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Summary

e While cadmium (Cd) tolerance is a constitutive trait in the Arabidopsis halleri species, Cd
accumulation is highly variable. Recent adaptation to anthropogenic metal stress has occurred
independently within the genetic units of A. halleri and the evolution of different mechanisms
involved in Cd tolerance and accumulation has been suggested.

e To gain a better understanding of the mechanisms underlying Cd tolerance and accumula-
tion in A. halleri, ionomic inductively coupled plasma mass spectrometry (ICP-MS), transcrip-
tomic (RNA sequencing) and metabolomic (high-performance liquid chromatography—mass
spectrometry) profiles were analysed in two A. halleri metallicolous populations from different
genetic units (PL22 from Poland and 116 from Italy).

e The PL22 and 116 populations were both hypertolerant to Cd, but PL22 hyperaccumulated
Cd while 116 behaved as an excluder both in situ and when grown hydroponically. The
observed hyperaccumulator vs excluder behaviours were paralleled by large differences in the
expression profiles of transporter genes. Flavonoid-related transcripts and metabolites were
strikingly more abundant in PL22 than in 116 shoots. The role of novel A. halleri candidate
genes possibly involved in Cd hyperaccumulation or exclusion was supported by the study of
corresponding A. thaliana knockout mutants.

e Taken together, our results are suggestive of the evolution of divergent strategies for Cd

uptake, transport and detoxification in different genetic units of A. halleri.

Introduction

Metal-hyperaccumulating plants have attracted the interest of the
scientific community for over a century. Among these rare
species, Arabidopsis halleri is a facultative hyperaccumulator used
as a model to study metal homeostasis and the evolution of adap-
tation to extreme environments (Verbruggen ezal., 2009, 2013;
Kramer, 2010; Hanikenne & Nouet, 2011). The A. halleri
species shows higher cadmium (Cd) tolerance than the related
Arabidopsis thaliana and Arabidopsis lyrata species (Meyer et al.,
2015).

High variability of Cd tolerance and accumulation exists
within populations of A. halleri. On average, the nonmetalli-
colous populations are less tolerant than the metallicolous popu-
lations (Meyer ez al., 2015). Some A. halleri populations are able
to accumulate extremely high Cd, as well as zinc (Zn) and lead
(Pb), concentrations in their shoots (Meyer eral., 2015; Stein
etal., 2016) through the constitutive high expression and dupli-
cation of key genes involved in metal uptake, transport/
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translocation and detoxification (Becher eral, 2004; Weber
etal., 2004, 2006; Talke eral, 2006; Hanikenne ezal., 2008;
Clemens, 2017). In plants, little information is available on genes
responsible for Cd uptake from the soil. Indeed, only the iron
(Fe(II)) transporter IRON-REGULATED TRANSPORTER 1
(IRT1) was demonstrated to transport Cd into A. thaliana roots
(Vert etal., 2002). HEAVY METAL ATPAse 4 (HMA4), which
is triplicated in the A. halleri genome, plays a pivotal role in root-
to-shoot Cd and Zn translocation and metal distribution in the
shoot (Hanikenne ez al., 2008). Regarding detoxification mecha-
nisms, plants have evolved different strategies to cope with the
Cd-induced production of reactive oxygen species (ROS) which
can cause cellular damage (Jozefczak ez al., 2015). One strategy is
efficient Cd chelation followed by vacuolar sequestration (e.g. via
phytochelatin binding) or by direct transport into the vacuole,
which can be mediated by HMA3 and Cation Exchanger (CAX)
2 and 4 (Bashir eral., 2016). Another strategy proposed for both
A. thaliana and  A. halleri is the activation of antioxidant
mechanisms or the prevention of ROS accumulation by

New Phytologist (2017) 1
www.newphytologist.com



CAX1-mediated cytosolic calcium (Ca) sequestration in vacuoles
to avoid the Ca—ROS positive feedback loop (Baliardini ezal.,
2015, 2016).

In order to gain a better understanding of the mechanisms
underlying Cd tolerance and accumulation in A. hallers, it is cru-
cial to take into account the evolutionary history of this species.
Arabidopsis halleri is a self-incompatible and outcrossing Brassi-
caceae species with a large distribution in Europe and Far East
Asia (Novikova ez al., 2016). According to phylogeographic stud-
ies, the populations on nonmetallicolous sites are believed to rep-
resent native populations that later independently founded the
nearby populations on metallicolous sites during industrial times
(Pauwels ezal., 2012). High variability for metal tolerance and
accumulation exists among A. halleri populations of different
geographical origins (Meyer ez al., 2015; Stein et al., 2016). Pop-
ulations collected on metallicolous sites displayed enhanced Cd
tolerance compared with populations collected on nonmetalli-
colous sites. These results suggest that metal hypertolerance could
have evolved secondarily in metallicolous environments and
could involve different genes according to the population origin
or genetic unit (GU). To date, the molecular mechanisms under-
lying Cd tolerance and accumulation in metallicolous popula-
tions have only been investigated in Auby (50°24'23.91"N,
03°04'56.38"E) and Langelsheim (51°56'34.08""N, 10°20'56.40"'E)
populations from the northwestern (NW) GU (Talke ezal,
2006; Weber et al., 2006; Courbot et al., 2007; Hanikenne et al.,
2008; Willems ez 2/, 2010; Baliardini ez al, 2015).

In this work, we compared the ionomes, transcriptomes and
metabolomes of two A. halleri metallicolous populations from
two different genetic units (GUs): PL22, from the hybrid zone
(HZ) GU (in southern Poland), and I16, from the southeastern
(SE) GU (in northern Irtaly), which were chosen for their con-
trasting Cd accumulation profiles (Meyer eral, 2015). Our
results indicate that PL22 and 116 have evolved two contrasting
strategies of Cd tolerance leading to either hyperaccumulation or
limited accumulation of Cd both in roots and shoots. Results also
suggest the importance of flavonoid accumulation to cope with

Cd toxicity.

Materials and Methods

Seeds, soil and plant material

Arabidopsis  halleri ssp.  halleri  (Linnaeus) O’Kane & Al-
Shehbaz PL22 and I16 plants (Meyer ezal, 2015) and seeds
were harvested in the south of Poland (Bukowno) and in the
north of Italy (Val del Riso). The PL22 population belongs
to the HZ GU, while 116 belongs to the SE GU (Pauwels
etal., 2012; Supporting Information Fig. Slab). PL22 and
116 plants, seeds and soil samples were collected in situ,
respectively, in September and July 2015. Shoots were har-
vested from eight plants. Soil (200 g DW per sample), close
to each harvested plant, was collected at 10-20 cm from the
rim of the hole after digging out the plants with their root
systems. Soil samples were collected at 0-15cm soil depth,
which corresponds to the growth zone of A. halleri roots.
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Physicochemical analysis and metal quantification in field
samples

Sample digestion and mineral element quantification of PL22
and 116 shoots and soil collected 7 situ were performed accord-
ing to Houba ez al. (1986), Pueyo eral. (2004) and Menzies ez al.
(2007). More detailed information about mineral element quan-
tification, and pH and electrical conductivity (EC) measurements
in soil are reported in Methods S1.

Experimental design of hydroponic culture with A. halleri
populations

PL22 (HZ) and 116 (SE) seeds were sown on vermiculite in a con-
trolled  growth chamber (16h lightd™'; 100 pmol pho-
tonsm *s ' irradiance; 20°C:18°C, day:night, and 70%
humidity). After 4 wk of growth, plants were transferred to 4-1 ves-
sels filled with a modified Murashige and Skoog (MS) solution and
placed in a glasshouse (100 pmol photons m~ s irradiance)
(Meyer et al., 2015). Vessels were randomly distributed and moved
around once a week during the change of nutrient solution.

After 4 wk in nutrient solution, 90 plants for each population
were chosen for the growth test. Half of the plants (45 individu-
als) were transferred to vessels containing 5 pM CdSOy (as in
Meyer eral., 2015), while the others were kept in the control
solution (Fig. S2).

After 10d, roots and shoots from each plant were harvested
separately, weighted and washed three times (for 10 min) with
0.5mM CaCl,. Roots and shoots from each population were
then divided into three biological replicates (15 plants per repli-
cate), ground in liquid nitrogen and kept at —80°C for ionomic,
transcriptomic and metabolomic analyses.

Physiological and ionomic analysis of samples grown
hydroponically

Relative chlorophyll content (CCM-200 chlorophyll meter; Opti-
Sciences, Hudson, NH, USA) and shoot area (two measurements
per plant) were recorded from 15-25 plants for each population
and condition at 0, 3, 6 and 10 d after stress initation (Fig. 1).

For mineral analysis, 1 g from each biological replicate was
measured and dried at 37°C until constant weight. The mineral
profile of all samples was determined by inductively coupled
plasma mass spectrometry (as in Meyer ez al., 2015).

RNA extraction and mRNA sequencing (mMRNA-Seq)
analysis

Total RNA was extracted from 100 mg of ground-frozen root and
shoots samples using the Maxwell® LEV Plant RNA Kit
(Promega, Madison, WI, USA). RNA was quantified with the
NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific,
Loughborough, UK). Libraries were prepared with the TruSeq
Stranded mRNA Library Prep Kit (Illumina, San Diego, CA,
USA) and sequenced in four runs with an Illumina NextSeq500

device yielding on average 35 million reads per sample. Transcript
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Fig. 1 Physiological analysis and mineral element quantification in control
(Ctr) and cadmium (Cd)-treated Arabidopsis halleri plants. (a) Chlorophyll
content, (b) leaf area, and (c) root and (d) shoot weights were measured in
Ctr and Cd-treated plants. Error bars represent & SD (n =25-30). (e) Cd
concentration in PL22 and 116 Cd-treated roots and shoots (three
biological replicates) measured after 10 d in hydroponic solution
containing 5 uM CdSO,. (f, g) Heat maps representing (f) log, Cd : Ctr
and (g) log, shoot : root ratio of essential mineral element concentrations
in PL22 and 116 plants (three biological replicates). Red and blue indicate
higher and lower (mineral element), respectively, in Cd samples with
respect to Ctr (f). Different letters indicate statistically significant
differences (P=0.05) by ANOVA with Tukey's range test. Asterisks
indicate statistically significant differences (*, P<0.05; **, P<0.01;

kP <0.001) assessed using a t-test.

abundance estimation was carried out by mapping the reads of
each sample to a reference transcriptome of A. halleri (PL22;
34.829 annotated transcripts with an average length of 1.256 bp
and N50 equal to 1.675bp; Schvartzman etal., 2017) with the
align_and_estimate_abundance.pl perl script from TrINITY (Broad
Institute, Cambridge, UK; Hebrew University of Jerusalem,
Jerusalem). The algorithms used for alignment and abundance
estimation were BowTIE2 and RseM, respectively. The RNA
sequencing (RNA-Seq) reads and transcriptome assembly have
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been deposited at the National Center for Biotechnology
Information Transcriptome Shotgun Assembly Sequence Database
(TSA) with BioProject identification number PRJNA388549.

Statistical analysis, data mining and gene ontology
enrichment analyses of RNA-Seq data

Statistical analyses to identify differentially expressed genes
(DEGs) were performed using the DESEQ2 R package (Love
etal., 2014). Two pairwise comparisons using PL22 and 116
RNA-Seq counts were carried out; the thresholds for selecting
DEGs were log, fold change (FC) > 0.5 and < —0.5 and false dis-
covery rate (FDR) <0.05. The aim of the first comparison was
evaluation of the individual effects of the GU (comparison of
DEGs for PL22 vs 116) in control and Cd-treated samples (three
control + three Cd-treated samples for each population) on gene
expression separately in the root and shoot. To evaluate the effect
of the treatment (Cd and control) in each population, a second
pairwise comparison was performed between Cd and control
samples separately for PL22 and 116 roots and shoots (e.g. PL22
Cd-treated vs PL22 control shoot samples). This method evalu-
ates the weight of each comparison considered in the analysis and
its impact on DEGs. Gene ontology (GO) enrichment analyses
were performed for each set of genes induced in PL22 (log,
PL22/116>0.5) or 116 (log, PL22/116<—0.5) using the
BINGO tool (Maere et al., 2005) with the built-in Fisher’s exact
test function (FDR <0.05).

Heat map and hierarchical clustering analyses of mRNA-Seq
data were carried out using the ‘heatmap.2’ function (GrLoTs R
package). Expression values used for the analysis were filtered
based on the median value.

Principal component analysis (PCA) was carried out and
related graphs generated using the PRCOMP and SCATTERPLOT3D R
packages, respectively.

cDNA synthesis and qRT-PCR analysis

Quantitative reverse transcription—polymerase chain reaction
(QRT-PCR) analyses were carried out according to Baliardini
etal. (2016). Primers for qRT-PCR are listed in Table S1 and
more detailed information is reported in Methods S1.

Metabolomic analysis

Two hundred milligrams of frozen homogenized powder was
resuspended with 1 volume (w/v) of liquid chromatography—
mass spectrometry (LC-MS)-grade MilliQ water (Merck,
Opverijse, Belgium) and then mixed with 10 volumes (w/v) of
glacial chloroform : methanol (2:1). The samples were vor-
texed for 30s, stored on ice for 1h, sonicated for 15 min
and centrifuged (25 min at 4500 g and 4°C). The methanolic
phases were recovered, diluted 1:1 in LC-MS-grade MilliQ
water, passed through 0.2-pm Minisart RC4 filters (Sartorius-
Stedim Biotech, Gottingen, Germany) and analysed by
reversed-phase high-performance liquid chromatography (RP-
HPLC) using a Gold 127 HPLC System (Beckman Coulter,
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Brea, CA, USA), a C18 guard column (7.5 x 2.1 mm; 5 im
particle size) and an Alltech (Nicholasville, KT, USA) RP
C18 column (150 x 2.1 mm; 3 um particle size). A gradient
between solvent A (0.5% formic acid and 5% acetonitrile in
water) and solvent B (100% acetonitrile) was established as
follows: 0-10% B in 2 min, 10-20% B in 10 min, 20-25%
B in 2min, 25-70% B in 7 min, isocratic for 5 min, 70—
90% B in 1 min, isocratic for 14 min, 90—-100% B in 1 min
and 20 min of equilibration. For each sample, 10pl was
injected at a flow rate of 0.2 ml min~".

The HPLC instrument was coupled to an ion trap mass
spectrometer equipped with an electrospray ionization (ESI)
source (Esquire 6000; Bruker Daltonik, Bremen, Germany).
Mass spectra were recorded in alternating positive and nega-
tive ionization mode within the range 50-2000 7/z with a
target mass of 400 m/z. Nitrogen was used as the nebulizing
gas (50 psi; 350°C) and drying gas (101 min~") and the vac-
uum pressure was 1.4 X 10"® bar. For fragmentation analysis,
MS/MS and MS? spectra were recorded in positive and nega-
tive ionization modes in the range 50-2000 7/z Helium was
used for collision-induced dissociation (amplitude=1V). MS
data were recorded using ESQUIRE CONTROL v.5.2 software and
processed using ESQUIRE DATA ANALYSIS v.3.2 software (Bruker
Daltonik).

Metabolites were identified by comparing retention times, 7/z
values and fragmentation patterns with those of commercial stan-
dards, an in-house library, online databases (MassBank; www.ma
ssbank.jp) and the scientific literature (Morreel eral, 2014).
Neutral losses of 132, 146 and 162Da were considered
diagnostic of the loss of pentose, deoxyhexose and hexose sugars,
respectively.

Chromatograms were converted to netCDF files for peak
alignment and peak area extraction using MZMINE software

(http://mzmine.github.io/).

Glutathione and ascorbic acid measurements

Total and oxidized glutathione was measured using the GSH-
Glo™ Glutathione Assay (Promega), using 50 mg of PL22 and
116 shoot samples ground in liquid nitrogen and following the
manufacturer’s instructions.

Ascorbic acid (AA) was measured using a method adapted
from Davey ez al. (2003) (Methods S1).

Mutant selection and growth tests

Arabidopsis thaliana (thale cress) wild-type (WT) and transgenic
lines were in the Columbia-0 (Col-0) background. The T-DNA
insertion mutants of FLAVANONE 3-HYDROXYLASE (F3H)
(SALK_113904) and FLAVONOL SYNTHASE 1 (FLSI)
(SALK_076420) were kindly provided by Prof. Brenda Winkel
(Department of Biological Science, VirginiaTech, Blacksburg,
VA, USA; Bowerman ezal, 2012), transparent testa 8 (#8)
(SALK_082999) seeds were provided by Prof. Song Susheng
(Tsinghua-Peking Center for Life Sciences, MOE Key Labora-
tory of Bioinformatics, Tsinghua University, Beijing, China; Qi
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etal., 2011) and cyclic nucleotide gate channel 12 (cngel2) knock-
out (ko) mutants were provided by Prof. Keiko Yoshioka
(Department of Cell & Systems Biology, University of Toronto,
Toronto, Canada; DeFalco ez al., 2016). Finally, T-DNA inser-
tion mutants of VACUOLAR MEMBRANE ATPAse 10
(VMA10) (CS473188) and CYCLIC NUCLEOTIDE GATE
CHANNEL 3 (CNGC3) (SALK_056832; Gobert ezal, 2006)
were obtained from GABI-kat (Center for Biotechnology and
Department  of Biology, Bielefeld University, Bielefeld,
Germany) or Nottingham Arabidopsis Stock Centre (NASC,
University of Nottingham, Nottingham, UK). In order to obtain
seeds and plant material for genotyping, WT and mutants were
grown in soil in a growth chamber under a short-day photope-
riod (8 h: 16h, light: dark period; 70% relative humidity) at a
light intensity of 100 umol for 4 wk. Then plants were trans-
ferred to a growth chamber with a long-day photoperiod
(16 h:8h, light:dark period; 100 pmol light intensity; light,
60% relative humidity and 22°C; dark, 70% relative humidity
and 20°C).

For in vitro growth, seeds were sterilized in 70% ethanol for
3 min and in 5% (v/v) bleach : 0.1% (v/v) sodium dodecyl sulfate
for 5 min and then rinsed three times with sterile water. There-
after, seeds were sown onto square Petri plates containing half-
strength MS (MS/2) medium containing 1% sucrose, 0.05% 2-
(N-morpholino) ethanesulfonic acid and 0.8% agar, and strati-
fied at 4°C for 72 h. Plants were cultivated in a growth chamber
(16h 23°C:8h 18°C, light:dark; 150 pmol light intensity),
vertically oriented for the root growth test, or horizontally ori-
ented for antibiotic selection.

For the growth test, A. thaliana WT and ko plantlets were
grown on MS/2 agar medium for 7 d. Thereafter, half of the
plants were maintained on the control medium, and the others
were transferred to MS/2 agar medium supplemented with
100 uM CdCl,. Primary and lateral root length were analysed
using ROOTNAV software (Pound ezal., 2013), shoot area was
measured with Fij1 software (Schindelin ez 4/, 2012) and chloro-
phyll content was measured as in Warren (2008).

Statistical analysis of physiological, ionomic and
metabolomic data

To assess statistical differences in physiological parameters
(chlorophyll content, growth and weight) and mineral element
concentration among A. halleri populations, a #test (Cd vs
control or shoot vs root) and ANOVA (differences among popu-
lations) with Tukey’s range test (7= 0.05) were performed using
the AGRICOLAE R package.

Root growth and shoot area for A. thaliana ko mutants after
Cd contamination treatment were normalized using the control
(Cd sample growth

Ctr sample growth

), then statistically compared with the WT

Mutant growth

values in the Cd treatment (% WT growth ). In order to eval-

uate statistical differences for root and shoot growth between
WT and mutants, ANOVA with Tukey’s range test (?=0.05)
was performed using the AGRICOLAE R package.
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Results

Soil and shoot mineral profiles of two A. halleri metalli-
colous populations from a field survey

To characterize the A. halleri plants grown in their native sites,
mineral element profiles of PL22 and I16 shoots, and of
Bukowno (PL22 site) and Val del Riso (I16 site) soil samples
were collected and analysed, as well as soil pH and EC (Fig. S1c—
f). Interestingly, Cd concentrations in shoots and soil showed an
opposite trend between the two metallicolous populations
(Fig. Slc). Specifically, PL22 accumulated four-fold higher Cd
concentrations in the shoot with respect to 116 (208 and
59 mgkg~' DW in PL22 and 116, respectively). Conversely, 116
native soil was characterized by a three times higher Cd content
compared with PL22 soil (0.7 and 2.5mgkg ' DW in PL22
and 116 soil, respectively). It is worth mentioning that the bioac-
cumulation factor for Cd, that is, the ratio between the shoot Cd
content and the 0.01 M CaCl,-extractable Cd content in soil,
was 282 in PL22 and 24 in I16. A similar trend was observed for
Zn (Fig. S1d—f). pH and EC in soils collected at PL22 and 116

sites were similar.

The two metallicolous populations showed similar tolerance
levels but contrasting Cd accumulation and mineral profile

In order to assess intraspecific variability in Cd accumulation
and tolerance, a growth test in hydroponic culture was per-
formed. After 4 wk of growth in vermiculite and 4 wk of
acclimatization in hydroponic control solution, plants were sub-
jected to a 5 uM Cd contamination (as in Meyer ez al., 2015) for
10 d, which corresponds to a realistic concentration (0.6 ppm;
Fig. Slc). Measurements of chlorophyll content (Fig. 1a), leaf
area (Fig. 1b), and root and shoot biomasses (Fig. 1c,d) sup-
ported the absence of Cd toxicity symptoms for both popula-
tions. However, PL22 plants showed higher shoot and root
biomasses than 116.

Both shoots and roots of PL22 plants accumulated signifi-
cantly higher Cd concentrations than 116, which behaved as
an excluder with limited Cd accumulation in roots and trans-
fer to shoots (Fig. le). Furthermore, PL22 roots were charac-
terized by significantly decreased copper (Cu), potassium (K),
magnesium (Mg) and manganese (Mn) concentrations after
Cd treatment, while Zn concentration increased. In contrast,
Cu, Fe, K, Mg, phosphorus (P) and sulphur (S) concentrations
significantly increased in PL22 shoots upon exposure to Cd
(Fig. 1f). 116 showed the opposite behaviour to PL22, with
lower concentrations of calcium (Ca), Cu, Fe, Mg and Zn
concentrations in Cd-treated shoots compared with the control
shoots and minor changes in root mineral profile. Globally
lower shoot : root ratios were observed for all the mineral ele-
ments analysed in 116 Cd-treated samples with respect to
PL22 (Fig. 1g).

Taken together, these results indicate contrasting strategies of
adaptation to Cd exposure by 116 and PL22 populations.

© 2017 The Authors
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Global transcriptomics analysis

Roots and shoots were harvested in control and 5pM Cd-
contaminated conditions and subjected to RNA-Seq analysis
(Fig. 2a; Table S2). To confirm the quality of the transcriptome
de novo assembly and RNA-Seq data (see the Materials and
Methods section, and Schvartzman ez al., 2017), the expression
patterns of 20 key genes were validated in PL22 and 116 shoot
and root samples by qRT-PCR (Fig. S3a). Results showed that
the RNA-Seq and qRT-PCR expression profiles of selected genes
were strongly correlated (7=0.92; FDR<2.2 E~19).

First, the impact of the GU (PL22 vs I16) and the treatment
within each population (e.g. Cd vs control in PL22) on DEGs
was estimated by pairwise analysis (Fig. 2a). The PCA conducted
on RNA-Seq data highlighted the GU as the factor having the
strongest impact on gene expression profiles (Fig. 2b). PL22 and
116 samples are separated according to the GU by the first princi-
pal component (PC1), accounting for 55% and 61% of the vari-
ance in the root and shoot, respectively. The ‘treatment’ factor
(PC2) showed a lower impact on the number of DEGs
(Table S2), accounting for 26% and 22% of the variance in the
root and shoot, respectively. Indeed, a small number of DEGs
were modulated by Cd treatment in each population and the
majority of these genes were downregulated by Cd (Fig. 2a).
Interestingly, most DEGs were identified in the root.

A GO term enrichment analysis was conducted with DEGs
that had higher expression in one population than the other
(Fig. 2a). Given that Cd treatment had a limited effect on gene
expression in both populations (Fig. 2a), the GO enrichment
analysis was carried out with Cd and control DEGs together (six
replicates for each population). In shoots, a striking number of
genes related to secondary metabolism, phenylpropanoids and
glutathione, in particular, had significantly higher expression in
PL22 than in 116 (Table S3). Enrichment analysis conducted on
116 DEGs highlighted an enrichment of ‘cell wall’ GOs in both
the root and shoot (Table S3).

Taking into account ionomic and GO enrichment analyses of
RNA-Seq data, we focused our attention on genes with a role in
transport and secondary metabolism. These genes were further
divided into two main categories: DEGs with significantly higher
(or lower) expression in PL22 than 116 regardless of the treat-
ment, and DEGs with significantly higher (or lower) expression
in PL22 than 116 and whose expression was significantly modu-
lated by Cd treatment (e.g. the intersection between ‘Genes with
higher expression in PL22 than [16’ and ‘Genes modulated by
Cd in PL22’ in Fig. 2a).

Among the genes that had higher expression in PL22 roots and
are involved in transport (Figs 3a, 4), most showed constitutively
higher expression compared with 116 (Figs 3a, S3a; Table S4),
such as IRT1, CATION EXCHANGER 4 (CAX4), YELLOW
STRIPE like 3 (YSL3) and CNGCI2, while others were signifi-
cantly induced by Cd treatment in PL22 (e.g. OLIGOPEPTIDE
TRANSPORTER 3 (OPT13), ZINC INDUCED FACILITATOR
1 (ZIFI) and CNGC3; Figs 3a, 4a, S3). In the genes that had

higher expression in 116 than in PL22 and are involved in
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(a) DEGs between PL22 and 116 and Cd-modulated genes
Genes more expressed in PL22 or 116: logy PL22 :116 > 0.5 and < -0.5; FDR > 0.05
Genes modulated by Cd: logy Cd: Ctr > 0.5 (Cd-induced) and < -0.5 (Cd-repressed); FDR < 0.05

Root
Genes with higher expression Genes modulated Genes with higher expression Genes modulated
in PL22 than 116 by Cd in PL22 in 116 than PL22 by Cd in 116

I Cd-induced I

2960 2405

(84.4%) Total DEGs (88.4%)

IC:i-reﬁ-'essed 1

Shoot
Genes with higher expression Genes modulated Genes with higher expression Genes modulated
in PL22 than 116 by Cd in PL22 in 116 than PL22 by Cd in 116
I Cd-induced I
2718 2041
(94.3%) Total DEGs (98.4%)
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Fig. 2 Differentially expressed genes (DEGs) and principal component (PC) analysis in Arabidopsis halleri PL22 and 116 roots and shoots. (a) Pairwise
comparison between PL22 and 116 RNA sequencing (RNA-Seq) data. The thresholds for selecting DEGs in PL22 vs 116 (i.e. three control (Ctr) + three
cadmium (Cd)-treated samples for each population) were log, PL22 : 116 counts > 0.5 (genes with higher expression in PL22 than 116) and < —0.5 (genes
with higher expression in 116 than PL22). DEGs induced (log, Cd : Ctr>0.5) or repressed (log, Cd : Ctr<—0.5) by Cd treatment are also shown. (b) PL22
and 116 sample distribution in roots and shoots according to PC1 and PC2. The percentage of variance is reported for each component.

transport (Figs 3a, 4a; Table S4), the majority showed constitu- ~ HOMOLOGUE 1 (SLAHI). As suggested by GO enrichment
tive differences in expression (e.g. NITRATE TRANSPORTER analysis, most of the root cell wall-related DEGs (Table S4e,f),
1.5 (NRT1.5), NRTI1.5-like, NRT3.1 and BASIC-LEUCINE  showed constitutively higher expression in 116 (154 DEGs) than
ZIPPER 6 (ZIP6)) and many were further induced by Cd, such in PL22 (69 DEGs), and only a few of them were significantly
as FERRIC REDUCTASE DEFECTIVE 3 (FRD3) and SLACI modulated by Cd (10 DEGs in 116 and seven DEGs in PL22).
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Fig. 3 Expression of transport-related genes in Arabidopsis halleri PL22
and 116. (a, b) Heat map showing the RNA sequencing (RNA-Seq)
expression of transport-related genes that showed higher expression in
PL22 (log; PL22 : 116>0.5) and 116 (log, PL22 : 116 < —0.5) (a) roots and
(b) shoots. The expression values were calculated as a percentage related
to the sample showing the highest expression value for each gene (100%
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(control (Ctr) and cadmium (Cd)). Gene names are also reported.

Similarly to roots, the majority of differentially expressed (DE)
transporter genes in control conditions showed higher expression
in PL22 than in 116 shoots (Fig. 3b; Table S4), and NATURAL
RESISTANCE ASSOCIATED MACROPHAGE PROTEIN 4
and ZIFI were further induced by Cd treatment (Figs 3b, 4b;
Table S4). Interestingly, in 116, HMA4 showed constitutively
higher expression compared with PL22 (Figs 4a, S3b). Further-
more, a striking number of genes involved in flavonoid
biosynthesis (PHENYLALANINE AMMONIA-LYASE 1 (PALI),
CHALCONE SYNTHASE (CHS), CHALCONE FLAVONONE
ISOMERASE (CHI), DIHYDROFLAVONOL 4-REDUCTASE
(DFR), LEUCOANTHOCYANIDIN DOOXYGENASE
(LDOX), FLAVONONE 3-HYDROXYLASE (F3H), FLAVONAL
SYNTHASE 1 (FLS1), ANTHOCYANIDIN REDUCTASE (ANR),
UDP-GLUCOSE:FLAVONOID 3-O-GLUCOSYLTRANSFERASE
(UFGT), 4-COUMARATE:COEENZYME A LIGASE (4CL)), sig-
nal transduction (TRANSPARENT TESTA 8 (TT18), ELONGATED
HYPOCOTYL 5 (HY5), MYB DOMAIN PROTEIN 12
(MYBI12)) and transport DETOXIFYING EFFLUX CARRIER
35, and of GLUTATHIONE S-TRANSFERASE (GST)-related

© 2017 The Authors
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genes were characterized by constitutively higher expression in
PL22 compared with 116 shoots, as shown by the RNA-Seq data
(Fig. 5a) and confirmed by qRT-PCR (Fig. S3b).

PL22 is characterized by high flavonoid and antioxidant
contents

The RNA-Seq data clearly show upregulation and high expres-
sion of secondary metabolism-related genes in the PL22 shoot.
To obtain a wider picture of these processes and to confirm the
obtained results at the metabolite level, relative concentrations of
flavonoids and hydroxycinnamic acids (HPLC-MS) in PL22 and
116 shoot samples were compared (Fig. 6; Table S5). As observed
for RNA-Seq data (Fig. 2b), according to the PCA plot (Fig. 6a)
of metabolite data (flavonoids and hydroxycinnamic acids), the
sample distribution on PC1 (68% of variance) was mainly influ-
enced by the GU, while treatment seemed to have a minor effect
on metabolite accumulation (Fig. 6a). Sample distribution was
confirmed by hierarchical clustering of a subset of data (only
identified metabolites; unidentified metabolites were not consid-
ered), the signals of all the isotopes for each metabolite were
summed (Table S5). Moreover, the heat map (Fig. 6b) high-
lighted flavonoids and hydroxycinnamic acids showing the great-
est differences between 116 and PL22. Suikingly, the total
flavonol (24 metabolites) content was 60% higher (Tukey’s range
test; 2<0.05) in PL22 than in I16, while the total content of
hydroxycinnamic acids (13 metabolites) was higher in 116 (+55%
compared with PL22; Fig. 6¢). PL22 accumulated high relative
contents of five glycosylated kaempferol-related metabolites and
two glycosylated-quercetin flavonoids in both control and Cd-
treated samples. These kaempferol and quercetin derivates are
mainly conjugated to glucoside (glucose, Glu) and rhamnoside
(thamnose, Rha) substitutions. By contrast, the 116 population
showed a higher accumulation of only one glycosylated
kaempferol (Rha and arabinose substitutions) and of synapoyl
malate (Fig. 6d). Moreover, total ascorbic acid (AA) content and
the ratio between reduced (GSH) and oxidized (GSSG) glu-
tathione, both indicators of the cellular redox state and antioxi-
dant capacity, were both significantly higher in PL22 than in 116
shoots (Fig. 6e).

Genetic analysis in A. thaliana supports a role for
flavonoids and newly identified transporter genes in Cd
stress tolerance

We investigated the involvement of flavonoid (F3H and FLSI),
transport-related (CNGC3, CNGC12 and VMA10) and flavonoid
transcription factor (778) genes showing higher expression in
PL22 than in I16 by testing corresponding A. thaliana ko mutants.
Several physiological parameters (primary and lateral root growth,
shoot area and chlorophyll content) were measured (Fig. 7). No
significant differences for growth parameters and chlorophyll con-
tent were noted in the control conditions between mutants and
WT (Tukey’s range test; P<0.05; Fig.7a,c), while reduced
growth was observed in all mutants, except fIs] for root growth,

with respect to the WT when exposed to Cd stress (Fig. 7b,c).
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Discussion

We compared two A. halleri metallicolous populations from dif-
ferent European GUs, a hyperaccumulator-type (PL22) and an
excluder-type (116). In order to gain a better understanding of
the different mechanisms involved in Cd tolerance and accumu-
lation, the ionomes, transcriptomes and shoot metabolomes
of PL22 and 116 were analysed under control and Cd-stress
conditions.

PL22 and 116 showed contrasting Cd accumulation,
mineral profiles and gene expression patterns

As showed in Meyer etal. (2015) and confirmed in this study
(Fig. 1a—d), PL22 and 116 populations displayed similar high Cd
and Zn (see Schvartzman ezal, 2017) tolerance levels. In their
native site or hydroponically grown, PL22 hyperaccumulated Cd
while 116 behaved as a Cd excluder. Hydroponically grown PL22
was also characterized by a global increase of essential elements in

New Phytologist (2017)
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shoots (significant for Cu, Fe, K, Mg, P and S) during exposure to
Cd and higher Ca, K, Mg and Mn shoot: root ratios in response
to Cd treatment, which was in marked contrast to the behaviour
of 116. These contrasting responses may be linked to a massive
and nonspecific (Baxter & Dilkes, 2012) induction of transport-
related pathways in PL22 reflecting its adaptation to Cd.

The analysis of transcriptomes showed that the GU was the
main driver of gene expression differences, while Cd treatment
had a small impact on the number of DEGs (Fig. 2a).

The good quality of the transcriptome is strongly supported by
the high correlation between the RNA-Seq and qRT-PCR
expression of several genes (Fig. S3) and the results obtained by
Schvartzman ez al. (2017).

Higher Cd accumulation in PL22 is paralleled by Cd-induced
and constitutively high expression of transporter genes

Differences between the PL22 and 116 ionomic profiles (Fig. le—g)
were to some extent reflected in the expression of transporter genes

© 2017 The Authors
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showing constitutively higher expression in PL22 with respect to 116
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(Figs 3, 4). It is noteworthy that /R7], the gene encoding the main
Fe(Il) transporter responsible for Cd uptake in the A. thaliana root
(Vert eral., 2002; Mendoza-Cozatl eral., 2014) and probably in
the Ganges hyperaccumulator population of Noccaea caerulescens
(Plaza eral, 2007), showed consttutively higher expression in
PL22 roots compared with 116 (Fig. 4a; see also western blot analy-
sis of IRT1 in Schvartzman ez al., 2017). IRT1 may be at least par-
tially responsible for the higher Cd content in PL22 (Fig. 3a).
Moreover, OPT3 (Mendoza-Cézatl et al., 2014; Zhai et al, 2014)
and CAX4 (Mei et al., 2009), genes that encode membrane trans-
porters and are able to affect Cd transport, were found to have
higher expression (CAX4) and to be induced by Cd treatment
(OPT3) in PL22 compared with 116 roots (Fig. 4a).

© 2017 The Authors
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In the shoot, HMA3 (Morel etal., 2009) also showed higher
expression in PL22 than in 116 (Fig. 4b; Table S4). HMA3 was
previously shown to play a pivotal role in Cd vacuolar sequestra-
tion in A. thaliana (Chao etal, 2012) and in N. caerulescens
(Ueno eral., 2011). A role for HMA3 in leaf Cd hypertolerance
and hyperaccumulation has not yet been demonstrated in
A. halleri. However, high constitutive expression of HMA3 was
previously reported in A. halleri compared with A. thaliana
(Becher eral., 2004). Furthermore, high Cd vacuolar sequestra-
tion would provide an enhanced vacuolar sink for Cd, as already
observed for METAL TOLERANCE PROTEIN 1 and Zn root-
to-shoot translocation (Gustin ez a/., 2009).

Nicotianamine (NA) might also play a role in the contrasting
accumulation observed between the two populations, as sup-
ported by the Cd-induced expression of the NA vacuolar trans-
porter ZIF1 (Haydon eral, 2012) in PL22 roots and shoots
(Figs 3a, 4a), and by the constitutive high expression of the
metal-nicotianamine transporter YSL3 (Waters ez al., 2006) in
PL22 roots (Figs 3a, 4a). In strong support of this theory, Dein-
lein etal. (2012) showed that A. halleri NICOTIANAMINE
SYNTHASE 2 antisense lines with reduced NA content displayed
reduced Cd translocation to and accumulation in the shoot. We
cannot exclude at this stage the possibility that these genes also
play a role in the higher shoot : root Cu ratio observed in PL22.

Among the genes that were not previously highlighted in
transcriptomic analysis of metallophytes, VMAI0, encoding the
G1 subunit of the vacuolar (V) H'-ATPase (Rouquié ezal.,
1998), and the tonoplast malate dicarboxylate transporter gene
AhtDT (Emmerlich ezal.,, 2003) showed higher expression in
the shoots of the hyperaccumulating population (Fig. 4b). The
latter is involved in vacuolar sequestration of malate, a well-
known ligand for Zn in A. halleri (Sarret et al., 2002). However,
in contrast to the wmalO A.thaliana ko mutant, the tDT
mutant did not show a Cd-sensitive phenotype (Fig. 7). VMAIO
is a component of the tonoplast-localized proton pump that
provides energy for ion transport through vacuolar acidification
(Sze eral, 2002). As Cd rtonoplast antiport activity in A
thaliana is dependent on an H" gradient mainly regulated by
V-ATPase (Dietz etal., 2001), we might speculate that there is
a role for AhVMAI0 and AtVMAIO in this processes. In strong
support of this theory, Krebs eral (2010) showed that an
A. thaliana double mutant for the two tonoplast-localized iso-
forms of Vacuolar Proton ATPase exhibited reduced Zn toler-
ance, and Sambade ez al. (2005) showed that yeast vma mutants
were not able to grow in the presence of Zn. Furthermore,
AhCNGC3 and AHCNGCI2 (Fig. 4b) both showed higher
expression in PL22 roots and AWCNGC3 was further induced
by Cd. The cngcl2 and cnge3 A. thaliana ko mutants displayed
a striking growth reduction upon Cd treatment with respect to
the WT (Fig. 7b). Previous characterization demonstrated that
AtCNGC3 functions as a K uptake channel (Gobert eral,
2006), while AtCNGC12 is a well-studied Ca transporter play-
ing a role in stress responses (Urquhart eral, 2011; DeFalco
etal., 2016). The induction of AHCNGC3 by Cd treatment
(Fig. 4b) was paralleled by the enhancement of root-to-shoot K
transport in PL22 only in the presence of Cd (Fig. 1f,g), while
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Fig. 6 Metabolomic analysis in Arabidopsis halleri PL22 and 116 shoots. (a) Principal component (PC) analysis of metabolomic data. PL22 and 116 sample
distributions according to PC1 and PC2 are shown. The percentage of variance is reported for each component on the corresponding axes. (b) Heat map
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the high expression of AA/CNGCI2 in control and Cd-treated
PL22 roots (Fig.4b) strikingly correlated with constitutive
higher root-to-shoot Ca transport compared with 116 (Fig. 1g).
This suggests that CNGC3 and CNGC12, whose proteins in
A. thaliana localized to the plasma membrane, may play a role
in Cd-stress tolerance through the regulation of K and Ca
cation homeostasis, respectively (Li eral, 2012; Ahmad ezal,
2016). Ca and K have indeed a positive effect on the activity of
antioxidant defence enzymes and decrease the content of H,O,
in plants treated with Cd (Ahmad ez 4l., 2016).

Thus, higher uptake of essential elements and of Cd in PL22
compared with 116 was supported by ionomic analysis (Fig. le,f)

and RNA-Seq data (Figs 3, 4).
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PL22 is characterized by constitutive high expression of
flavonoid-related genes and high accumulation of
flavonoids in shoots

The higher Cd uptake in roots, root-to-shoot translocation
and accumulation in shoots observed in PL22 compared with
116 (Fig. le,g) are reflected in the activation of metabolic
pathways involved in metal and ROS detoxification (Figs 5,
6). Identified candidates involved in those processes are
flavonoid (kaempferol and quercetin glycosides in particular)
and glutathione-S-transferase transcripts (Fig. 5a), as well as
flavonoids and GSH metabolites (Fig. 6¢—e), which had strik-
ingly higher accumulation in PL22 than in I16 shoot

© 2017 The Authors
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samples. The role of flavonoids in Cd tolerance and accumu-
lation has been up to now poorly investigated in plants. Here
we showed that A. thaliana f3h, 18 and, to some extent, fls]
ko mutants were more sensitive to Cd stress with respect to
WT (Fig.7). Indeed, flavonoids, as well as glutathione and
ascorbic acid, possess ROS-scavenging activity and they are
capable of quenching H,O, and oxygen free radicals (Agati
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etal., 2012; Jozefczak etal, 2014; Nakabayashi eral, 2014),
thus protecting cells from metal-induced oxidative damage. It
is worth noting that plants subjected to different abiotic and
biotic stresses showed a strong induction of flavonoid biosyn-
thetic genes and an accumulation of their corresponding
metabolites (Agati eral, 2012; Nakabayashi eral, 2014;
Corso eral., 2015). Interestingly, Cd stress upregulated the
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expression of transcripts involved in flavonoid biosynthesis in
A. thaliana shoots (Herbette et al, 2006) while no information
is available in the literature about metabolite accumulation
upon metal stresses and their potential role in metal distribu-
tion. In addition to the ROS-scavenging activity, direct metal
binding may also contribute to reduced oxidative stress. Some
flavonoids are indeed able to bind Fe, Cu and Cd in wvitro
(Fernandez etal, 2002; Ravichandran etal, 2014), and GSH
plays a well-known dual role in Cd detoxification because of
its high affinity for Cd and its being a precursor for phy-
tochelatins (Jozefczak eral, 2014).

Cd tolerance and accumulation are regulated by different
pathways in PL22 and 116

In marked contrast to PL22, I16 was characterized by a reduction
in the accumulation of essential elements (Ca, Cu, Fe, Mg and
Zn) in the root and shoot upon Cd stress (Fig. 1f), as well as a
lower Cd concentration. These responses may be related to
reduced activation and expression of genes actively involved in
the uptake and transport of such elements and to differences in
cell wall composition between PL22 and 116 roots (Table S4e,f).
The cell wall composition of different A. halleri populations (in-
cluding PL22 and 116) was previously investigated using Fourier
transform infrared spectroscopy (Meyer ez al., 2015). This tech-
nique allowed the identification of different spectra clearly associ-
ated with the 116 population (which was the only excluder)
compared with the other tested populations but could not iden-
tify specific differences in the cell wall components, which needs
further investigation.

Interestingly, HMA4, the heavy metal ATPase that plays a
major role in root-to-shoot Zn/Cd translocation (Verret ezal.,
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2004; Courbot ez al., 2007; Hanikenne ez al., 2008), showed sig-
nificantly higher expression in 116 shoots compared with PL22
shoots (Fig. 4b), while its expression was similar in PL22 and 116
roots. As in leaves HMA4 is mainly expressed in mesophyll cells
(Hanikenne ez al., 2008), its higher expression in 116 may help to
exclude Cd from photosynthetically active tissues, as shown in
N. caerulescens (Craciun etal., 2012). Moreover, Siemianowski
etal. (2014) showed that the ectopic expression of AtHMA4 in
Nicotiana benthamiana shoots reduced Cd uptake/accumulation
and the concentration of other elements (e.g. Cu and Zn).
Recently, a study of three Cd-hyperaccumulating populations of
Noccaea brachypetala also showed that the highest shoot HMA4
expression was found in the least Cd-accumulating population
(Martos eral., 2016). In this light, the higher expression of
HMA4 in the 116 shoot may also be consistent with the differ-
ences observed in the ionomic profiles.

Constitutive higher expression in 116 compared with PL22
was observed at the root level for NRT1.5 (Chen etal., 2012),
NRT3.1 (Okamoto et al., 2006) and SLAHI (Cubero-Font et al.,
2016), all of which play a role in root-to-shoot nitrate realloca-
tion and stress responses. AzNRT1.5 is involved in Cd root-to-
shoot translocation and facilitate K loading into the xylem (Chen
etal., 2012; Li etal., 2017), and AtSLAH1 plays a pivotal role in
the control of root/shoot NO3;~ and Cl™ transport (Cubero-
Font etal., 2016). In this context, Cd transport and tolerance
mechanisms may be regulated by NO3 ™ -dependent mechanisms
in the 116 population. Alternatively, we cannot exclude the pos-
sibility that the higher expression of NRT1.5, NRT3.1 and
SLAH]I in 116 is independent of adaptation to Cd contamina-
tion. FRD3 also showed higher expression and was induced by
Cd in I16 roots. FRD3, encoding a citrate transporter, may be
involved in the maintenance of Fe homeostasis during Cd treat-
ment (Durrett etal, 2007; Pineau etal, 2012; Charlier etal.,
2015). Finally, lower activation of antioxidative defences and
stress-related genes in 116 than in PL22 is probably attributable
to the low Cd uptake and lower Cd accumulation in roots and
shoot, respectively.

Towards a model for intraspecific variation of Cd
hypertolerance and hyperaccumulation in A. halleri

This study provides a comprehensive description of the ionomic,
transcriptomic and metabolomic responses in two contrasting
metallicolous  A. halleri populations from different GUs. A
genetic analysis in A. thaliana indirectly supported the involve-
ment of identified A. halleri genes in Cd tolerance (Fig. 7). Taken
together, the results suggest that two divergent strategies for Cd
uptake, transport and detoxification, have evolved in the PL22
and 116 metallicolous populations, driven by different genes and
metabolic pathways (Fig. 8). In this light, the high Cd accumula-
tion and tolerance observed in PL22 may be associated with the
high expression of transporter genes affecting Cd uptake and
transport in the root (/R71 in particular), root (Z/FI) and shoot
(ZIFI and YSL3), the high Cd mobility and, in the shoot, Cd
vacuolar sequestration (HMA3), the large increase of K and Ca
root-to-shoot translocation upon Cd stress mediated by CNGC3
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and CNGCI2, respectively, and the high Cd detoxification by
GST and flavonoid genes which may mediate antioxidant and/or
Cd chelation responses. This indicates, as previously shown for
Zn in N. caerulescens (Guimaraes et al., 2009), that hypertoler-
ance in A. halleri is mainly controlled by the shoot, while higher
accumulation is mainly controlled by the root. This work
indicates that flavonoids may play an important evolutionary
role in the adaptation of metallicolous populations though the
enhancement of antioxidant capacity and/or Cd chelation in
plants, which opens up new avenues for research.

116 seems to have adapted to metal contamination mainly
through a general limitation of entry of minerals to cells, which
seems to involve the differential expression of cell wall genes
and a different cell wall composition (Meyer etal, 2015) in
roots and shoots, lower /RT expression in roots, higher FRD3
expression in roots and higher HMA4 expression in shoots
(Fig. 8).

To summarize, this study demonstrates that A. halleri
metallicolous populations from different GUs have evolved
different mechanisms of adaptation to anthropogenic contam-
ination.
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