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Adaptation of Arabidopsis halleri to extreme metal pollution
through limited metal accumulation involves changes in cell wall
composition and metal homeostasis
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pseudometallophyte which shows constitutive zinc/cadmium (Zn/Cd) tolerance and Zn
hyperaccumulation but high intraspecific variability in Cd accumulation.
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e To examine the molecular basis of the variation in metal tolerance and accumulation,
ionome, transcriptome and cell wall glycan array profiles were compared in two genetically
close A. halleri populations from metalliferous and nonmetalliferous sites in Northern Italy.
The metallicolous population displayed increased tolerance to and reduced hyperaccumula-
tion of Zn, and limited accumulation of Cd, as well as altered metal homeostasis, compared to
the nonmetallicolous population. This correlated well with the differential expression of trans-
porter genes involved in trace metal entry and in Cd/Zn vacuolar sequestration in roots. Many
cell wall-related genes were also more highly expressed in roots of the metallicolous popula-
tion.

e Glycan array and histological staining analyses demonstrated that there were major differ-
ences between the two populations in terms of the accumulation of specific root pectin and
hemicellulose epitopes.

e Our results support the idea that both specific cell wall components and regulation of trans-

porter genes play a role in limiting accumulation of metals in A. halleri at contaminated sites.

Introduction

Trace metals such as cadmium (Cd) and zinc (Zn) are found
widely in nature, and their soil concentrations have been shown
to be susceptible to major anthropogenic disturbances (Téth
et al., 2016). Zinc is an essential element with multiple biological
functions, while Cd has no nutritional relevance in plants, and its
presence, even in trace amounts, can be toxic (Broadley er 4l,
2007; Clemens et al., 2013; Clemens & Ma, 2016). Human
exposure to an excess of trace metals mainly arises from contami-
nated food and to a lesser extent polluted air and water (T6th
et al., 2016). Cadmium can be carcinogenic and can damage
organs (in particular the kidneys, liver, and the reproductive and
nervous systems) and cause mineral element deficiencies (Su
et al., 2014; Jan et al., 2015).

Among the plants that can live on soils heavily polluted by
trace metals, a rare class, called hyperaccumulators, is able to
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accumulate extraordinarily high concentrations of these metals in
above-ground tissues without toxicity symptoms. The pseu-
dometallophyte and metal hyperaccumulator species Arabidopsis
halleri is one of the best models with which to study metal home-
ostasis and adaptation to extreme environments (Verbruggen
et al., 2009, 2013; Krimer, 2010; Hanikenne & Nouet, 2011).
Arabidopsis halleri populations are found throughout Europe.
Phylogeographic studies have suggested the existence of several
genetic units (GUs), each including both metallicolous (estab-
lished on contaminated soils, M) and nonmetallicolous (estab-
lished on noncontaminated soils, NM) populations: south-east
(SE), north-west (NW) and hybrid zone (HZ) (Pauwels ez al,
2012; Meyer ez al., 2015; Wasowicz et al., 2016). Within GUs,
M populations seem to have derived from NM populations
(Pauwels er al, 2012), although there are exceptions (Babst-
Kostecka ez al., 2018). While Zn hyperaccumulation is a consti-
tutive trait in the species, Cd accumulation is highly variable
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among A. halleri populations (Meyer et al., 2015; Stein er al.,
2016). Cadmium and Zn hypertolerance and hyperaccumulation
in A. halleri are driven by the high expression of genes involved
in root uptake (e.g. ZIP members), root-to-shoot translocation
(e.g. Heavy Metal ATPase 4, HMA4; Nicotianamine synthase 2,
NAS2), and vacuolar sequestration of trace metals (e.g. HMA3,
CATION EXCHANGER (CAX) 2 and 4 Metal Transporter
Protein 1, MTPI) (Becher et al, 2004; Hanikenne et al., 2008;
Fasani et al., 2017; Corso et al., 2018; Schvartzman et al., 2018;
Lee et al, 2019). However, it remains unclear whether these
genes contribute to the local adaptation of M populations to the
contaminated environment or whether they are involved in con-
stitutive tolerance capacities shared by M and NM populations
(Meyer et al., 2016). There is evidence that high expression of
HMA4 is constitutive in the A. halleri species, while that of
MTPI may be the result of the evolution of secondary tolerance
mechanisms (Meyer ez al., 2016). In addition, a major role of the
cell wall in Cd accumulation and tolerance has also been sug-
gested in A. halleri (Meyer et al., 2015; Corso et al., 2018),
although there is lack of information about the composition of
the cell wall and the expression of cell wall-related genes in
A. halleri populations showing contrasting Cd and Zn accumula-
tion and tolerance.

Recently, we examined the mechanisms underlying Cd and Zn
tolerance and accumulation in two M populations of A. halleri
from distinct GUs (SE and HZ) and highlighted contrasting Cd/
Zn accumulation capacities, differences in the ability to adjust
micronutrient homeostasis upon high Zn or Cd exposure, and a
new role of flavonols in the adaptation to Cd exposure among
populations (Corso et al., 2018; Schvartzman et al., 2018).

This article compares the ionomes, transcriptomes and cell
wall compositions of two populations from different edaphic
types (i.e. M and NM populations) within the same GU (SE,
Northern Italy). Compared to the NM population, the M popu-
lation has evolved reduced Zn and Cd accumulation and
enhanced Zn and Cd tolerance through limited uptake and
translocation, enhanced root vacuolar sequestration and modified
cell wall composition and structure.

Materials and Methods

Seed, soil and plant material

Arabidopsis halleri 116 M and 130 NM plants and seeds, as well as
soil samples, were harvested in Northern Italy (SE GU; Pauwels
et al., 2012; Supporting Information Fig. S1a) in July 2015. Shoots
of 8-10 plants were subjected to mineral analysis. Soil (100200 g
dry weight per sample) was collected and pH and electrical conduc-
tivity were analysed as described in Corso ez al, (2018).

Physicochemical analysis and metal quantification in field
samples

Sample digestion and mineral element quantification of 116 M
and 130 NM shoots and soils collected in situ were performed
according to Corso ez al. (2018).
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Experimental design of hydroponic culture

I116 M and 130 NM seeds were sown on vermiculite in a con-
trolled growth chamber (Corso er al, 2018). After 4wk of
growth, plants were transferred into a glasshouse (100 pmol pho-
tons m~2s~ ! irradiance) in 4 | vessels filled with a hydroponic
nutrient solution. Plants were then divided into two groups and
transferred in the hydroponic solutions (Table S1) as described in
Corso et al. (2018; design 1) and Schvartzman er al (2018;
design 2). After 4 wk (design 1) or 5 wk (design 2), 90 plants for
each group and population were used for the growth test. Half of
the plants (45 individuals) were transferred to vessels containing
5 UM CdSOy (design 1) and 150 pM ZnSOy (design 2), while
the others were kept in their respective control solutions (Fig. 1a).
From this point we will refer to the two groups as design 1-Cd
and design 2-Zn.

Plants from design 1-Cd and design 2-Zn originated from the
same batch of seeds, which were sown and grown together in the
same glasshouse, following the same protocols.

Roots and shoots of three biological replicates (pools of 15 and
10 plants per replicate for design 1-Cd and 2-Zn, respectively)
were harvested either 10 d (design 1-Cd) or 15d (design 2-Zn)
after stress initiation. Tissues were ground in liquid nitrogen and
kept at —80°C for ionomic, transcriptomic and glycan array
analyses. Relative Chl content, shoot area and mineral elements
were determined as described in Corso ez al. (2018).

RNA extraction and mRNA-Seq analysis

Total RNA was extracted from 100 mg of ground frozen root
and shoot samples using a Maxwell LEV Plant RNA Kit
(Promega). RNA was quantified using a NanoDrop 2000 UV-
Vis Spectrophotometer (Thermo Scientific, Loughborough, UK).
Library preparation and RNA-Seq analyses were performed as
described in Corso et 4l (2018) and Schvartzman et al. (2018).
The A. halleri reference transcriptome used in this study is
described in Schvartzman er 4/ (2018). The RNA sequencing
data have been deposited at the National Center for Biotechnol-
ogy Information Transcriptome Shotgun Assembly Sequence
Database  (TSA) with  BioProject
PRJNA388549 and PRJNA564209.

identification  nos.

Statistical analysis and data mining on RNA-Seq data

Statistical analyses were performed to identify Differentially
Expressed Genes (DEGs) using the DESEQ2 R package (Love
et al., 2014). Pairwise comparisons were carried out to identify
DEGs with the following thresholds: log, fold change (FC)
>0.5 and <—0.5 and false discovery rate (FDR) <0.05. A
first comparison was aimed at evaluating the effect of the
edaphic type (ET), and key mechanisms of adaptation to met-
alliferous soils were identified which did not depend on the
precise age or differences in concentrations of some nutrients
in the medium. In particular, an 116 M versus 130 NM com-
parison considering together control and treated conditions of
both design 1-Cd and 2-Zn for each genotype (six samples for
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Fig. 1 Physiological and ionomic analysis of Arabidopsis halleri plants. (a) Experimental design of hydroponic cultures with A. halleri populations. (b)
Chlorophyll content, represented as log,(stress/control plants), and (c) root and shoot weights were measured in control, and Cd- and Zn-treated plants.
Error bars represent the SD (n=25-30). DAS, days after stress; ns, not significant. (d) Cadmium concentration in 116 M and 130 NM Cd-treated roots and
shoots (three biological replicates) measured after 10 d in hydroponic solution containing 5 uM CdSO,. (e) Zinc concentration in 116 M and 130 NM control
and Zn-treated roots and shoots (three biological replicates) measured after 14 d in hydroponic solution containing 150 uM ZnSO,. Different letters
indicate statistically significant differences (P <0.05) according to ANOVA with Tukey's range test. Error bars represent the SD. (f) Heatmaps representing
log,(Cd-stress/control) and log,(Zn-stress/control) of essential mineral element concentrations in 116 M and 130 NM plants (three biological replicates).
Asterisks indicate statistically significant differences (*, P <0.05), assessed by ANOVA with Tukey's range test.
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design 1-Cd and six samples for design 2-Zn for each geno-
type). The stadistical analyses used to identify the core DEGs
between the two populations were very robust, since the num-
bers of samples taken into account for the comparison (12
samples for 116 M and 12 samples for 130 NM) were signifi-
cantly higher than the usual three replicates considered in most
transcriptomic studies (McCarthy ez al, 2012; Love et al,
2014). A second comparison was aimed at evaluating the effect
of the treatment (T) — that is, a control versus treatment com-
parison within both design 1-Cd and design 2-Zn for each
genotype. In both analyses, root and shoot RNA-Seq expres-
sion data were considered separately. These comparisons
allowed evaluation of the weight of each factor (ET vs T) on
differential gene expression. Gene Ontology (GO) enrichment
analyses were performed for each DEG set using the CLUEGO
‘cytoscape’ plugin (Bindea ez al, 2009) with the built-in
Fisher’s exact test function and an adjusted P-value < 0.01.

Heatmap and hierarchical clustering analyses were carried out
using the ‘heatmap.2’ function (GPLOTS R package). The principal
component analysis (PCA) was carried out using the ‘prcomp’ R
function.

cDNA synthesis and real-time quantitative polymerase
chain reaction (qRT-PCR) analysis

Real-time quantitative PCR analysis was carried out according to
the method described by Corso et al. (2018). Primers for qRT-
PCR are listed in Table S2.

Cell wall pectins and hemicellulose quantification

The crude cell walls of 116 M and 130 NM A. halleri roots were
prepared and fractionated into pectin, hemicellulose 1 (HC1)
and hemicellulose 2 (HC2) fractions as described by Zhong &
Lauchli (1993) and Fang er al, (2012), with modifications.
Briefly, 150 mg of root material was homogenized with 2 ml ice-
cold 75% ethanol for 20 min, then washed three times with 2 ml
ice-cold acetone, 2 ml ice-cold methanol : chloroform (1:1) and
2 ml ice-cold methanol for 20 min each. The supernatant was
discarded after 10 min centrifugation at 8000 g at 4°C The pel-
lets containing the extracted cell walls were freeze dried overnight
and stored at 4°C.

The pectin fraction was obtained by incubating two aliquots of
2mg of the extracted cell walls with 1 ml 0.5% ammonium
oxalate buffer (0.1% NaBH) at 100°C for 1h. The supernatants
from the two aliquots were cooled, combined and adjusted to
2 ml volume with ammonium oxalate buffer after 10 min of cen-
trifugation at 13 800 g The pellets were washed with double-dis-
tilled water (ddH,O) and subsequently extracted with 1 ml 4%
NaOH (0.1% NaBHy) for 24 h at room temperature; the super-
natant contained the hemicellulose 1 fraction. The hemicellulose
2 fraction was extracted in a similar way, using 1 ml 24% NaOH
(0.1% NaBH,).

The cell wall uronic acid content was assayed as described by
Blumenkrantz & Asboe-Hansen (1973), using galacturonic acid
as a standard. Different aliquots (0, 20, 40, 60, 80, 100, 200 pl)
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of 0.1 uguL™" galacturonic acid solution were transferred to
1.5 ml tubes and the volume was adjusted to 200 pl with ddH,O
to make the standard curve. Briefly, 100 pl extracts were incu-
bated at 100°C for 5 min with 500 pl 98% H,SOy4 (containing
0.0125M Na,B405) in glass tubes. After cooling, 10 pL m-hy-
droxydiphenyl (0.15%) was added to the solution. The extracts
were incubated for 20 min at room temperature, and the
absorbance was then measured at 520 nm using a BioTek Gen5
Plate Reader (BioTek Instruments, Colmar Cedex, France).

Total polysaccharide content was determined via the phenol
sulfuric acid method (Dubois et 2/, 1951; Shi et al., 2015). Dif-
ferent aliquots (0, 20, 40, 60, 80, 100, 200 pl) of 1 ugul™" glu-
cose solution were transferred to 1.5 ml tubes and the volume
was adjusted to 200 pl with ddH,O to make the standard
curve. Briefly, 200 pl extracts were incubated with 500 pl 98%
H,SO4 and 5 pl 80% phenol in glass tubes at room tempera-
ture for 15 min, then incubated at 100°C for 15 min. After
cooling, 200 pl solution was added to 96 well plates and the
absorbance at 490nm was measured using the BioTek Gen5
Plate Reader.

Cell wall glycan array and histological staining

Alcohol insoluble residue (AIR) was prepared from 10 mg of
(freeze dried) root tissue and used for sequential extraction of
pectins and hemicelluloses according to the method described
by Moller ez al (2007). Briefly, pectins and hemicelluloses
were sequentially extracted from 10mg AIR using 30 pl mg ™'
of 50mM cyclohexane-diamine-tetraacetic acid (CDTA), then
with 30 pl rng71 4M NaOH in 0.1% NaBHj; (w/v) respec-
tively. Extracts were printed onto nitrocellulose membrane
using a Sprint micro-array robot (Arrayjet, Roslin, UK) in
four concentrations following a 10x dilution series (diluted
with glycerol buffer: 47% glycerol, 0.06% Triton, 0.04% Pro-
clin 200) and two technical replicates. Arrays were blocked
with 5% milk protein TBS buffer with 0.1% Tween-20 (v/v,
MP-TBST), probed with rat conjugated primary antibodies
(from Plant Probes, diluted 1:10 in MP-TBST buffer) for
1.5h. They were then washed three times in TBST (15 min
per wash), probed with anti-rat alkaline phosphatase sec-
ondary antibodies (Sigma, diluted 1:200 MP-TBST), washed
three times in dH,O (15 min per wash), and stained using
nitrotetrazolium  blue  chloride/5-bromo-4-chloro-3-indolyl
phosphate (NBT/BCIP) standard protocol (Sigma). Probed
arrays were scanned at 2400 dpi using a Canon 9000F Mark
IT flatbed scanner (Canon, Uxbridge, UK) and images were
analyzed with ARRAY-PRO ANALYZER (v.6.3.1) to generate spot
signal values that were used to produce a heatmap integrated
with hierarchical clustering.

Cell wall and lignin histological staining were carried out
on 116 M and 130 NM roots according to the methods
described by Ursache e 4l (2018). Plants were grown in Y2
Murashige & Skoog medium or ¥2MS+50 uM CdSO4 (no
sugar added, as in Barberon et al, 2016) for 7 d. Plants were
stained with calcofluor white and basic fuchsin to visualize
cell walls and lignin, respectively. Roots were analysed using a
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Leica SP8 AOBS Tandem HyD confocal microscope (x63
magnification; Leica, Paris, FR) following the protocol
described by Ursache et 4l (2018). In order to compare the
different plants, the images were always taken at the same
root section, at 10-15 cells after the onset of the Casparian
strip formation. Eight biological replicates were used for 116
M and 130 NM samples, while three biological replicates
were used for Col-0.

Cadmium staining (Leadmium Green)

For in vitro growth, seeds of 116 M and 130 NM plants were
sterilized and grown in 2MS or ¥XMS+50 uM CdSO, for
7d, using the same conditions described for the histological
staining. Leadmium Green Cd fluorescent dye (Fisher Scien-
tific, Merelbeke, Belgium) was used to investigate the distri-
bution of Cd in 116 M and I30 NM roots of plants grown
in vitro. The entire roots were stained with Leadmium Green
(diluted 1:10 in 0.85% NaCl solution) for 90 min in the
dark, then washed with a 0.85% NaCl solution for 10 min.
Cadmium was visualized using a Leica SP5 inverted confocal
microscope with excitation and emission wavelengths of 488
and 515 nm, respectively.

Statistical analysis on physiological, ionomic and glycan
array data

To assess statistical differences in physiological parameters (Chl
content, growth, weight) and mineral element concentration
among A. halleri populations, a #test (Cd vs control or shoot vs
root) and ANOVA (differences among populations) with
Tukey’s range test (P<0.05) were performed using the AGRrICO-
LAE R package.

Results

Soil and shoot mineral profiles of geographically close M
and NM Arabidopsis halleri populations from field samples

Two A. halleri populations from the south-east genetic unit
(Northern Italy), 116 M and I30 NM, were used in this
study (Pauwels ez al, 2012; Frérot ez al, 2017). 116 M grows
near a factory which uses powder residues derived from steel
production, while 130 NM grows in a noncontaminated area
60 km away from 116 M (Fig. S1a). 116 M behaved as a Zn
hyperaccumulator and limited Cd accumulator, showing con-
centrations in shoots higher than the 3000 ppm Zn and lower
than the 100 ppm Cd hyperaccumulation thresholds (Fig. S1b,c;
Corso et al., 2018). By contrast, 130 NM, which grows in a
soil with almost no Cd, and much lower Zn and copper
(Cu) concentrations, accumulated as much Zn, and higher
Cu concentrations, in shoots than 116 M (Fig. S1b). The Zn
bioaccumulation factor (BF), that is, the ratio between the
shoot metal content and the bioavailable metal in the soil,
was 1026 in I30 NM and 6 in 116 M (Fig. S1d), while the
Cd BF was 24 for the 116 M population.
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Contrasting ionomic profiles between 116 M and 130 NM
plants grown in hydroponic culture

The 116 M and 130 NM populations were further compared for
metal tolerance and accumulation (Fig. 1a). Plant growth was
measured in two control hydroponic solutions and conditions
used in our previous studies (Corso et al., 2018 and Schvartzman
et al., 2018; Table S1). Hence, treatments with 5 uM Cd for 10 d
in solution 1, named (design 1-Cd) (Corso ez al., 2018), or with
150 uM Zn for 14 d in solution 2, named (design 2-Zn) (Sch-
vartzman ez al., 2018), were applied (Fig. 1a).

Cadmium- and Zn-treated 130 NM plants showed a signifi-
cant reduction in Chl content with respect to the control plants,
which is a typical symptom of metal toxicity, while in 116 M Chl
concentrations in metal-treated and control plants were similar
(Fig. 1b). At the end of the treatments, root and shoot biomass
did not significantly differ between control and treated samples
in both populations (Fig. 1c). I30 NM accumulated more Cd
than 116 (design 1-Cd) in both roots and shoots (Fig. 1d).
Remarkably, 130 NM accumulated significantly higher Zn con-
centrations than 116 in shoots when plants were exposed to high
Zn (design 2-Zn) and in roots when plants were exposed to high
Cd (design 1-Cd) (Fig. 1e). No difference in Zn concentration in
tissues was observed in control conditions.

In addition, the Cd treatment impacted the concentrations of
other mineral elements and enhanced the accumulation of most
metals in 130 NM roots, while 116 M was characterized by a
global decrease of all mineral elements in roots (Fig. 1f). Instead,
[16 M and I30 NM roots subjected to high Zn both showed
higher iron (Fe) accumulation compared to the control condi-
tion, and this was more pronounced for 130 NM (Fig. 1f).

Transcriptomic profiles in 16 M and 130 NM plants

The molecular basis underlying the contrasting behaviours of 116
M and 130 NM was investigated by RNA-Seq of roots and shoots
from plants grown in control and metal-contaminated (Zn or
Cd) conditions (48 samples; Fig. 1a; Table S3a,b). A PCA con-
ducted on RNA-Seq data showed that the growth conditions
associated with designs 1-Cd and 2-Zn constituted the factor
(PC1) with the strongest impact on gene expression profiles of
roots and shoots (Fig. 2a). The edaphic type (i.e. M vs NM) was
the second factor (PC2) affecting expression, while the metallic
treatments had a very limited effect.

The genes which were more highly expressed in plants grown
under design 1-Cd than design 2-Zn included those with roles in
photosynthesis, cell cycle and transport. Conversely, the genes
which were more highly expressed in plants grown under design
2-Zn than design 1-Cd belonged to abiotic and biotic stress
response categories (Fig. 2b).

Although major differences in the transcriptome profiles were
observed between the two experimental designs, constitutive tran-
scriptomic differences were identified between the two popula-
tions when all samples of roots and shoot (from the two designs,
including controls and treatments; 12 samples for each popula-
tion) were pooled for a pairwise comparison of gene expression
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component. (b) Pairwise comparison with enriched metabolic pathways between design 1 and design 2 RNA-Seq data. The thresholds for selecting
differentially expressed genes (DEGs) in design 1 vs design 2 (i.e. six control (116 M and 130 NM) plus six metal-treated samples (116 M and 130 NM for Zn
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130 NM) and < —0.5 (genes with higher expression in 130 NM than 116 M). FDR, false discovery rate. (d) Enriched metabolic pathways for constitutively
expressed genes with higher expression in 16 M and 130 NM. (e) DEGs induced (log,(metal-stress/control) > 0.5) or repressed (log,(metal-stress/control)
< —0.5) by Cd and Zn treatment.

New Phytologist (2021)

www.newphytologist.com

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation



New
Phytologist

(logy 116/130> 0.5 or < —0.5; Fig. 2¢; Table S3¢). According to
GO term enrichment analyses, genes that were constitutively
more highly expressed in 116 M than in 130 NM shoots were
related to wounding, and to herbivore attack and jasmonic acid
responses, whereas several genes which were more highly
expressed in 130 NM than in 116 M were linked to ion bind-
ing/transport and epidermal cell differendation in roots, and
ADP/iron binding in shoots (Fig. 2d).

Additional pairwise comparisons confirmed that only a few
genes were modulated by Cd or Zn treatments, and the number
of genes modulated by both treatments in 116 M or 130 NM only
represented a small percentage of the genes regulated by Cd or
Zn alone (Fig. 2¢).

The expression patterns of 10 representative genes were vali-
dated in 116 M and 130 NM shoot and root samples by qRT-
PCR (Fig. S2a) and a high correlation between the RNA-Seq and
qRT-PCR data was observed (r=0.84; FDR<2.1x 10
Fig. S2b), as already shown in Corso et al. (2018) and Schvartz-
man et al. (2018).

Among the core set of constitutive DEGs between 116 M and
130 NM in roots and/or in shoots, many encoded transporters or
proteins involved in metal binding (Fig. 3). For instance, genes
involved in root metal uptake (/RON-REGULATED
TRANSPORTER 1, IRTI), nicotianamine (NA) synthesis
(NICOTIANAMINE SYNTHASE 4, NAS4), NA and glutathione
(GSH) transport (YELLOW STRIPE like 7, YSL7 and
OLIGOPEPTIDE TRANSPORTER 3, OPT3) showed lower
expression in 116 M than in the 130 NM Cd/Zn hyperaccumula-
tor. Conversely, 116 M exhibited higher and constitutive expres-
sion of genes involved in Cd/Zn vacuolar sequestration (HEAVY
METAL  ATPase 3, HMA3 and CATION/PROTON
EXCHANGER 4, CAX4) and metal chelation and detoxification
(ZINC INDUCED FACLITATOR 1, ZIFI; METALLOTHIONEIN
3, M13; HEAVY METAL-ASSOCIATED ISOPRENYLATED
PLANT PROTEINS, HIPP21, 25 and 35). Other genes showing
higher expression in 116 M than in 130 NM shoots are those involved
in metal remobilization (HMA2 and NATURAL RESISTANCE
ASSOCIATED- MACROPHAGE PROTEIN3, NRAMP3) (Fig. 3).

Besides transporter genes, several constitutive DEGs between
116 M and 130 NM roots were related to the cell wall (Fig. 4a).
Hence, the expression of genes involved in the synthesis and
regulation of arabinogalactan, extensin, galacturonan, pectin-
methyl-esterase, xyloglucan and lignin cell wall components
diverged in 116 M and 130 NM roots (Fig. 4a). Galacturonan
genes, such as GALACTAN SYNTHASEI (GALSI), ARABINAN
DEFICIENT2 (ARAD2), GALACTURONOSYLTRANS
FERASE2 (GAUT2) and GAUT-like6 (GATLG) showed higher
expression in 116 M than in I30 NM roots (Fig. 4a). These genes
are involved in rhamnogalacturonan biosynthesis (GALSI,
ARADZ2; Verhertbruggen et al., 2013) and in homogalacturonan
biosynthesis (GAUT2, GATL6; Atmodjo et al., 2013). Several
lignin-related genes were also more highly expressed in 116 M
than 130 NM roots, such as ENHANCED SUBERIN 1 (ESBI),
which in Arabidopsis thaliana drives the formation of the Caspar-
fan strip and is essential for the control of solute and metal move-
ments in the endodermis (Hosmani et 4/, 2013). Finally, some
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PECTIN METHYLESTERASE (PME) genes were induced by
Cd in I30 NM but not in I16 M (Fig. 4b).

Cell wall analyses in 16 M and 130 NM

The biochemistry of the cell wall was next examined using gly-
can profiling of plant cell wall polymers with high-resolution
microarrays (Moller ez al., 2007, 2008), a technique allowing
the characterization of cell wall composition using twenty
monoclonal antibodies covering specifically the most abundant
epitopes of cell wall components. It was used here to profile
pectin and hemicellulose extracts in 116 M and 130 NM roots
grown in control and Cd conditions (Fig. 4c). Most measured
cell wall components had higher relative abundances in 116 M
roots compared to 130 NM (Fig. 4d). Specifically, pectin ara-
binogalactan, extensin, (1 — 4)-B-galactan, (1 — 5)-o-arabi-
nan and homogalacturonan showed a higher signal intensity in
[16 M than in I30 NM roots. Pectin rhamnogalacturonans, as
(1 — 4)-B-galactan (LM5) and (1 — 5)-o-arabinan (LM6),
was found to be two to three times more abundant in 16 M
than 130 NM (Fig. 4d). In the comparison between 116 M
and 130 NM roots, pectins were the cell wall components that
were most different, making them the most promising cell wall
component candidates for involvement in the reduced metal
accumulation strategy of 116 M. Higher relative signal intensi-
ties were also found for xyloglucan and mannan cell wall com-
ponents in hemicellulose extracts of 116 M than in 130 NM
control roots (Fig.4c,d). The signal detected in pectin and
hemicellulose extracts (Fig. 4c) decreased in Cd-treated samples
of both 116 M and I30 NM compared to controls. This is
most likely due to the fact that Cd leads to modifications of
cell wall physicochemical properties (Parrotta er al, 2015),
resulting in poor recognition of the specific epitopes of cell
wall components by antibodies on the glycan array.

To confirm this hypothesis, we measured the total pectin and
hemicellulose contents in 116 M and 130 NM plants grown in
control solution or under Cd stress, using the same samples anal-
ysed by RNA-Seq and glycan array analyses (Fig. S3). Our results
showed that the total pectin content did not change significantly
among genotypes and treatments. Hemicellulose 1 content was
significantly higher in 116 plants treated with Cd compared to
the other samples, while hemicellulose 2 was already higher in
116 than I30 in the control condition. Taken together, our results
confirmed that neither total pectin content nor total hemicellu-
lose content decreased under Cd treatment and that the differ-
ences observed in the glycan array are most likely related to
recognition of the epitopes.

In addition, histological staining (Ursache ez 4/, 2018) was
used to examine cell wall structure and lignin deposition in roots
of 116 M and 130 NM grown in vitro on normal and Cd-supple-
mented media for 7 d (Fig. 4e,f). While Casparian strip organisa-
ton and lignin deposition were similar between the two
populations and growing conditions (Fig. 4¢), some differences
were observed in root anatomy between 116 and 130. In particu-
lar, in most cases two cortex layers were observed in 116 roots
and one cortical layer was present in 130 (Fig. 4f). Nevertheless,
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Fig. 3 Expression of metal transport-related genes in Arabidopsis halleri 116 M and 130 NM. (a, b) Heatmap of selected RNA-Seq data with transport-
related genes that showed constitutive higher expression in 116 M (log,(116 M/130 NM) > 0.5) and 130 NM (log,(116 M/130 NM) < —0.5) (a) roots and (b)
shoots of plants of designs 1 (D1) and 2 (D2). The expression values were calculated as percentages relative to the sample showing the highest expression
value for each gene (100% and 0% are represented by yellow and blue colouring, respectively) within 116 M and 130 NM.

the number of root cortex layers varies according to the plants
and/or the conditions, suggesting that A. halleri roots are charac-
terised by high plasticity. Finally, Cd distribution was studied in
roots of I16 M and 130 NM grown in the same conditions. Lead-
mium Green staining indicated higher accumulation of Cd in
130 NM than 16 M roots (Fig. S4). A weak fluorescent signal
was also detected in roots in control conditions, which is most
likely due to Leadmium Green binding to metals other than Cd,
most likely Zn.

Discussion

With this study, we examined the physiological and molecular
basis underlying contrasting metal accumulation and compared
ionome, transcriptome and cell wall composition landscapes in
two genetically close A. halleri populations: a nonmetallicolous

(I30 NM) population, and a metallicolous (I16 M) population,
hypertolerant to Zn and Cd (Corso ez al., 2018; Schvartzman
etal., 2018).

Contrasting ionomic profiles between 116 M and 130 NM
plants

Ionomic profiles of plants growing in the field or in hydropony
suggested the activation of different strategies for metal accumu-
lation and a general re-organisation of metal homeostasis in 116
M, which limits Cd and Zn entry in tissues, compared to 130
NM plants. These differences are particularly evident upon Cd
stress in roots, where 116 M showed significantly lower accumu-
lation of Fe, Mg and Al compared to 130 NM (Figs 1, S1). The
[16 M and 130 NM ionome profiles are both very different from
observations made in PL22, an A. halleri Cd/Zn hypertolerant

Fig.4 Cell wall gene expression and composition in Arabidopsis halleri 116M and I30NM. (a) Heatmap of selected RNA-Seq data with cell wall related
genes that showed constitutive higher expression in 116 M (log, 116 M / 130 NM > 0.5) and 130 NM (log»(116 M / 130 NM) < —0.5) roots of plants under
designs 1-Cd (D1) and 2-Zn (D2). The expression values were calculated as percentages relative to the sample showing the highest expression value for
each gene (100% and 0% are represented by yellow and blue colouring, respectively) within 116 M and 130 NM. (b) Average expression of cell wall related
gene categories in 116 M and 130 NM reported as log,(stress/control samples). (c, d) Cell wall composition of A. halleri roots. (c) Heatmap showing the
accumulation of pectin and hemicellulose cell wall components identified using monoclonal antibodies (mAB; see the Materials and Methods section). The
quantities are expressed as percentages relative to the sample showing the highest accumulation value for each antibody (100% and 0% are represented
by yellow and blue colouring, respectively) within 116 M and 130 NM. (d) Cell wall components recognised by specific antibodies showing differential
accumulation between 116 M and 130 NM. Different letters indicate statistically significant differences (P <0.05) according to ANOVA with Tukey's range
test. JIM, John Innes Monoclonal antibodies; LM, Leeds monoclonal antibodies. Error bars represent the SD. (e) Surface view maximum projection of
Casparian strip lignin staining in the differentiated root zone of 116M and 130 NM plants grown in control and 50 pM Cd-contaminated %2 Murashige &
Skoog (Y2MS) agar medium for 7 d. The spiral-like signal is from a deeper-lying xylem vessel. Bars, 45 um. (f) Root transversal sections showing cell wall
structures (blue) and lignin distribution (red) in 116M and I30NM plants grown in control and 50 pM Cd-contaminated 2MS agar medium for 7 d. Bars,

45 um. The arrows indicate the root cortex layers.
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and hyperaccumulator metallicolous population from the HZ
GU (Corso ez al., 2018). PL22 indeed showed higher concentra-
tions of several micro- and macro-elements (Fe, Cu, Mg, K, S, P)
in shoots of plants subjected to Cd exposure compared to the
Thus, comparison of multiple A. halleri

control plants.
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populations highlighted contrasting accumulation strategies, and
contrasting impacts of high Zn or Cd exposure on the ionome of
the plants. This also suggested that distinct molecular mecha-
nisms underlie those ionome differences, and these were exam-
ined using RNA-Seq analysis.
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Major impact of the growing solutions on gene expression
profiles and core differences between 116 M and 130 NM

The analysis of RNA-Seq data highlighted a major impact of the
hydroponic solution on gene expression (Fig. 2a). Although it is
well known that plants possess a high degree of plasticity that
allows them to adapt their physiology in response to different
environments and mineral element availability (Gruber ez al,
2013; Barberon ez al., 2016; Doblas ez al., 2017; Arnold et al,
2019), changes in medium composition had here an effect largely
exceeding those of the edaphic origin of the plants or exposure to
toxic concentrations of Zn and Cd. These observations shed new
light on the study of Arabidopsis halleri and suggest that careful
comparison of data obtained in different studies is warranted.

The expression of several genes covering multiple biological path-
ways was changed by the composition of the growth solution
(Fig. 2b). Those included pathways linked to specialized metabolites,
ion transport and the cell wall in design 1-Cd, and to stress responses
and transcription factor activity in design 2-Zn, suggesting a general-
ized impact of the growing solution on the transcriptomic profiles,
which likely reflects the distinct steady-state physiology of each plant.

The iron content was different between design 1-Cd (20 uM
of Fe-ethylenediamine-N,N’-bis(2-hydroxyphenyl)acetic ~acid,
FeEDDHA) and design 2-Zn (10 uM of Fe-hydroxybenzyl
ethylenediamine, FeHBED) solutions. Despite these differences,
total Fe concentrations were similar in the plants (roots and
shoots) grown in the two solutions.

In spite of the large impact of medium composition, an impor-
tant set of genes with constitutive differences in expression
between 116 M and I30 NM roots (3502 DEGs) and shoots
(2629 DEGs) was identified and represented core differences
among the two populations (Fig. 2¢).

Metal transport strategies diverge between 116 M and 130
NM

We hypothesised that the higher Cd and Zn tolerance and reduced
accumulation observed in the 116 M population compared to 130
NM is related to altered metal uptake and to detoxification mecha-
nisms through Cd/Zn vacuolar sequestration in the root/lower
translocation to the shoot and metal chelation (Fig. 3).

In the case of 116 M, the limited root Cd uptake might be
linked to the lower expression of AAIRT1 compared to 130 NM
and PL22 (Corso ez al., 2018) A. halleri Cd hyperaccumulators.
IRT1 mediates Fe and Cd uptake in A. thaliana roots (Vert et al.,
2002; Dubeaux ez al, 2018) and was hypothesized to control
root Zn and Cd accumulation in A. halleri (Corso et al., 2018;
Schvartzman et al., 2018) and Noccaea caerulescens (Halimaa
et al., 2019) Cd hyperaccumulators. IRT1 may also contribute to
variation in nickel hyperaccumulation in N. caerulescens (Merlot
et al., 2018). Evidence is thus accumulating that IRT1 may be a
major determinant of the intraspecific variation in metal accumu-
lation observed in hyperaccumulators.

Besides the limited Cd uptake, metal vacuolar sequestration is
enhanced and plays a major role in 116 M roots, as suggested by
the higher expression of genes involved in Cd/Zn vacuolar
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sequestration in 116 M than in 130 NM roots (HMA3 and
CAX4; Mei et al., 2009; Liu et al., 2017). In addition, 116 M
might limit the accumulation of metals in the shoot tissue by
lowering the expression of a number of genes (related to NA or
glutathione) involved in root radial transport and in root-to-
shoot Zn and Cd translocation in hyperaccumulators (Waters
et al., 2006; Deinlein et al., 2012; Haydon et al., 2012). Nico-
tianamine and glutathione conjugate complexes (GS-X) (Cle-
mens, 2006, 2019) are able to chelate metals and contribute to
their root-to-shoot transport in A. halleri and N. caerulescens
(Schat et al., 2002; Deinlein et al., 2012; Tsednee et al., 2014;
Cornu ez al., 2015). Higher expression of ZIF1, encoding a trans-
porter of NA into the vacuole (Haydon ez al.,, 2012), likely con-
tributes to reduced radial transport as well.

Moreover, genes involved in metal remobilization (such as
HMAZ2 and NRAMP3) could play a role in Cd/Zn hypertolerance
mechanisms in 116 M (Fig. 3b). HMAZ2 drives the outward trans-
port of metals from the cell cytoplasm, possibly enabling Cd/Zn
exclusion from sensitive cell-types (Eren & Argliello, 2004;
Hanikenne et al., 2008; Lee et al., 2019). NRAMP3 is involved
Mn and Fe remobilization from vacuoles, contributing to the
protection of photosynthesis from Cd toxicity (Lanquar et al,
2005; Molins et al., 2013) and was recently associated with a
quantitative trait locus (QTL) for intraspecific variation of Zn
tolerance in A. halleri (Karam et al., 2019).

Despite the use of different Fe concentrations and chelating
agents between design 1-Cd and design 2-Zn, many key genes
involved in Fe homeostasis were present in the core set of consti-
tutive DEGs between 116 M and 130 NM, confirming the
importance of the regulation of Fe in the adaptation to metallif-
erous soils. In addition to the aforementioned /R71 and
NRAMP3 genes, other Fe-transporters showed higher expression
in 130 NM (/RT2, NRAMP4) or 116 M (VACUOLAR IRON
TRANSPORTER-like 1, 5, Gollhofer et al., 2014; FERRITIN 2
and 4, Reyt et al., 2015; and FRD3, Roschzttardtz et al., 2011).
In addition, the PLEIOTROPIC DRUG RESISTANCE 9 (Robe
et al., 2021) and MYB72 (Stringlis ez al., 2018) genes, which are
involved in the secretion and regulation of Fe-mobilizing
coumarins, were more highly expressed in 130 NM than 116 M
roots. Finally, FERRIC REDUCTION OXIDASE 2 (FRO2; Satb-
hai et al, 2017), which is involved in Fe(III) reduction, and
bHLH38 and 6HLHI101 transcription factors that are involved in
the regulation of Fe-related genes (Gao et al, 2019) also showed
higher expression in 130 NM than in 116 M.

Finally, it is remarkable that, so far, none of the major genes
associated with hypertolerance and hyperaccumulation in
A. halleri (e.g. HMA4, MTP1, NAS2) have been found to be dif-
ferentially expressed between 116 M and 130 NM, suggesting that
their high expression is related to the common tolerance trait
shared by M and NM populations in this GU.

Modified cell wall structure is associated with different
metal accumulation strategies

Transcriptomic data and the analysis of hemicellulose and pectin
profiles revealed major differences in cell wall composition
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between the two populations (Fig. 4) and may play an important
role in the limited metal accumulation strategy of 116 M
(Fig. 1d,e). It has been shown that several cell wall genes are
induced by metallic stresses in nontolerant species or highly and
constitutively expressed in metal hypertolerant genotypes (Her-
bette er al., 2006; Hassinen er al., 2007; Van De Mortel ez al.,
2008; Konlechner ¢t al., 2013; Jia-Shi Peng ez al., 2016; Leskova
etal,2019).

While total pectin and hemicellulose quantification did not
highlight major differences between 116 M and 130 NM
(Fig. S3), many specific pectin and hemicellulose epitopes
showed higher accumulation in 116 M than in 130 NM roots
(Fig. 4c,d). These results confirmed the differences suggested by
transcriptomic data and, more importantly, suggested that speci-
fic cell wall components are essential for the contrasting Cd accu-
mulation behaviours observed between the two populations
(Fig. 4a). Pectins and hemicelluloses are major components of
the cell wall that could play an important role in the adaptation
to Cd and Zn contamination in soil (Krzestowska, 2011). Indeed
pectins, which are polysaccharides with a negative charge, are able
to bind and sequester divalent and trivalent metal ions, such as
Cd*" and Zn*" (Krzestowska, 2011; Loix ez al,, 2017). The car-
boxylic groups of pectins are able to bind cations, thus forming a
complex with several metals (Pellerin & O’neill, 1998). Given
that epidermis, cortex and endodermis root layers are important
checkpoints for Cd uptake (Martinka ez al, 2014; Barberon,
2017), the abundance and distribution of specific cell wall com-
ponents in A. halleri root may play a major role in Cd entry into
the root. Hence, determining cell wall component localisation
will be essential to understanding their role in metal accumula-
tion.

Galacturonan, rhamnogalacturonan in particular, gene expres-
sion and composition were particularly different between 116 M
and 130 NM. Pectin rhamnogalaturan shows a high affinity for
divalent and trivalent metal cations (Yapo, 2011) and might play
a major role in the Cd and Zn translocation to the root cortex
layer(s) and reduced translocation from the root to the shoot. In
strong support of this idea, Cd mainly accumulated in the 116 M
root cortex, and in all root tissues of 130 NM (Fig. S4).

It is also interesting to note that several pectinmethylesterase
(PME) genes showed higher expression in 116 M than in 130
NM, suggesting that the low level of low-methylesterified pectins
in the cell wall could participate in limiting Cd accumulation, as
shown for Cu in Silene (Rabeda et 4l., 2015) or for Cd in Sedum
alfredii (Li et al., 2015).

Lignin related gene-expression and histological staining high-
lighted some differences between 116 M and 130 NM roots. The
induction of monolignols and lignin pathways was reported in
plants subjected to toxic metal stress and was related to a defence
mechanism that plants activate to strengthen the cell wall and
increase rigidity (Herbette ef 2/, 2006). In addition, differences
in cell wall composition may contribute to the reduced metal
translocation to the shoot, as has been suggested for the La
Calamine accession of N. caerulescens (Van De Mortel et al,
2006; Hanikenne & Nouet, 2011). A major role for lignin in
Cd-hyperaccumulation and tolerance in Sedum plumbizincicola
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has also been suggested (Jia-Shi Peng ez al., 2016). The essential
role of the cell wall in metal hyperaccumulators was further high-
lighted by Tao ez al., (2017), who proposed a major role of the
apoplastic pathways for Cd accumulation in the metal hyperaccu-

mulator S. alfredii.

A model for limited metal accumulation strategy in A.
halleri

Our results support the idea that reduced metal accumulation in
the metallicolous 116 M population of A. halleri (Fig. 5) is driven
by limited metal entry into the root and reduced translocation to
the shoot.

116 M seems to limit Cd and Zn entry into the root via the
lower expression of /RT1. Moreover, the higher accumulation of
specific pectins and hemicelluloses, as well as other modifications
of the cell wall structure, can either reinforce the cell wall as a pas-
sive barrier or increase its metal-binding capacity and the immo-
bilization of metals in the root, which results in lower
translocation to the shoot. Metal confinement to the root is rein-
forced by the higher expression of genes involved in Cd and Zn

vacuolar sequestration in roots and lower CXpI‘CSSiOIl Of genes

116

Limited metal accumulation and Cd/Zn hypertolerance

Cd and Zn detoxification
MT3, HMA2, NRAMP3,
ZIF1, ZIF2

Reduced root-to-shoot
Cd and Zn translocation
¥V YSL7, NAS1, OPT4

Cd and Zn vacuolar sequestration
A HMA3, CAX4

Limited metal entry
V IRT1
A Cell wall genes

A Arabinan, galactan, homogalacturonan

Fig.5 Model summarizing mechanisms of cadmium exclusion and
resistance strategies in the 116 M Arabidopsis halleri metallicolous
population.
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involved in Cd radial transport in roots and root-to-shoot
translocation (Fig. 5). The cell wall alterations and regulation of
the expression of root transporter genes may account for the over-
all reduced nutrient uptake in 116 M upon Cd exposure. Our
results provide a pioneering model for limited metal accumula-
tion strategies in A. halleri.
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roots.
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