrated the
in planta mobility of Pb. Highest Pb concentrations were found in epidermal and vascular tis-
sues. Distribution of Pb was distinct from that of the hyperaccumulated metal zinc. Most Pb
was bound by oxygen ligands in bidentate coordination.

e A. halleri accumulates Pb whenever soil conditions render Pb phytoavailable. Considerable
Pb accumulation under such circumstances, even in leaves of A. thaliana, strongly suggests
that Pb can enter food webs and may pose a food safety risk.

low-level exposure of organisms including humans to Pb. For Cd
and As it is well documented that they are taken up from the soil
as Cd*" and arsenate or arsenite, respectively, into plants and
enter food webs in this way (Adriano, 2001; McLaughlin ez af.,
2011). By contrast, the bioavailability and mobility of Pb in soil
is generally very low. Ky values, that is the distribution coefh-
cients between the solid phase of a soil and the pore water, are
much (orders of magnitude) higher for Pb than for As and Cd
species (Janssen er al, 1997; Sauvé et al, 2000; McLaughlin
et al., 2011). Hence, concentrations of ionic Pb in soil solutions
are very low. This is predominantly explained by the strong sorp-
tion of Pb to soil particles and dissolved organic matter (Degryse
et al., 2007). Consequently, when Pb was a major target of early
phytoremediation research, chelators were frequently added to
the soil in order to improve Pb bioavailability (Huang ez al,
1997; Wang ez al., 2007; Saifullah ez al., 2009).

The Pb that is nonetheless taken up shows very little mobility
within a plant, that is the root-to-shoot translocation factors are
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small (Mohtadi ez al, 2012a, 2013). Accordingly, when the
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relative contribution of uptake from the soil vs aerial deposition
to leaf Pb accumulation was analysed, the majority of studies
found that most of the Pb in leaves was airborne (McLaughlin
et al., 2011; Schreck et al, 2012). Therefore, studies into Pb
accumulation have to be performed: (1) under conditions limit-
ing aerial contamination; and (2) should avoid problems arising
from the poor Pb bioavailability in frequently used growth
media; namely, Pb has a strong propensity to precipitate with
phosphate. Thus, plants need to be cultivated in medium with
low phosphate concentrations and a pH of 5.0 or below (Sauvé
et al., 1998; Kopittke ez al., 2008, 2010).

Because of these technical challenges, we know very little about
the mechanisms of Pb accumulation in plants. However, we need
to understand this, given the ubiquitous presence of Pb as a con-
taminant in the environment and the potential role of plants in
mediating transfer of Pb into food webs (Norton ez al, 2014,
2015). Mechanistic insight into biological processes is often facil-
itated by studying organisms showing maximum rates of the pro-
cess in question. The most extreme accumulation of nonessential
metals or metalloids known in nature is shown by metal hyperac-
cumulating plants. Metal hyperaccumulation is defined as the
accumulation of an element in above-ground organs to a level
two to three orders of magnitude larger than in normal plants
growing under similar conditions in the natural habitat (Baker,
1981; van der Ent e al., 2013). More than 700 hyperaccumula-
tors have been described to date, most of these being Ni hyperac-
cumulators (Reeves et /., 2018). The other elements, for which
hyperaccumulation was clearly demonstrated in much smaller
numbers of species, include zinc (Zn), Cd, copper (Cu), man-
ganese (Mn), chromium (Cr), selenium (Se) and arsenic (As)
(Kramer, 2010; van der Ent et al, 2013; Pilon-Smits, 2017;
White & Pongrac, 2017). There are also studies in the literature
on Pb (hyper)accumulation, that is leaf concentrations in field
samples exceeding the Pb hyperaccumulation threshold of
1000 pg g71 dry weight (DW) (Vogel-Mikus ez al., 2005; Pon-
grac et al., 2007; Koubova er al., 2016; Mahdavian ez al., 2016;
Dinh ez al., 2018). However, they have met scepticism given the
possible local contamination by dust, soil particles and aerosols,
especially when plants were sampled in the vicinity of Pb sources
(van der Ent ez al., 2013).

In a large field survey covering the distribution range of the
facultative metallophyte and metal hyperaccumulation model
system Arabidopsis halleri (L.) O’Kane & Al-Shehbaz in Europe,
leaf Pb concentrations above the hyperaccumulation threshold
have been found in several individuals (Stein ez al, 2017). The
highest recorded values were 2030 and 2025 pgPbg™' DW in
two individuals from a metalliferous site near a former Zn
smelter in Miasteczko Slaskie, Poland. Overall, leaf Pb accumula-
tion above hyperaccumulation threshold was confined to individ-
uals sampled from metal-contaminated soil in A. halleri. Across
nearly 2000 leaf—soil data pairs for European A. halleri popula-
tions, a strong positive correlation was evident between leaf Pb
accumulation and BaCl,-extractable Pb in the soil. This was in
stark contrast to Zn accumulation, which was extremely large in
most individuals independent of soil exchangeable Zn. Cd accu-
mulation varied strongly, but was found also on soils with low
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Cd availability (Stein et al., 2017). Therefore, careful analysis of
Pb accumulation under controlled conditions in the laboratory is
required to exclude potential aerial deposition.

In light of the need to understand Pb accumulation by
plants, we explored Pb translocation mechanisms and Pb depo-
sition in A. halleri. To this end, plants of selected A. halleri
accessions and Arabidopsis thaliana (L) Heynh. Col-0 were
grown under standardised conditions: (1) in contaminated soil
derived from a metalliferous A. halleri site, (2) in soil with vary-
ing metal contamination to establish dose—response relation-
ships, and (3) in hydroponic culture specifically designed to
allow precise control over available Pb*". In order to gain first
insights into Pb accumulation mechanisms, Pb concentrations
in roots, leaves and in xylem sap were determined. Candidate
genes for Pb uptake were identified from RNA-seq data sets
and analysed for transcript abundance. Tissue-specific Pb allo-
cation was studied in leaves of the strongest Pb-accumulating
A. halleri accessions, using laser ablation-inductively coupled
plasma-mass-spectrometry ~ (LA-ICP-MS),  micro-particle-in-
duced-X-ray emission (micro-PIXE) and scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-
EDX). In addition, the local chemical environment of Pb in
A. halleri leaves was determined using X-ray absorption near
edge structure (XANES) analysis.

Materials and Methods

Plant material and growth conditions

Cuttings of A. halleri accessions, originally collected in the field
(Supporting Information Fig. S1) and kept in a glasshouse (Stein
et al., 2017) with subsequent acclimatisation for 1-5 months in
climate chambers (22°C, 16 h light: 8 h dark), were placed in
modified 1/10 Hoagland solution (0.2mM (NH,),HPOy,
0.4mM Ca(NO,),, 0.6mM KNO;, 0.2mM MgSO,, 5uM
FeCl;, 5uM HBED (N,N’-di(2-hydroxybenzyl)ethylenedi-
amine-diaceticacid monohydrochloride  hydrate), 4.63 uM
H,BO,;, 0.032uM CuSO,, 0.915uM MnCl,, 0.077 uM
ZnSOy, 0.011 uM MoQOs3), containing 0.3% (w/v) benomyl
(Sigma-Aldrich) for 2-3 wk to allow root development. Cuttings
with uniform root length (2—4 cm) were used for all the subse-
quent experiments.

Soil experiments

For the Pb accumulation experiment, soil from the contaminated
site Bestwig (51°18/22.20"N, 8°24'34.80"F; average total Pb
8403 ugg ', total Zn 9980 pgg ', total Cd 22 ugg ', Stein
et al., 2017) was air dried, homogenised and sieved through a
1 cm mesh. To this soil, 50% v/v vermiculite was added. For the
Pb gradient experiment, this Bestwig-soil-vermiculite mixture
was further diluted with a 2: 1 mixture of mineral soil and sand
to attain the following treatments (presence of contaminated
soil): 0%, 2.5%, 5%, 10%, 20% and 100%. For determining
extractable metal concentrations in soil samples, 3 g of air-dried
extracted with 10ml HCl (1h at

substrate was room
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temperature) using an overhead shaker at 150 rpm. In order to
derive an estimate of phytoavailable metal cations, exchangeable
metal was determined via extraction with 10 mM BaCl, (Hen-
dershot & Duquette, 1986; Menzies et al., 2007). The extracts
were centrifuged for 10 min at 3000 g. Supernatants were col-
lected and stored at 4°C until analysis.

Plants were randomly distributed in a growth chamber (and
shifted regularly to avoid position effects) under 50 pmol m*s™'
light (16 h light : 8 h dark) at 22°C. Five replicates of each acces-
sion were prepared. At harvest, shoots were cut above the soil
level, carefully washed in distilled water and dried using paper
towels.

Hydroponic experiments

Cuttings of selected A. halleri accessions were transferred to 1.5-1
containers (three plants per container) filled with a modified 1/
10 Hoagland medium containing only 10% of the initial phos-
phate concentration (20 uM) and with a pH of 5.0 (Fischer
et al., 2014). Half of the containers were supplemented with
5 uM Pb (as PbNO3), while all contained additional 10 pM Zn
(added as ZnSOy). The nutrient solution was changed every 4d
and pH was monitored during the course of the experiments.
Three independent experiments were performed with three repli-
cates of each A. halleri accession. One reference experiment with
six A. thaliana Col-0 plants was performed under the same exper-
imental conditions with precultivation of plants to a rosette
diameter of 2 cm, approximately matching the shoot biomass of
A. halleri cuttings at the start of the Pb treatment. At harvest,
roots and shoots were separated and root lengths were recorded.
Roots were desorbed at 4°C with distilled water (twice 10 min),
20 mM CaCl, (once 10 min), 10 mM EDTA (once 10 min).
Shoots were carefully washed in distilled water, surface water was
removed using paper towels and shoot fresh weight (FW) was
recorded. In one experiment, shoots were dissected into petioles,
leaf main vein and leaf lamina. All plant material was oven dried

at 60°C for 3 d.

Candidate gene identification and transcript analysis

As described in more detail in Methods S1, candidate c¢yclic
nucleotide gated channels (CNGC) genes were identified in RNA-
seq data sets for the A. halleri accessions Laut-3 and Wall-7. Cod-
ing sequences were reconstructed from RNA-seq reads and tran-
script abundance analysed by qRT-PCR (Methods S1).

Xylem sap collection and GC-MS analysis

Plants were cut 1 cm above the root—shoot transition zone and
xylem was collected for a total period of 4 h using a micropipette
and stored at —20°C undil further analysis. Collected volumes
averaged 86 £46 pul per plant with no apparent difference
between treatments. From each exudate sample, 30 pl was acidi-
fied with 270 ul 65% HNO3, incubated for 10 min at room tem-
perature, filled up to a final volume of 3 ml and kept at 4°C until
further analysis. Here, 15 pl of xylem sap were analysed by gas
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chromatography-mass spectrometry (GC-MS) as described previ-
ously (Cornu et al., 2015).

Sample preparation for localisation analyses

Mature leaves were selected from three individual plants and a
small piece (¢. 5 X 2 mm) of the petiole and of the leaf, compris-
ing the main vein with the adjunct leaf lamina, was taken from
the lower half of the leaf. Samples were cryo-fixed, cryo-sectioned
and freeze dried as described previously (Vogel-Mikus ez al.,
2014). For the LA-ICP-MS analysis, cross-sections were
deposited on a piece of precooled Parafilm and localisation map-
ping was performed as described previously (Ilunga Kabeya ez 4/,
2018). For detailed LA-ICP-MS operating conditions and data
analysis see Methods S1. For the micro-PIXE analysis, cross-sec-
tions were sandwiched between two Pioloform foils stretched
over custom-made aluminium frames. Micro-PIXE mapping was
performed as described previously (Klancnik ez al., 2014). The
micro-PIXE spectra were analysed and quantitative distribution
maps were generated using the GEOPIXE II software package
(Ryan, 2000). Distribution maps were filtered using smooth
(Gaussian function, standard deviation =1.5) and edge enhance
(Roberts function) filters in GeoPIXE II.

For the SEM-EDX analysis, pieces of mature leaves were
plunge-frozen in liquid propane (KF 80; Universal Cryofixation
Unit, Reichert-Jung, Despew, NY, USA) and freeze dried for 3 d
at —20°C and 0.210 mbar and analysed using a calibrated energy
dispersive X-ray fluorescence microprobe (JXA-8200; Jeol,
Tokyo, Japan).

Local chemical environment of Pb

Pb Ls-edge XANES spectra were recorded at the beamline BM23
of the European Synchrotron Radiation Facility (ESRF, Greno-
ble, France) as described previously (Pongrac ez al., 2016). Fresh
leaves were frozen in liquid nitrogen and analysed in fluorescence
detection mode at 80 K. Reference Pb complexes (Pb-acetate,
Pb-cellulose, Pb-chloride, Pb-citrate, Pb-cysteine, Pb-glu-
tathione, Pb-histidine, Pb-malate, Pb-pectin, Pb-sulfate and Pb-
sulfide) were recorded in transmission detection mode at room
temperature. The Pb-phosphate spectrum was obtained from
Shen (2014). The resolution of the monochromator in the region
of the Pb L;-edge was 2 eV and the absolute energy reproducibil-
ity of the measured spectra was £0.05 ¢V. The absorption spectra
were measured within the interval from —150 to 250 €V relative
to the Pb Li-edge at 13 035 ¢V. In the XANES region, equidis-
tant energy steps of 0.5 eV were used. The Pb L3-edge XANES
spectra were analysed using the IFEFFIT program package
ATHENA (Ravel & Newville, 2005).

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES)

Oven-dried plant material was wet digested using 3 ml 65%
HNO; (w/w) in a microwave (STarT 1500; MLS GmbH,
Leutkirch im Allgdu, Germany) by ramping for 20 min to 180°C

© 2019 The Authors
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Table 1 BaCl,- and HCl-extractable concentrations (ug g~ ' DW) of lead (Pb), zinc (Zn) and cadmium (Cd) of differently diluted contaminated soil

(Bestwig).

Proportion of contaminated soil 0% 25% 5% 10% 20% 100%

Proportion of control laboratory soil 100% 97.5% 95% 90% 80% 0%

BaCl, Pb 0.05 0.06 0.06 0.1 0.27 1.28
Zn 0.1 0.3 0.5 1.5 6.4 42.8
Cd nd nd 0.01 0.02 0.06 0.42

HCl Pb 5.46 165 440 713 1481 5676
Zn 11 51 88 162 1161 5970
Cd 0.06 0.19 0.56 0.94 2.89 11.39

The dilutions were prepared with control laboratory soil to generate the gradient of metal concentrations in the substrate as indicated.

and holding for 10 min. After cooling to room temperature, sam-
ples were filled up to 10 ml with 2% HNOj for subsequent anal-
ysis. Element concentrations in this wet-digested plant material,
in soil extracts and in the xylem sap were determined using an

1CAP 6500 Duo (Thermo Scientific, Waltham, MA, USA).

Statistical analysis

In order to determine accession effects on element and biomass
responses, a one-way analysis of variance (ANOVA) was con-
ducted, followed by the Tukey post-hoc test at £<0.05 while,
for pairwise comparisons, differences were tested using Student’s
T-test at < 0.05 in SIGMAPLOT v.13.0 (Systat Software, San Jose,
CA, USA).

Results

Accumulation of Pb by Arabidopsis halleri in contaminated
soil

In a large-scale field study, several A. halleri individuals had been
identified as putative Pb hyperaccumulators (Stein ez al., 2017).
Because all of these were sampled at contaminated sites impacted
by mining or metal smelting activities, the Pb (hyper)accumula-
tion potential was tested here under controlled laboratory condi-
tions to exclude aerial deposition of Pb as the underlying cause for
high Pb concentrations. Selected accessions representing metalli-
colous (M) and nonmetallicolous (NM) populations as well as
different biogeographic regions (Fig. S1) were grown for 6 wk in
native soil from a contaminated A. halleri site in Bestwig (Ger-
many). This soil contained BaCl,-extractable metal at concentra-
tions of 1.28 ugPb g~ ', 42.8 pgZng ' and 0.42 g Cd g~ ', and
HCl-extractable metal at concentrations of 5676 ugPbg ',
5970 ugZng ' and 11.4 pugCd g_1 (Table 1). At harvest, the
leaves of all accessions contained high levels of Pb (Fig. 1). The
origin of a given accession, that is M or NM site, did not affect
the leaf Pb concentrations significantly. Average Pb concentration
in accessions from M sites was 599 pg Pbg~' DW (minimum-—
maximum range was 376780 ugPbg ' DW) and from NM
sites it was 646 ug Pb g~ ' DW (range: 300-788 ug Pb g~ ' DW).
All A. halleri accessions contained more Pb than the reference
plant A. thaliana after growth in the same contaminated soil in

© 2019 The Authors
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the same experiment. The average for A. thaliana was
145 ug Pb g~ ' DW. The lack of correlation between Pb and tita-
nium (Ti) excluded the possibility that the accumulated leaf Pb
was the result of contamination with soil particles (Fig. 1d).

By contrast with low variation in Pb concentrations, Zn and
Cd concentrations were substantially affected by accession and
biogeographic origin. On average, accessions from M sites con-
tained less Zn than accessions from NM sites (8122 pgZng '
DW and 17120 ugZng ' DW, respectively) and ranges were
larger (Fig. 1b). Still, the lowest Zn concentration measured in
A. halleri exceeded the Zn concentration in the reference
A. thaliana Col-0 (495 pug Zn g71 DW) by five times.

While Cd concentrations were nearly as variable as Zn concen-
trations, the influence of the origin was negligible. Accessions
from M soil contained on average 39.5 ugCdg~' DW (mini-
mal-maximal range was 11.3-90.3 ug Cdg~' DW) and acces-
sions from NM sites 46.7 pgCd g71 DW (range: 22.9-
71.3 ug Cd g_1 DW,; Fig. 1¢). Accumulation of Pb, Zn and Cd
did not affect the growth of plants visibly. Accessions differed in
average biomass, but overall no difference in ranges was observed
between plants from M and NM sites (Fig. S2).

Zinc, Cd and Pb were the only elements, for which leaf con-
centrations differed between A. halleri and A. thaliana Col-0.
Concentrations of calcium (Ca), potassium (K), magnesium
(Mg), phosphorus (P), Cu, iron (Fe) and Mn were all in similar
ranges (Fig. S3).

The influence of soil Pb availability on Pb accumulation

A hallmark of hyperaccumulation are high metal concentrations
in above-ground tissues even when the soil available metal con-
centrations are low. Consequently, the leaf—soil element rela-
tionship is described by a saturation curve (Baker, 1981; van der
Ent ez al., 2013). In order to study whether Pb accumulation in
A. halleri behaved accordingly, plants were grown in M soil from
a native A. halleri site and in soil step-wise diluted with noncon-
taminated substrate mixture. Resulting BaCl,- and HCl-ex-
tractable concentrations of Pb, Zn and Cd are shown in
Table 1. Two A. halleri accessions with the strongest Pb accu-
mulation in the initial soil experiment (one originating from an
M site, Laut-3 and one from an NM site, Wall-7) and for com-
parison the accession with the weakest Pb accumulation, Sieb-1

New Phytologist (2020) 226: 492-506
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Fig. 1 Metal accumulation in Arabidopsis
halleri shoots after cultivation in native

i E 3 § § B metalliferous soil. Content of lead (Pb; a),
s s < é S o § zinc (Zn; b) and cadmium (Cd; c) in shoots of
*z selected A. halleri individuals originating

from metalliferous (red columns) and
nonmetalliferous sites (green columns)
grown for 6 wk in metal-rich soil under
standardised controlled growth chamber
conditions. For names and origin of the
individuals see Supporting Information

Fig. S1. Values in (a—c) are means

(n=5) 4+ SD. The horizontal line in (a), (b)
and (c) indicates the mean value for

A. thaliana Col-0 (n = 5) grown in the same
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(Fig. 1la), were selected for this experiment. As before,

A. thaliana Col-0 was tested alongside the chosen A. halleri
accessions. A typical hyperaccumulator response, that is strong
accumulation even when soil metal availability was low, was
observed for Zn in all three A. halleri accessions and for Cd in
accessions Wall-7 and Sieb-1 (Fig. 2). By contrast, Pb accumula-
tion showed a nearly linear correlation with HCl-extractable Pb.
This was similar to the accumulation behaviour observed in
A. thaliana Col-0 for all three metals. Plotting shoot element
concentrations against BaCly-extractable Pb, Zn and Cd in soil
yielded essentially the same patterns (Fig. S4).

Possible physiological effects of soil dilution were assessed by
analysing biomass and shoot elemental profiles. Overall, growth
of the three A. halleri accessions was stimulated by the addition
of at least a small proportion of native contaminated soil,
whereas A. thaliana Col-0 showed a slight decrease in growth.
Only in undiluted Bestwig soil was A. halleri growth negatively
affected in one accession (Laut-3) (Fig. S5). Shoot elemental
profiles obtained from plants cultivated in the different soil
dilutions indicated that macro- and microelement accumulation
varied little and concentrations were, in all cases, well above

deficiency thresholds (White & Brown, 2010; Fig. S6).

Arabidopsis halleri Pb accumulation in hydroponic culture

To further explore the ability of A. halleri to translocate Pb to
above-ground tissues, experiments in hydroponic culture were
performed. A nutrient solution with low pH and low phosphate
was used to prevent precipitation of Pb with phosphate (Fischer
et al., 2014) and thus control Pb availability. Indeed, speciation

New Phytologist (2020) 226: 492-506
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Ti conc. (ug g~' DW)

60 80 100 120

experiment. (d) Shoot Pb content plotted
against titanium (Ti) content to check for
contamination by soil particles; DW, dry
weight.

analysis using VISUALMINTEQ indicated that all added Pb was
available (Table S1). After 3 wk of exposure to 5 uM Pb?", root
growth inhibition was apparent, with Wall-7 showing the
strongest response (Fig. 3). Growth inhibition observed in
A. thaliana Col-0 was of a similar magnitude (Fig. S7). Nonethe-
less, Pb concentrations of the three A. halleri accessions were 4—
12-fold larger than the Pb concentrations measured in
A. thaliana Col-0 (average of 49 ugg~' DW) (Fig. 4, indicated
by a horizontal line). The pattern of variation between A. halleri
accessions was different from the soil experiments. The largest Pb
shoot concentrations after hydroponic cultivation were measured
in Sieb-1 (on average 604 ugPb g_1 DW). Root Pb concentra-
tions determined after desorption exceeded 10000 ugg™' DW
and were much higher than Zn concentrations (Fig. 4). Conse-
quently, apparent root-to-shoot translocation factors were much
lower for Pb (on average between 0.022 and 0.036) than for Zn
(on average between 3.18 and 4.08). As in the soil experiments,
variation in shoot Zn concentrations between accessions was
more pronounced than variation in Pb concentrations. The order
Wall-7 > Sieb-1 > Laut-3 observed in the soil experiments for Zn
accumulation was confirmed in hydroponic culture (Fig. 4).
Noteworthy, the Laut-3 accession did not contain more Zn than
A. thaliana in this experiment (see the reference line in Fig. 4).
Interestingly, Pb”>" exposure caused an overall reduction in shoot
Zn concentrations. This was not seen for Fe (Fig. 4) even though
generally a decrease in the content of other mineral nutrients was
observed in the Pb-treated plants (Fig. S8). The measured con-
centrations were always in the sufficient range (White & Brown,
2010), indicating that plants were not deficient in any of the
essential elements.
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To gain first insights into the mechanisms of Pb uptake and
accumulation, we performed competition experiments. Analyses
of the large field data set for European A. halleri populations had
indicated that of all analysed soil parameters, Ca had the
strongest negative influence on leaf Pb accumulation (Stein ez af.,
2017). We therefore analysed Pb accumulation in hydroponic
culture in the presence of either Ca or Zn excess. Root Pb con-
centrations of all accessions were strongly reduced in the presence
of elevated Ca, whereas Zn excess had practically no effect
(Fig. S9). Root Zn concentrations were not affected by extra Ca.
Changes in shoot Pb accumulation did not show clear trends.
For one accession (Sieb-1), a reduction was observed with high
external Ca. For the two other accessions, the opposite effect was
seen.

Comparative transcript analysis of candidate Ca®* channel
genes

Suppression of root Pb concentrations in the presence of elevated
Ca suggested a possible contribution of Ca transporters to Pb
uptake. Indirect evidence had implicated CNGCs in A. thaliana
Pb uptake (Sunkar er al, 2000). To obtain CNGC genes that
were candidates for differential expression between Arabidopsis
species or A. halleri accessions, we performed an extrapolating
comparison of available results from two different RNA-seq
experiments including both roots and shoots of either A. thaliana
(Col) or the A. halleri Laut and Wall populations. CNGCI1 and
CNGCI2 were identified as candidate genes based on log,(fold
change) >=43 and adjusted P<0.05 (Table S2). Transcript
sequences were reconstructed to generate one consensus per gene
for each sequenced replicate and tissue sample, utilising all reads
that mapped to the orthologues of each of the A. thaliana loci in
the A. halleri ssp. gemmifera reference genome (see Methods S1).
Transcript abundance was analysed in roots and shoots of
A. thaliana and A. halleri plants grown hydroponically under
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control conditions. For CNGC11, strongly elevated transcript
abundance was observed in Laut-3 and Wall-7 relative to Col-0
(Fig. S10). Similar, albeit less pronounced, differences were
found for CNGC1I2. This confirmed the RNA-seq results. How-
ever, the best Pb-accumulating accession in hydroponic culture,
Sieb-1, did not show elevated CNGCI11 or CNGCI2 transcript

levels.

Xylem sap element concentrations

Results of the soil and hydroponic experiments showed root-to-
shoot translocation of Pb. To investigate this further we obtained
xylem sap from hydroponically grown plants. Pb was detected in
xylem sap of all three Pb-treated A. halleri accessions (Fig. 5).
The range of Pb concentrations in the xylem resembled that for
Fe, while it was much smaller than Zn, Ca and Mg concentra-
tions. The largest Pb concentration in the xylem was found for
the Sieb-1 accession. This was confirmed when data were nor-
malised to Ca concentrations to account for variation in the vol-
ume of sampled xylem sap (Fig. S11).

Changes in xylem sap metabolite levels of Pb-accumulating
plants may provide information on possible Pb ligands. There-
fore, xylem sap samples were subjected to GC-MS analysis. The
volcano plot in Fig. S12 summarises the findings. Among the
identified metabolites more abundant in Pb-exposed plants was
citrate, while GABA and B-alanine were less abundant. For a
complete list of metabolite signals detected and quantified see
Table S3. Because the xylem sap contains many unknown
metabolites, a complete speciation modelling is not possible. In
order to nonetheless obtain an estimate as to whether citrate
could be a Pb ligand in the xylem, we used element concentra-
tions measured here and known A. halleri xylem sap concentra-
tions of citrate and malate (Cornu et al, 2015). The numbers
derived for this highly simplified scenario predict ¢. 6-8% of the
Pb to be bound by organic acids (Table S4).
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Tissue-specific distribution of Pb and Zn in Arabidopsis

halleri

High shoot Pb concentrations and the presence of Pb in xylem
sap of A. halleri plants exposed to Pb in soil or hydroponic

New Phytologist (2020) 226: 492-506
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culture demonstrated translocation of Pb from roots to shoots.

We therefore initiated a series of experiments to obtain informa-
tion on the spatial distribution of Pb in above-ground tissues and
on the Pb local chemical environment. Sieb-1 was chosen, as this

accession showed strongest Pb accumulation in hydroponic

© 2019 The Authors
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Fig. 4 Metal accumulation in roots and shoots of hydroponically grown Arabidopsis halleri and A. thaliana plants. (a) Lead (Pb), (b) zinc (Zn) and (c) iron
(Fe) content in roots (lower panel) and shoots (upper panel) of selected A. halleri individuals and A. thaliana Col-0 grown hydroponically for 3 wk in a low
phosphate, low pH medium in the absence of (Control) or in the presence of 5 uM Pb?*. Sieb-1 (red bars) and Laut-3 (orange bars) originated from
metalliferous sites, Wall-7 (green bars) originated from a nonmetalliferous site. Values are means (n =9) + SD for A. halleri. As a reference, average values
(n=6) for A. thaliana shoots are indicated by a horizontal reference line. Asterisks indicate statistically significant differences between treatments for each
accession separately (Student's t-test: *, P<0.05; *** P<0.001) and different letters indicate statistically significant differences between accessions in
each treatment (one-way ANOVA followed by Tukey HSD test at P <0.05); DW, dry weight.

culture. First, cross-sections of petioles and leaves were analysed
with LA-ICP-MS. In petioles, Pb and Zn distribution maps
revealed the allocation of both metals to the epidermis and tissues
of the central vascular bundle, whereas in the leaves Pb and Zn
allocated to different tissues (Fig. 6). Here, Pb retained the same
distribution as in the petiole (epidermis and tissues of central vas-
cular bundle, particularly to xylem and abaxial collenchyma
cells), while Zn was preferentially allocated to the parenchyma
surrounding the main vein and to the mesophyll of the leaf blade.
Line scans across the leaf main vein and the leaf lamina (Fig. 6c,
d), averaging three independent distribution maps, further sup-
ported these observations. Independent micro-PIXE analyses
confirmed the observed distributions of Pb and Zn and provided
quantitative distribution maps of Mg, P, S, K and Ca as well
(Fig. S13). Surprisingly, both analyses indicated higher Pb con-
centrations in the petiole than in leaves or leaf tissues. Therefore,
an additional hydroponic culture experiment was performed to
verify these observations. Indeed, by far the largest Pb concentra-
tions in all three A. halleri accessions were measured in the peti-
oles compared with the main leaf vein and the leaf lamina
(Fig. S14). By contrast, Zn contents were larger in the main leaf
vein and the leaf lamina compared with the petiole, in line with
observations from distribution maps.

Trichomes were reported to store extraordinary quantities of
Cd and Zn in A. halleri (Kipper et al., 2000). Therefore, they
were mapped using SEM-EDX to determine localisation of Pb,
Cd and Zn in the best Pb-accumulating accession from the soil
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experiments (Wall-7). Distribution maps revealed significant
allocation of Pb to epidermal cells supporting the trichome, while
Zn and Cd were allocated to the base of the trichome (Fig. S15).

Local chemical environment of Pb

To investigate the Pb ligand environment, Pb L;-XANES spectra
were recorded in shoots of two A. halleri accessions grown in
hydroponic culture. Only oxygen ligands were found for Pb in
the first coordination sphere. Linear combination fitting sug-
gested that the majority (68% and 55% for Sieb-1 and Laut-3,
respectively) of these oxygen ligands bound Pb in bidentate coor-
dination (determined using the Pb-acetate reference). The
remaining Pb ligands have either an octahedral coordination (de-
termined using the PbSOy reference) with 16% and 28% for
Sieb-1 and Laut-3, respectively, or a monoclinic coordination
(determined using the Pb3(POy); reference; the Space Group C'1
2/¢ 1) with 16% and 25% for Sieb-1 and Laut-3, respectively
(Fig. 7).

Discussion

Human activities have over millennia and particularly over the
past 150 yr led to a nearly ubiquitous Pb contamination of the
Earth’s critical zone, that is the surface/near-surface environment
that supports life (Marx et al., 2016), making Pb one of the most
problematic environmental contaminants. In spite of this
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importance, however, little information is available about the
movement of Pb into the phytosphere and associated food webs.
It has been widely accepted that Pb is poorly mobilised, a conse-
quence of strong Pb soil persistence and poor Pb bioavailability
(Zhao et al., 2004; Schreck et al, 2012; Norton et al., 2014,
2015; Fakhri et 4l., 2018).

The high shoot Pb concentrations observed in the field for a
plant with extreme ionomic traits such as A. halleri offers an
opportunity to make inroads into mechanistically understand-
ing Pb accumulation. The ability of A. halleri to translocate Pb
from the root to the shoot was therefore systematically analysed
in controlled Pb exposure experiments. Five main conclusions
are drawn from the data: (1) A. halleri can indeed strongly
accumulate Pb in leaves via translocation from the root; (2)
A. halleri is not a Pb hyperaccumulator, but rather a Pb
bioindicator; (3) there is only limited within-species variation
in the Pb accumulation trait, by contrast to the Cd and Zn
accumulation; (4) A. halleri roots are Pb sensitive regardless of
origin, while shoots suffer much less growth inhibition; (5)
pathways of Pb accumulation appear to be distinct from path-
ways of Zn accumulation.

The cultivation of plants on native soil under standardised lab-
oratory conditions arguably offers the best chance to determine
metal accumulation traits accurately, devoid of aerial Pb contami-
nation (Mohtadi ez al., 2012a,b; Misljenovi¢ ez al., 2018). The
A. halleri field survey had identified a number of samples with
high leaf Pb concentrations up to values above the hyperaccumu-
lation threshold of 1000 ug g~ ' DW (Stein ez al, 2017). Such an
observation had, in the past, often been the only basis to classify a
plant as a hyperaccumulator. Soil for our experiments was taken
from one of the accessible A. halleri sites supporting strong Pb
accumulation. Several leaf samples collected in Bestwig showed
Pb content above 400 ugg™' DW (Stein et al, 2017). When a
set of A. halleri individuals originating from M and NM sites was
cultivated in Bestwig soil, Pb contents between ¢. 300 and
800 ug g71 DW were observed (Fig. 1a), confirming the field
observations. Importantly, contents of leaf Ti, a soil particle con-
tamination marker (Cook ez /., 2009), did not correlate with Pb
(Fig. 1d). This indicated true accumulation of Pb via root-to-
shoot translocation.

When assessing genotype influence on accumulation
behaviour, clear differences were apparent between Zn and Pb.
Zn accumulation capacity differs between A. halleri accessions
from M and NM sites. According to phenotyping data for a
large set of genotypes, M individuals show a reduced capacity
to hyperaccumulate Zn compared with NM individuals (Stein
et al., 2017). Correspondingly, the transcriptomes of M and
NM individuals show distinct differences (Schvartzman ez al.,
2018). Our soil experiments confirmed the pattern for Zn and,
at the same time, showed that Pb accumulation behaviour is
not associated with the habitat of origin, consistent with minor
genotype influence. Rather, our data indicated that whenever
Pb is phytoavailable, all A. halleri plants can substantially accu-
mulate Pb. This is in line with the strong correlation between
available soil Pb and leaf Pb observed in field data (Stein et al,
2017).
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A hallmark of metal hyperaccumulation and thus a second cri-
terion to be tested, is a dose—response relationship described by a
saturation curve (Baker, 1981). Soil dilution experiments con-
firmed hyperaccumulation response for Zn and Cd (Figs 2, S4).
The expected exclusion-like response described by an exponential
curve, which was reported for Noccaea (formerly Thlaspi) praecox
Woaulfen with the largest Pb content of 740 ugPbg™" in leaves
(Vogel-Mikus$ ez al., 2006), was not observed in A. halleri.
Instead, leaf Pb concentrations in A. halleri showed a nearly linear
response with HCl-extractable (Fig. 2) as well as BaCly-ex-
tractable (Fig. S4) soil Pb. The response to soil Pb was clearly dif-
ferent from both hyperaccumulation and exclusion, and
demonstrated indicator behaviour. Nonspecific ‘breakthrough’
into shoot tissue due to metal toxicity (Pollard ez al., 2014) can
be ruled out as there was no reduction in biomass when plants
were grown in less diluted soil (Fig. S6). The stronger accumula-
tion relative to other plants cultivated in the same conditions, in
this case A. thaliana (Fig. 1la), together with indicator-like
behaviour, can be described with the term ‘hyperbioindicator’ as
proposed for Gomphrena claussenii Moq. (Villafort Carvalho,
2016).

Further evidence for true Pb accumulation in A. halleri came
from hydroponic experiments performed with a medium con-
taining low phosphate and low pH at which Pb*" remains soluble
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(Kopittke et al., 2008, 2010; Fischer et al., 2014). To address
possible concerns regarding the nutritional status of plants grown
in this medium, we analysed leaf ionomes. Although shoot min-
eral status was perturbed by Pb exposure (Fig. S8), presumably as
a result of a competition between Pb and divalent cations for
uptake as described in detail for rice (Kim et al., 2002), the con-
tents of macro- and micronutrients remained in sufficiency range.
This factor and the absence of nutrient deficiency symptoms
indicated the suitability of the hydroponic culture for A. halleri
plants. After 3 wk of exposure to 5 uM Pb, average concentra-
tions between 230 and 600 ugPbg™' DW were detected in
leaves of A. halleri accessions (Fig. 4). They exceeded the Pb con-
centrations in Noccaea jankae A.Kaern grown in hydroponic solu-
tion at 5 uM Pb (Koubovd ez al., 2016) 8.5-times, and equalled
Pb content of Matthiola flavida Boiss. grown in hydroponic solu-
tion at 5 uM Pb (Heidari Dehno & Mohtadi, 2018). However,
translocation factors for Pb were more than two orders of magni-
tude lower than for Zn as most of the Pb remained in root tissue.
This situation further argues against the classification of A. halleri
as a Pb hyperaccumulator.

Finally, the analysis of xylem sap directly demonstrated Pb
mobility inside the plant (Fig. 5). Pb was detected, albeit at much
lower concentrations than Zn as expected from the difference in
translocation factors. For two out of three accessions, Pb
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treatment appeared to exert a stimulating effect on xylem sap Zn
even though overall Zn accumulation in shoots was slightly lower
in Pb-exposed plants (Fig. 4). This difference may be due to a
difference between an observation for one short time period, that
is the xylem sap sampling, and an observation that integrates over
the whole cultivation period, that is total shoot Zn.

Interestingly, the concentration of citrate, an important player
in Fe long distance transport (Schuler ez al, 2012; Alvarez-
Ferndndez et al., 2014) was increased significantly in Pb-treated
plants (Fig. S12) and speciation prediction tentatively suggested
the formation of Pb-citrate complexes (Table S4). Citrate had
been previously observed to respond to Pb treatment in leaves of
metallicolous Peganum harmala L., which was interpreted as evi-
dence for the activation of an Fe deficiency response upon Pb
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treatment (Mahdavian ez 4/, 2016). Furthermore, citrate may be
directly involved in root-to-shoot Pb mobility. The concentration
of Pb in xylem sap of Pb-treated cucumber (Cucumis sativus L.)
was more than one order of magnitude larger when Fe was added
to the nutrient solution as a citrate instead of as an EDTA com-
plex (Tatdr er al., 1998).

Very little is known about uptake and translocation pathways
for Pb in plants (Fasani ez al, 2018). Multivariate analysis of
hundreds of paired soil-leaf samples had indicated a negative
effect of soil Ca on leaf Pb accumulation (Stein ez 2/, 2017). Our
competition experiments in hydroponic culture did not fully cor-
roborate this finding. High external Ca reduced Pb accumulation
only in the shoots of the accession with the highest Pb accumula-
tion (Fig. S9). By contrast, root Pb concentrations were consis-
tently reduced in the presence of Ca excess, whereas Zn excess
had no such effect. This can be cautiously interpreted as suggest-
ing an involvement of Ca transporters and apoplastic Ca-binding
sites in the accumulation of Pb. This is in line with earlier reports
on the protective effect of Ca against Pb toxicity in rice (Kim
et al, 2002) and the possible contribution of CNGC,
AtCNGC1, A(CNGC11 and AtCNGC12 to Pb uptake in
A. thaliana (Sunkar et al., 2000; Moon ez al., 2019). Transcript
analyses of candidate CNGCs identified in RNA-seq data sets for
A. thaliana and two of the investigated A. halleri accessions
(Table S2), however, did not reveal a consistent association of Pb
uptake with elevated expression of A. halleri CNGCII or
CNGCI2 relative to A. thaliana (Fig. S10).

After root-to-shoot translocation, metals are transferred to cells
competent for storage and detoxification. For example, Zn alloca-
tion to leaf epidermal cells has been demonstrated for several Zn
hyperaccumulating species (White & Pongrac, 2017). Interest-
ingly, Zn allocation in A. halleri contrasts these reports, as it pref-
erentially accumulates in leaf mesophyll cells (Kiipper er al,
2000; Zhao et al., 2000; Sarret et al., 2009). Our LA-ICP-MS
data corroborate this finding (Fig. 7). Likewise, the strong accu-
mulation of Zn and Cd observed at the base of the trichome by
SEM-EDX (Fig. S15) concurs with previous reports on A. halleri
(Kupper et al., 2000; Zhao et al., 2000). Much less information
is available about Pb distribution. Strikingly, the strongest Pb
accumulation in A. halleri was found in the petiole, followed by
the leaf main vein and the leaf blade. This gradient was by con-
trast with that seen for Zn and may indicate lower cell-to-cell
mobility of Pb away from the vasculature (Fig. S14). Within peti-
oles and leaves, Pb was allocated to the epidermis and to cells
within the vasculature, namely collenchyma cells, as suggested by
the uneven thickness of the cell wall, and xylem elements (Figs 7,
S13). The obvious contrast with the Zn distribution pattern in
leaves suggests that accumulation pathways differ at least partially
for Pb and Zn. This is further substantiated by the surprising
finding that Pb did not co-localise with Zn and Cd at the bases
of trichomes. Rather, it was concentrated in the symplast or
apoplast of cells supporting the trichome (Fig. S15). Allocation
of Pb to vasculature, but not to epidermis, was previously
reported for a Zn and Cd hyperaccumulating ecotype of
S. alfredii, where it co-localised with S but not with P (Tian ez 4/,
2010; Fig. S13). Predominant allocation of Pb to epidermis and
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to abaxial collenchyma cells was also reported for field-collected
T. praecox leaves (Vogel-Mikus et al., 2008a,b) and may be
inferred from the Pb distribution in leaves of hydroponically
grown E. splendens (Zhang er al., 2011). The collenchyma cells
are characterised by a pectin-rich cell wall, which may play a role
in Pb binding. Pb allocation to the collenchyma cells, mechani-
cally supporting the vein, indicates that these cells may serve as a
disposal site for toxic heavy metals, thereby protecting sensitive
and metabolically more active (and phloem-fed) tissues from
metal toxicity (Vollenweider e¢r al., 2006; Vogel-Mikus er al.,
2008a).

While Pb is a soft metal with high affinity to S, most
reports have indicated storage of Pb in cell walls where S-con-
taining molecules are scarce, making O-ligands of cell walls
likely to be sites for Pb sorption. Our XANES analysis of
A. halleri leaves supports this concept. Most Pb was assigned
to the model Pb-acetate (Fig. 7). Pb-acetate is a representative
bidentate ligand, which in form resembles the bidentate struc-
ture of Ca bound to homogalacturonan in the ‘egg-box
model’. Homogalacturonan is the most abundant structural
class of pectic polysaccharides. Therefore, it would be suffi-
ciently abundant to bind the supplied amount of Pb. As Ca®"
ions in homogalacturonan can be replaced by divalent heavy
metal cations, we propose that this process takes place in
A. halleri leaves. Using XANES, predominant binding of Pb
to O-ligands in the cell wall has been reported for field-col-
lected leaves, sampled from the vicinity of a Pb mine
(Bovenkamp ez al, 2013) and in leaves of experimentally
grown corn (Sun & Luo, 2018). Cell wall bound Pb was also
found in the Cd and Zn hyperaccumulator S. alfredii (Tian
et al., 2010), as was strong apoplastic Pb binding to cell walls
and intercellular spaces in Vigna wunguiculata (L.) Walp.
(Kopittke ez al., 2007). A smaller proportion of Pb was found
either in octadentate coordination with SO4 or in monoclinic
coordination with POy in A. halleri leaves, which was also
supported by co-localisation of Pb and S and of Pb and P in
the vasculature of petioles and leaves of A. halleri (Fig. S13).
Furthermore, it is also in line with the co-localisation of Pb
with S and POy ligands for Pb in the Cd/Zn accumulating
ecotype of S. alfredii (Tian et al., 2010). Binding of Pb to sul-
fide-containing ligands was not supported when determining
the best fits for the recorded spectra, making binding of Pb to
proteins unlikely.

The field observations had already indicated opportunistic Pb
accumulation by A. hallers, meaning accumulation occurs when-
ever Pb is phytoavailable due to particular soil conditions. Experi-
ments reported here unequivocally showed Pb accumulation via
uptake and 7z planta translocation. Furthermore, our results sug-
gested a minor impact of genotype on Pb accumulation, which
contrasted with a large genotype influence on Zn and Cd accu-
mulation (Figs 1, 4) (Stein ez al., 2017).

Previously, sporadic detection of Pb in plant samples would
have mostly been attributed to aerial deposition of particles. We
propose instead that the comparatively erratic detection of Pb in
above-ground tissues, for example relative to Cd or As, indicates
that in most soils phytoavailability of Pb is low, which restricts
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plant accumulation. However, when soil Pb becomes phytoavail-
able, plants will translocate at least a portion to the shoot. This
was shown here with a focus on A. halleri (Figs 1, 2, 4). However,
it is noteworthy that even A. thaliana grown on Bestwig soil or in
hydroponics, that is under conditions in which Pb was phy-
toavailable, showed a considerable degree of leaf Pb accumula-
tion (95mgkg 'DW; Fig. 2, 48mgkg ' DW; Fig. 4,
respectively) that represented on average ¢. 10-25% of the accu-
mulation observed in A. halleri. Such levels would exert a food
safety risk, if what we found for A. thaliana applies also to crop
plants. Therefore, more studies on opportunistic Pb accumula-
tion in other plant species are clearly needed.
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