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on foliar defences are plant accession-specific
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Abstract Soil pollution by metals and metal-
loids as a consequence of anthropogenic industri-
alisation exerts a seriously damaging impact on
ecosystems. However, certain plant species, termed
hyperaccumulators, are able to accumulate extraor-
dinarily high concentrations of these metal(loid)s in
their aboveground tissues. Such hyperaccumulation
of metal(loid)s is known to act as a defence against
various antagonists, such as herbivores and patho-
gens. We investigated the influences of metal(loid)s
on potential defence traits, such as foliar elemental,
organic and mechanical defences, in the hyperac-
cumulator plant species Arabidopsis halleri (Bras-
sicaceae) by artificially amending the soil with
common metallic pollutants, namely cadmium (Cd)
and zinc (Zn). Additionally, unamended and metal-
amended soils were supplemented with the metal-
loid silicon (Si) to study whether Si could alleviate
metal excess. Individuals originating from one non-/
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low- and two moderately to highly metal-contami-
nated sites with different metal concentrations (here-
after called accessions) were grown for eight weeks
in a full-factorial design under standardised condi-
tions. There were significant interactive effects of
metal amendment and Si supplementation on foliar
concentrations of certain elements (Zn, Si, aluminium
(Al), iron (Fe), potassium (K) and sulfur (S), but these
were accession-specific. Profiles of glucosinolates,
characteristic organic defences of Brassicaceae, were
distinct among accessions, and the composition was
affected by soil metal amendment. Moreover, plants
grown on metal-amended soil contained lower con-
centrations of total glucosinolates in one of the acces-
sions, which suggests a potential trade-off between
inorganic defence acquisition and biosynthesis of
organic defence. The density of foliar trichomes, as a
proxy for the first layer of mechanical defence, was
also influenced by metal amendment and/or Si sup-
plementation in an accession-dependent manner. Our
study highlights the importance of examining the
effects of co-occurring metal(loid)s in soil on various
foliar defence traits in different accessions of a hyper-
accumulating species.
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Introduction

Soil metal(loid) pollution particularly due to human
industrial and mining activities is a serious concern
that affects various environmental, health and socio-
economic aspects worldwide (FAO and UNEP 2021).
Arsenic (As), cadmium (Cd), mercury (Hg), lead
(Pb), nickel (Ni) and zinc (Zn) are known to be the
predominant metal(loid) contaminants in soils. How-
ever, certain plant species, known as hyperaccumula-
tors, exhibit the capacity to accumulate extraordinary
levels of one, and sometimes several, metal(loid)s in
aboveground tissues (Krdmer 2010). Such plants may
be used to remediate metal(loid)-contaminated sites
and mitigate the far-reaching adverse consequences of
soil pollutant metal(loid)s for the environment (Rylott
and Bruce 2022). Fundamental studies on the com-
bined effects of different metal(loid)s, which often
co-occur in soils, on hyperaccumulators are still lack-
ing (Putra and Miiller 2023). Moreover, responses to
co-occurring metal(loid)s may differ between popu-
lations within the same species. Yet, little is known
about such differences (but see Kazemi-Dinan et al.
2015b; Stein et al. 2017) and whether they are linked
to plant defence types, which could offer insights in
their ecological functions in terrestrial ecosystems.
About 700 plant species are known so far that
can hyperaccumulate certain metal(loid)s, mostly
belonging to the Brassicaceae and Phyllanthaceae
(Reeves et al. 2018). The main criterion to iden-
tify a given plant taxon as a hyperaccumulator is the
metal(loid) concentration accumulated in any type
of aboveground organ (e.g. leaves). For example,
threshold criteria for Cd and Zn hyperaccumulation
are > 100 and > 3000 pg/g dry biomass, respectively
(Reeves et al. 2018). Some hyperaccumulators are
able to accumulate more than one metal/metalloid.
For example, Arabidopsis halleri (Brassicaceae) is
known to hyperaccumulate Cd, Zn and Pb (Stein et al.
2017). Members of certain plant families, such as the
Poaceae (e.g. Oryza sativa), Asteraceae (e.g. Helian-
thus annuus) and Fabaceae (e.g. Cajanus cajan), can
accumulate the metalloid silicon (Si) up to 10% on a
dry biomass basis (Putra et al. 2020). Si is the most
ubiquitous metalloid in soils (Epstein 1999). This
metalloid can alleviate metal stress in plants (Meena
et al. 2021), but its potential involvement in metal
hyperaccumulation is poorly understood. However,
recent studies demonstrated that Si supplementation
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seemed to alleviate metal(loid) excess, for example,
by lowering As and Cd concentrations either in roots
or shoots of an As hyperaccumulator, Isatis cappa-
docica (Brassicaceae) (Azam et al. 2021) or by (indi-
rectly) stimulating shoot growth of the lanthanum
(La) hyperaccumulator Dicranopteris linearis (Zheng
et al. 2023), relative to Si-unsupplemented plants.
Hyperaccumulation of metal(loid)s is usually accom-
panied by hypertolerance. Therefore, metal(loid)
hyperaccumulation often causes no apparent toxicity
symptoms in these plants, probably as a result of spe-
cific evolutionary adaptations allowing physiologi-
cal adjustment of an ion homeostasis at the cellular
level (Clemens 2001; Kramer 2010). Moreover, it is
presumed that metal(loid) hyperaccumulation can
affect foliar concentrations of other elements beyond
the metals that are hyperaccumulated. This is often
the case for other elements, such as iron (Fe), potas-
sium (K), manganese (Mn) and sulfur (S), which
may play an important role in metal tolerance and
detoxification (Clemens 2001; Andresen et al. 2018).
Numerous studies provided evidence supporting that
metal(loid) hyperaccumulation confers an effective
elemental defence against a broad range of antago-
nists, such as herbivorous insects and microbial path-
ogens, which has been termed the elemental defence
hypothesis (Boyd 2007). For example, Cd and Zn
hyperaccumulation in A. halleri increases plant resist-
ance against various leaf-chewing and phloem-suck-
ing insects (Kazemi-Dinan et al. 2014; Stolpe et al.
2017). Likewise, high Si accumulation in the foli-
age and in trichomes resulted in a potent mechani-
cal defence in O. sativa against folivores (Andama
et al. 2020). In addition to elemental and mechanical
defences acquired through metal(loid) hyperaccumu-
lation, hyperaccumulators also contain numerous spe-
cialised metabolites that can act as organic defences
against antagonists (Putra and Miiller 2023). The bio-
synthesis of specialised metabolites is considered to
be more costly than metal(loid) hyperaccumulation
(Boyd 2013). Thus, studying how hyperaccumula-
tors fine-tune these two types of defences may offer
insights into potential trade-offs.

Glucosinolates are characteristic specialised
metabolites of the Brassicales species. These metabo-
lites and particularly their hydrolysis products, which
are formed after tissue damage, are well-documented
for their defensive functions against herbivores and
pathogens (Hopkins et al. 2009). Glucosinolates
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consist of an S-f-p-glucopyrano unit linked to an
O-sulfated (Z)-thiohydroximate function (Fig. 4).
They can be broadly grouped according to the amino
acid precursor of their side chain into aliphatic, ben-
zenic and indole glucosinolates, whereby aliphatic
glucosinolates are structurally most diverse (Blazevié
et al. 2020). Several studies revealed that metal
amendment of the growth substrate with Cd and/or
Zn alters foliar concentrations of glucosinolates in
Brassicales hyperaccumulators, such as Noccaea (for-
merly Thlaspi) praecox (Tolra et al. 2006), N. caer-
ulescens (Tolra et al. 2001) and A. halleri (Stolpe
et al. 2017). Hyperaccumulation of metals, such as Zn
and Cd, and the biosynthesis of glucosinolates may
be metabolically intertwined due to the involvement
of S metabolism (Ernst et al. 2008; Pongrac et al.
2010). Therefore, trade-offs (Boyd 2013) may be
expected in the investment of both types of defences,
but also joint effects (Boyd 2012), between but also
within species.

The Zn and facultative Cd hyperaccumulator A.
halleri is widely distributed across Asia and Europe
and is a diploid outcrossing perennial that shows
clonal growth (Honjo and Kudoh 2019). It serves
as a model organism in cross-species comparative
approaches within the Arabidopsis genus and in stud-
ies of population differentiation, including local adap-
tation to soil metal contamination (Stein et al. 2017).
Field-collected samples of different populations
across Europe (Stein et al. 2017) and within Germany
(Kazemi-Dinan et al. 2015b) revealed a particularly
high within-species variation in foliar concentrations
such as Cd, Zn and Pb. Furthermore, within the lat-
ter field survey, populations showed different glucosi-
nolate profiles, forming two distinct chemotypes. In
plants of one chemotype, in which 8-methylsulfiny-
loctyl glucosinolate (‘8MSOO chemotype’) is promi-
nent, a negative correlation was found between foliar
Zn and total glucosinolate concentrations (Kazemi-
Dinan et al. 2015b). However, the extent to which A.
halleri also accumulates Si, and how this may impact
on leaf concentrations of other elements and glucosi-
nolates, has not been studied until now.

The present study aimed to investigate the effects
of Cd, Zn and Si supply on foliar defence traits in A.
halleri. Individuals of A. halleri were collected from
three sites, one non-/low-contaminated and two mod-
erately to highly Cd-, Zn- and Pb-contaminated sites
in Germany (hereafter ‘accessions’) (Kazemi-Dinan

et al. 2015b), maintained under controlled greenhouse
conditions for a few years, and subsequently used in
the present study. Several cuttings were prepared per
accession and grown in a full-factorial design either
on unamended or Cd- and Zn-amended soil that was
additionally not supplemented or supplemented with
Si. After 8 weeks of growth under standardised con-
ditions, we analysed the foliar concentrations of
multiple elements and glucosinolates and tested for
correlations between Cd, Zn, Si and total glucosi-
nolates. Furthermore, we measured plant phenotypic
responses, including foliar trichome density and shoot
biomass. We hypothesised that foliar concentrations
of Cd and Zn are higher in plants grown on metal-
amended than unamended soil without Si supply, but
lower in plants supplemented with Si. Such alleviat-
ing effects of Si on metal excess have been previously
found (Azam et al. 2021; Zheng et al. 2023). We fur-
thermore expected that foliar concentrations of Si are
higher in plants supplemented with Si in both una-
mended and metal-amended plants. Foliar concen-
trations of other elements, such as Fe, K, Mn and S,
which are known to be influenced by metal exposure
(Clemens 2001; Andresen et al. 2018), were expected
to be affected likewise. Moreover, we expected acces-
sion-specific responses in concentrations of elements
and glucosinolates. Correlations between Cd, Zn and
Si were expected to be positive, but negative corre-
lations were expected between the concentrations of
these metal(loid)s and total glucosinolates in line with
the trade-off hypothesis (Boyd 2013). The highest
densities of foliar trichomes were expected to occur
in plants growing on metal-amended soil with Si,
because some metal(loid)s are stored and sequestered
in trichomes (Zhao et al. 2000; Abe 2019). Finally,
shoot biomass was hypothesised to be lower in plants
growing on metal-amended than unamended soil, but
Si supplementation may mitigate an adverse effect of
metal amendment (Azam et al. 2021).

Materials and methods

Plant origin, soil treatments, growth conditions and
harvest

Plants of A. halleri were originally collected from

each of three sites in Germany differing in soil
pH, soil type and soil concentrations of Cd, Pb
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and Zn (Kazemi-Dinan et al. 2015b; Stein et al.
2017), namely Wallenfels (Wall: N50°161.83";
E11°30'41.26", non-/low-contaminated site with
concentrations of soil Cd: 0.17 and Zn: 5.6 ug/g
dry weight on average, collected in 2014-2015),
Bestwig (Best: N51°1827.31"; ES8°24'36.17",
moderately contaminated site with concentrations
of soil Cd: 2.35 and Zn: 36.16 ug/g dry weight on
average, collected in 2017) and Langelsheim (Lan:
N51°56'34.22"; E10°20'56.08", highly contami-
nated site with concentrations of soil Cd: 0.92 and
Zn: 138.56 pg/g dry weight on average, collected
in 2020). More detailed soil physicochemical prop-
erties of these sites can be found in Kazemi-Dinan
et al. (2015b). These plants (hereafter called acces-
sions) were maintained and propagated vegetatively
under controlled greenhouse conditions at Ruhr
University Bochum and were transferred to the
greenhouse at Bielefeld University in 2022.

We used a full-factorial design with the fac-
tors accession (Wall, Best, Lan), metal amend-
ment (unamended or metal-amended with Cd and
Zn) and Si supplementation (—Si and +Si), result-
ing in four different group treatments per acces-
sion. From each plant accession, 40 cuttings were
taken (initial n=10 cuttings/group treatment)
and half of them transferred individually to pots
(70x70x 80 mm) filled with unamended soil, the
other half to pots filled with metal-amended soil. To
prepare the soil, a 2:1 mixture of P-type soil (lower
nitrogen (N)/phosphorus (P)/K content, HAWITA,
Germany) and sand was steam-sterilised at 110 °C
for 7 h and cooled down overnight. The soil mix-
ture contained low concentrations of bioavailable Si
(0.077+0.005 mg/g, mean+ SE; n=9). For metal
amendment, 1.1085 mL of CdCl, (resulting in 5
ppm) and 22.5 mL of ZnCl, ( resulting in 300 ppm;
Arcos Organics, USA) were added to 1.5 L of the
soil, filled up with 700 mL ultrapure water in screw-
top PE bottles and mixed overnight in an overhead
shaker (Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany). Metals were added to the
soil as chloride salts and not in another form (e.g.
ZnSO,) to prevent potential changes in the concen-
tration of S, which could affect the synthesis of glu-
cosinolates in the plant. Subsequently, the soil was
dried in an oven at 70 °C for 72 h until most of the
water had evaporated, but the final texture of the
soil was still relatively moist. After cooling down
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for another 48 h at a room temperature, this soil
mixture was used as growth medium.

Plants were grown in a phytochamber (Percival,
Wertingen, Germany) at 22 °C, 60% relative humidity
and an 8:16 h light:dark rhythm. The position of the
pots was randomised once a week. For the initial 3
weeks, the plants were watered with 5-10 mL demin-
eralised water per pot. From the fourth week onwards,
half of the pots per metal treatment were supple-
mented with a 1.7 mM KCl, (Applichem, Germany)
solution (—Si), the other half with a 2 mM K,SiO,
(Carl Roth, Germany) solution (+Si) twice per week
with around 40 mL per pot, similar as in Putra et al.
(2021). The pH of the +Si solution was adjusted with
HCI (Fisher Scientific, UK) to the pH of the —Si solu-
tion (approximately 7).

At the end of an 8 week growth period (thereof 5
weeks without/with Si supplementation), shoots were
cut, weighed, and young and old leaves were sepa-
rated following the rosette architecture of the plant
from the inside to the outside, respectively. The leaf
material was frozen in liquid N, stored at —80 °C,
lyophilised and weighed. For shoot dry biomass, dry
biomass of young and old leaves was summed. Due to
insufficient sample amount of young leaves, only old
leaf samples could be processed for further chemi-
cal analyses of element and glucosinolate concentra-
tions (see below). One random old leaf per plant from
the outer rosette was sampled and stored at —20 °C
to later count the trichomes, as described below.
Lyophilised samples were ground in a mill (MM301;
Retsch GmbH, Haan, Germany) with 5.0 mm zirco-
nium oxide beads (Cayman Chemical Company, Ann
Arbor, USA). In addition, soil samples (n=3 per
group treatment) close to the root zones of the plants
were collected, oven-dried at 40 °C for 72 h and
sieved with a 1.5 mm mesh to determine their ele-
ment composition and pH.

Elemental analysis of leaves and soil, and pH
determination of the soil

Subsamples of ground leaf and soil material were
taken to quantify concentrations of elements. Sam-
ples were digested in concentrated HNO; in a micro-
wave (MARSXpress; CEM Microwave Technology
Ltd, Matthews, NC, USA) at 190 °C and 1600 W for
20 min, dissolved in ultrapure water and elements
measured using inductively coupled plasma atomic
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emission spectroscopy (ICP-OES) (iCAP 6500 duo,
Thermo Fisher, Dreieich, Germany) as described
earlier (Stein et al. 2017). For quality controls of the
analysis, we included calibration standard solutions
for multi-elemental analysis (AnalytiChem GmbH,
Duisburg, Germany), 1000 ppm Si as SiO, (Hach
Lange GmbH, Diisseldorf, Germany), some certified
reference materials for leaf (Polish Virginia tobacco
leaves) or soil material (Hard Rock Mine Waste-
2780) and A. halleri foliar tissues from a non-metal-
liferous and a metalliferous soil as internal laboratory
reference materials (following the detailed method S1
in Stein et al. 2017).

Three grams from each of the sieved samples
were processed for determining pH of soil solution
with 0.02 M CaCl,.2H,O (BioChemica, Darmstadt,
Germany) at 20 °C using a pH metre (pH 50+ DHS,
DOSTMANN electronic GmbH, Germany), fol-
lowing a method described in Kazemi-Dinan et al.
(2015b).

Glucosinolate analysis

Subsamples of the ground leaf material were
extracted three times with 80% (v/v) methanol, add-
ing p-hydroxybenzyl glucosinolate (Phytoplan Diehm
& Neuberger, Germany) as an internal standard at
the first extraction. After centrifugation, supernatants
were applied on ion-exchange columns of diethyl-
aminoethyl Sephadex A25 (Sigma Aldrich; 0.1 g
Sephadex in 2 mL of 0.5 M acetic acid buffer, pH
5) and columns washed. Glucosinolates were incu-
bated overnight with purified Helix pomatia sulfatase
(Sigma-Aldrich; in 0.02 M acetic acid buffer) and the
resulting desulfoglucosinolates were analysed using
high-performance liquid chromatography (HPLC)
coupled with a diode array detector (Dionex Ultimate
3000, Thermo Fisher Scientific, Waltham, MA, USA)
on a Supelcosil LC 18 column (3 pm, 1503 mm,
Supelco, USA), as in Barber and Miiller (2021). A
gradient of eluent A (ultrapure water) and eluent B
(methanol) at a flow rate of 0.35 mL/min was used,
ramping from 5 to 40% B within 7.0 min, increasing
to 60% B until 9 min, to 95% B until 13 min and 95%
B were then hold for another 5 min followed by a col-
umn cleaning and equilibration cycle. Glucosinolates
were identified by comparing their retention times
and spectra to an in-house databank. For quantifica-
tion, peak areas were integrated at 229 nm, related

to dry mass and response factors 1, 0.5 and 0.26 for
aliphatic, benzenic and indole glucosinolates, respec-
tively, were applied.

Trichome density

Leaf discs (diameter 4 mm, area 12.6 mmz) were
taken from the old leaves that had been kept at
—20 °C and trichomes on their lower (abaxial) and
upper (adaxial) sides counted under a binocular
microscope (Olympus SZX16, Japan). Numbers from
both leaf sides were summed up per sample.

Statistical analyses

All analyses were conducted in R version 4.0.5 (R
Core Team 2021). To visualise the global patterns in
foliar concentrations of elements and glucosinolates,
separately, in the samples from the three accessions
grown in the four group treatments, unsupervised
principle component analyses (PCA) were performed
using ‘prcomp’ (‘ggfortify’ package in Tang et al.
2016; ‘devtools’ package in Wickham et al. 2021).
To test whether each of the factors accession, metal
amendment and metalloid supplementation and
their three-way-interaction contributed significantly
(P<0.05) to those patterns, permutational multivari-
ate analyses of variance (PERMANOVA) were per-
formed using ‘adonis’ from the ‘vegan’ package with
the Bray—Curtis dissimilarity (Oksanen et al. 2020).
PERMANOVA was chosen because the residual mod-
els of foliar elements as well as glucosinolates did not
fulfil the criterion for normality using a Shapiro—Wilk
normality test (‘shapiro.test’). PERMANOVA analy-
ses revealed that accession had a significant effect
on those patterns (see Fig. 1. and Fig. 4). Thus, the
response variables were subsequently analysed for
each accession separately. Generalised linear mod-
els (GLM) using ‘glm’ from the ‘stats’ package (R
Core Team 2021) with ‘gaussian’ family, followed by
‘Anova’ function (type = ‘III’ to account for unbal-
anced sample sizes across group treatments) from the
‘car’ package (Fox and Weisberg 2019) with ‘fdr’-
adjusted P-values were applied to analyse the effects
of metal amendment and metalloid supplementation
on the concentrations of individual element, indi-
vidual glucosinolate as well as total glucosinolate
concentrations, using total shoot dry biomass as a
covariate. Models were also calculated without the
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Fig. 1 Score plot of prin-
cipal component analysis 04-
(PCA) of 14 elements

found in leaves of three

accessions of Arabidopsis

halleri (Wall: Wallenfels,

Best: Bestwig and Lan:

Langelsheim) grown in 0.2-
soil without or with metal
amendment and metal-
loid (Si) supplementation.
Scores (coloured symbols)
and loadings (arrows) are
presented

PC2 (17.69%)

-0.2-

covariate and the model with a lower Akaike infor-
mation criterion (AIC) was chosen for each of the
elements and glucosinolates. To test for potential
relationships between foliar concentrations of Cd,
Zn and Si and total glucosinolate concentrations in
the three plant accessions, correlation analyses were
calculated using ‘stat_cor’ with the ‘kendall’” method
from the ‘ggpubr’ package (Kassambara 2023). Dis-
crete data (count) for foliar trichome density were
compared between the group treatments using ‘glm’
and ‘Anova’ (type = ‘III) with ‘poisson’ family. Lin-
ear models (LM) using ‘Im’ from the ‘stats’ package
(R Core Team 2021), accompanied by ‘Anova’ func-
tion (type = ‘III’) from the ‘car’ package (Fox and
Weisberg 2019) were computed to test the effects of
the factors (metal amendment, metalloid supplemen-
tation and their interactions) on shoot dry biomass
for each accession. Visual and numerical assessments
were done to check for normality (‘qqPlot” and ‘shap-
iro.test’) and homogeneity of variance (‘residualPlot’
and ‘leveneTest’) of the residual of LM models. Log,
data transformation for shoot dry biomass was done
in the Wall and Lan accessions, whereas generalised
linear model analysis was applied for this trait in the
Best accession because the residual of the LM model
was neither normally distributed nor homogenous in
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Accession
® wal
. Best
® Lan

Treatment

Il Unamended -Si
—I— Unamended +Si
@ Metal-amended -Si
A Vetal-amended +Si

02 04
PC1 (51.28%)

the latter dataset. When significant (P <0.05) inter-
actions of the main factors on response variables
occurred, post-hoc multiple comparison tests using
Tukey’s HSD (honestly significant difference) were
performed, with ‘pairs’ and ‘cld’ functions from the
‘multcomp’ package (Hothorn et al. 2021). Finally,
data visualisation was done using ‘ggplot’ from
the ‘ggplot2’ package (Wickham 2016). Raw data
together with mean, standard error (SE) and 95% CI
(lower limit, upper limit) values of all response vari-
ables were provided in Table S2-S8.

Results
Effects of experimental factors on foliar elements

In the leaves, 14 elements were detected. When plot-
ted in a PCA, the first two principle components
explained 68.97% of the variance. Distinct element
compositions were found particularly among the plant
accessions and between the metal treatments (Fig. 1).
The PERMANOVA revealed a significant three-way
interaction among accession, metal treatment and
metalloid supplementation (df=2, F=2.54, P=0.04)
as well as a significant two-way interaction between
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accession and metal treatment (df=2, F=3.98,
P=0.007).

In plants of the Wall accession, neither metal nor
metalloid treatments resulted in significant changes

in foliar concentrations of Cd, Zn and Si (Fig. 2a—c;
Table 1). In plants of the Best accession, concentra-
tions of Zn and Si, but not Cd, were significantly
influenced by both the metal amendment alone and

Wall e Best lan
) . eta ns. . . A . Metal 5. . " Metal 5.
3 sisupplementation ' -Si [l +Si Meoia ne 9 sisupplementation Si M +Si peaioa e 8 gisupplementation 0 -si [ +Si e e
Metal x Metalloid n.s. Metal x Metalloid_n.s. Metal x Metalloid ns.
12.5
6
10.0 1.5
3: 75 3 g 4
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2 el 3; g d o d
3 50 3 s <4 o
1§ o S N o ®
® ¢
0.5 2
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0 0.0 0
L Metal Unamended Metal-amended Unamended Metal-amended
b) Metal ns. €) Metal . h) Metal o
Metalloid 5. Metalloid ns Metalloid .
Metal x Metalloid_n.s. Metal x Metalloid_ss+ Metal x Mctalloid_n.s.
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2000 20001
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2 2 2
@ 1000 > 2 R - & 1000 rI
® 1000 |
a e
04 0 0

L Metal

Fig. 2 Foliar concentrations (mean+SE in pg/g d.w.) of Cd,
Zn and Si in plants of three accessions of Arabidopsis hal-
leri (Wall: Wallenfels, Best: Bestwig and Lan: Langelsheim)
grown on soil without or with metal amendment and metal-
loid (Si) supplementation. Solid circles indicate data points:
n=4-10 per treatment combination, except n=2 for the Lan

Unamended

Metal-amended Unamended Metal-amended

accession with metal amendment and +Si supplementation.
Statistical outcomes are indicated as: ***P <0.001, *P<0.05
and n.s. P>0.1 (non-significant). Different letters above the
bars indicate significant differences based on the Tukey’s HSD
post-hoc test
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Table 1 Effects of metal

amendment, metalloid Elemepts per - Factor
(Si) supplerilentation and accession Metal Metalloid Metal x Metalloid
their interactions on foliar
concentrations of elements i 7 p S P a r P
pedminieine
halleri (Wall: Wallenfels, Cd 1 0.07 0.79 1 1.26 0.26 1 0.34 0.56
Best: Bestwig and Lan: Zn 1 0.57 0.45 1 2.21 0.14 1 0.01 0.92
Langelsheim) based on a Si 1 L1202 1 055 046 1 00003 099
generalised linear model Al 1 1601 <0001 1 007 08 1 0001 097
Fe 1 16.91 <0.001 1 0.39 0.53 1 0.38 0.54
K 1 12.79 <0.001 1 1.2 0.27 1 8.69 0.003
Mn 1 14.19 <0.001 1 0.02 0.89 1 2.75 0.1
S 1 1.05 0.31 1 0.02 0.88 1 0.72 0.4
Best
Cd 1 0.37 0.54 1 0.15 0.69 1 1.91 0.17
Zn 1 6.29 0.01 1 0.07 0.8 1 14.72 <0.001
Si 1 5.96 0.01 1 0.46 0.5 1 4.31 0.04
Al 1 8.32 0.004 1 0.36 0.55 1 0.13 0.72
Fe 1 5.61 0.02 1 0.18 0.67 1 1.14 0.29
K 1 2.3 0.13 1 0.22 0.64 1 0.04 0.85
Mn 1 18.6 <0.001 1 0.3 0.58 1 0.10 0.75
S 1 0.13 0.72 1 1.48 0.22 1 1.69 0.19
Lan
Cd 1 2.97 0.08 1 0.58 0.44 1 3.19 0.07
Zn 1 30.39 <0.001 1 0.09 0.76 1 0.00 0.96
n=4-10 per treatment Si 1 2031 <0001 1 008 077 1 2219 <0.001
combination, except n=2
for the Lan accession with Al 1 2.97 0.08 1 0.11 0.74 1 6.58 0.01
metal amendment and +Si Fe 1 0.47 0.49 1 0.85 0.36 1 14.44 <0.001
supplementation K 1 2.96 0.09 1 1.05 0.31 1 4.27 0.04
Significant P-values Mn 1 21.09 <0.001 1 0.1 0.75 1 0.64 0.42
(P <0.05) are highlighted S 1 104 031 1 071 04 1 405 0.04

in bold

the interaction of metal amendment and metalloid
supplementation (Fig. 2d—f; Table 1). Zn was on aver-
age (across all plants) 1.7 times higher in plants with
metal amendment (increased by 65.84%) and high-
est in metal-amended plants —Si. Si was on average
1.5 times higher in Si-supplemented plants grown
on unamended soil (increased by 53.69%) and 1.4
times higher in plants grown on metal-amended soil
(increased by 40.5%). In plants of the Lan accession,
foliar concentrations of Zn were significantly higher,
about threefold, in plants grown in metal-amended
soil compared to plants grown on unamended
soil (Fig. 2h; Table 1). Foliar concentrations of Si
were rather low in all plants grown on unamended
soil, but significantly higher in plants grown on

@ Springer

metal-amended soil —Si and highest in plants on that
soil +Si (Fig. 2i; Table 1).

Besides foliar Cd, Zn and Si, Al, Fe, K, Mn and
S were analysed in more detail. In the Wall acces-
sion, Al, Fe, K and Mn were significantly higher in
the plants growing on metal-amended soil (Fig. 3a—d;
Table 1). K concentrations were significantly influ-
enced by an interaction of metal amendment and Si
supplementation, whereby plants grown on metal-
amended soil —Si had the highest and those grown
on unamended soil had the lowest K concentra-
tion. In the Best accession, foliar concentrations of
Al, Fe and Mn were significantly higher in plants
grown on metal-amended soil, but not affected by Si
supplementation (Fig. 3f, g, i; Table 1). In the Lan
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Fig. 3 Foliar concentrations (mean + SE in pg/g d.w.) of Al,
Fe, K, Mn and S in plants of the three accessions of Arabi-
dopsis halleri (Wall: Wallenfels, Best: Bestwig and Lan: Lan-
gelsheim) grown on soil without or with metal amendment
and metalloid (Si) supplementation. Solid circles indicate data
points: n = 4-10 per treatment combination, except n = 2 for

accession, a significant interaction between metal and
metalloid treatments was found for foliar concentra-
tions of Al, Fe, K and S, with generally higher lev-
els in plants grown on metal-amended soil and an
increase due to +Si supplementation only in those

the Lan accession with metal amendment and +Si supplemen-
tation. Statistical outcomes are indicated as: ***P < 0.001,
*#P < 0.01, *P < 0.05, oP < 0.1 (marginally significant) and
n.s. P > 0.1 (non-significant). Different letters above the bars
indicate significant differences based on the Tukey’s HSD
post-hoc test

plants (Fig. 3k—m, o; Table 1). For the other elements,
see Table S1.

At the end of the experiment, concentrations
(mean = SE) of Cd, Zn and Si in unamended soil were
0.028+0.005, 6.986+1.324 and 59.893+4.231,
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Fig. 3 (continued)

respectively, whereas concentrations (mean =+ SE)
of them in metal-amended soil were 0.037 +0.003,
10.658 +£1.036 and 92.857+8.226. Additionally,
the pH (mean + SE) was 6.3+0.05 and 6.5+0.07 in
unamended and metal-amended soils, respectively.

Effects of experimental factors on foliar
glucosinolates

In total, ten glucosinolates could be detected in
the leaves, of which seven were aliphatic and three
indole glucosinolates. The first two components of
the PCA explained 78.46% variance of the global
foliar glucosinolate composition and revealed a
clear separation among the accessions, as also con-
firmed by the PERMANOVA (df=2, F=78.69,
P=0.001). Plants of the Best accession showed the
most distinct pattern (Fig. 4). 5-Methylsulfinylpentyl
glucosinolate (SMSOP), 6-methylsulfinylhexyl glu-
cosinolate (6MSOH) and 6-methylthiohexyl glucosi-
nolate (6MTH) were particularly high in plants of the
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Metal-amended

Wall accession; 8-methylsulfinyloctyl glucosinolate
(8MSOQ), 8-methylthiooctyl glucosinolate (§MTO)
and 4-hydroxyindol-3-ylmethyl glucosinolate
(40HI3M) in those of the Best and indol-3-ylmethyl
glucosinolate (I3M) in those of the Lan accession
(Figs. 4 and 5). In fact, 8MSOO could be exclu-
sively found in plants of the Best accession (Fig. 5).
The PERMANOVA also revealed a significant effect
of metal amendment on the global pattern of foliar
glucosinolates (df=1, F=4.06, P=0.018). The total
concentration of all glucosinolates was highest in
plants of the Wall accession (Fig. 5).

In the Wall accession, Si supplementation led
to a significant increase in foliar concentrations of
40HI3M in plants grown on unamended soil (Fig.
Sla; Table 2), but no effect was found for total glu-
cosinolates (Fig. S1b; Table 2). In the Best accession,
metal amendment led to significant decreases in foliar
concentrations of SMSOP, 6MSOH and 7-methyl-
sulfinylheptyl glucosinolate (7MSOH) by almost
two-fold, particularly for SMSOP and 6MSOH (Fig.
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Fig. 4 Score plot of principal component analysis (PCA) of
10 glucosinolates found in leaves of three accessions of Arabi-
dopsis halleri (Wall: Wallenfels, Best: Bestwig and Lan: Lan-
gelsheim) grown on soil without and with metal amendment
and metalloid (Si) supplementation. Scores (coloured sym-
bols) and loadings (arrows) are presented. Glucosinolates are
abbreviated as: SMSOP: 5-methylsulfinylpentyl glucosinolate;
6MSOH: 6-methylsulfinylhexyl glucosinolate; 7MSOH:

Slc—e; Table 2). Si supplementation had margin-
ally significant effects on the foliar concentrations of
6MSOH and 7MSOH, with reduced concentrations
found in +Si plants. Foliar concentrations of total
glucosinolates were significantly lower in the plants
grown on metal-amended soil (Fig. S1f; Table 2). In
the Lan accession, all three detected indole glucosi-
nolates were significantly higher in plants growing
in Si-supplemented soil (Fig. S1h—j; Table 2), while
low concentrations of 8MTO were detected in plants
supplemented with Si of this accession (Fig. Slg;
Table 2), but no effect was found for total glucosi-
nolates (Fig. S1k; Table 2).

Correlation between foliar metal(loid)s and
glucosinolates

Positive correlations were found between foliar con-
centrations of Zn and Si in the three plant accessions
(Fig. S2a) and between Zn and Cd in the Best and
Lan accessions (Fig. S2c). However, no correlation
was found between Cd and Si in the three accessions

7MSOH

Q s
"o s, _f bo
OH =N
R
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® wal
® Best
@ Lan
Treatment

M Unamended -Si
+ Unamended +Si
@ Metal-amended -Si
A Vetalamended +Si

|
| |
+An
A B
01 02

7-methylsulfinylheptyl glucosinolate; 8MSOO: 8-methyl-
sulfinyloctyl glucosinolate; 6MTH: 6-methylthiohexyl glu-
cosinolate; 7MTH: 7-methylthioheptyl glucosinolate; 8MTO:
8-methylthiooctyl glucosinolate; I3M: indol-3-ylmethyl glu-
cosinolate; 4MOI3M: 4-methoxyindol-3-ylmethyl glucosi-
nolate and 4OHI3M: 4-hydroxyindol-3-ylmethyl glucosinolate.
The core structure of glucosinolates is shown in the upper right

(Fig. S2b). A positive correlation was found between
foliar concentrations of Cd and total glucosinolates
only in the Best accession (Fig. S2e), whereas no
correlation was observed between Zn or Si and total
glucosinolates in the three accessions (Figs. S2d and
S2f).

Effects of experimental factors on foliar trichome
density and shoot biomass

The foliar trichome density showed quite distinct pat-
terns across the three accessions. In plants of the Wall
accession, the trichome density was 2.6 times higher
in plants grown on unamended soil+Si compared
to the plants of the other three treatments (Fig. 6a;
Table 3). In the Best accession, the trichome density
was significantly influenced by metal amendment, Si
supplementation and their interaction, with somewhat
higher numbers of trichomes per area in —Si plants,
particularly in plants grown on metal-amended soil
(Fig. 6c; Table 3). In plants of the Lan accession, the
trichome density was significantly higher in plants
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Fig. 5 Composition of glucosinolates according to mean
concentrations (umol/g d.w.) found in leaves of three acces-
sions of Arabidopsis halleri (Wall: Wallenfels, Best: Bestwig
and Lan: Langelsheim) grown on soil without and with metal
amendment and metalloid (Si) supplementation. n=3-10 per
treatment combination, except n=2 for the Best accession with
metal amendment and —Si supplementation and n=1 for the
Lan accession with metal amendment and +Si supplementa-
tion. Glucosinolates are abbreviated as: SMSOP: 5-methyl-

grown on metal-amended than unamended soil and in
plants that experienced Si supplementation compared
to —Si plants (Fig. 6e; Table 3).

Shoot dry biomass was significantly lower in
plants of the Best and Lan accessions when plants
were grown on metal-amended compared to those
grown on unamended soil (Fig. 5d and f; Table 3).
In the Lan accession, shoot biomass was also sig-
nificantly affected by Si and the interaction of metal
amendment and Si supplementation, with Si supple-
mentation (+Si) leading to an increase in shoot bio-
mass notably in plants grown on unamended soil by
almost two-fold (Fig. 6f).

Discussion
In this study, we showed that soil metal amend-

ment with Cd and Zn and Si supplementation influ-
enced various potential foliar defence traits, such as
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Best

Lan

sulfinylpentyl glucosinolate; 6MSOH: 6-methylsulfinylhexyl
glucosinolate; 7MSOH: 7-methylsulfinylheptyl glucosinolate;
8MSOO: 8-methylsulfinyloctyl glucosinolate; 6MTH: 6-meth-
ylthiohexyl glucosinolate; 7MTH: 7-methylthioheptyl glu-
cosinolate; 8MTO: 8-methylthiooctyl glucosinolate; I3M:
indol-3-ylmethyl glucosinolate; 4MOI3M: 4-methoxyindol-
3-ylmethyl glucosinolate and 4OHI3M: 4-hydroxyindol-3-yl-
methyl glucosinolate

elemental (Zn and Si), organic (glucosinolates) and
mechanical (trichomes) defences in the hyperaccumu-
lator A. halleri under controlled growth conditions.
Moreover, there was a high within-species variation
in such defence responses among the three accessions
originating from non-/low- (Wall), moderate- (Best)
and high-metalliferous (Lan) sites within Germany.
These accessions also exhibited distinct glucosinolate
profiles, indicating chemotypes. Particularly, SMSOO
was specific for the Best accession, corroborating the
chemotype found in a previous field study (Kazemi-
Dinan et al. 2015b). Foliar concentrations of certain
glucosinolates and their sum were significantly cor-
related with foliar concentrations of Cd, Zn or Si,
depending on accession origin.

We had expected that A. halleri plants show
increased foliar concentrations of Cd, Zn and Si when
grown on soil amended or supplemented with those
metal(loid)s in comparison to control plants. Surpris-
ingly, Cd concentrations were not enhanced in the
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Table 2 Effects of metal

. Glucosinolates per accession  Factor

amendment, metalloid
(Si) supplementation Metal Metalloid Metal x Metalloid
and their interactions on
foliar concentrations of a r p a r p i r p
glucosinolates (umol/g d.w.)
: . Wall
in the three accessions of
Arabidopsis halleri (Wall: SMSOP 1 287 009 1 205 0.15 1 191 0.17
Wallenfels, Best: Bestwig 6MSOH 1 267 0.10 1 159 0.21 1 324 0.07
and Lan: Langelsheim) 7TMSOH 1 051 048 1 318 007 1 228 013
based on a generalised 6MTH 1 305 008 1 004 08 1 00l 093
linear model with a
Gaussian distribution 7MTH 1 1.03 0.31 1 003 0.87 1 002 0.90

I3M 1 274 010 1 008 0.78 1 027 0.60
n=3-10 per treatment 4MOI3M 1 088 035 1 0.01 0.92 1 017 0.68
combination, except n=2 40HI3M 1 031 058 1 800 0.005 I 205 0.15
for the Best accession with Total glucosinolates 1 258 011 1 043 0.51 1 033 057
metal amendment and —Si B

. est

supplementation and n=1
for the Lan accession with SMSOP 1 680 0.009 1 1.14 0.29 1 026 0.6l
metal amendment and +Si 6MSOH 1 7.07 0.008 1 339 0.066 1 069 041
supplementation 7MSOH 1 655 001 1 363 0057 1 095 033
Significant P-values 8MSOO 1171 019 1 260 0.1 1136 024
(P ;(1’(-105) are highlighted 6MTH 1 296 009 1 029 059 1 011 074
m DO.

. TMTH 1 247 0.12 1 07 0.4 1 029 0.59
Glucosinolates are ) . 2 1 11 )
abbreviated as: SMSOP SMTO 0.83 036 97 0.08 18 0.28
5-methylsulfinylpentyl I3M 1 134 025 1 029 0.59 1 035 0.55
glucosinolate, 6MSOH 4MOI3M 1 3359 006 1 002 0.88 1 011 0.74
6-methylsulfinylhexyl 40HI3M 1 047 049 1 002 089 1 056 045
glucosinolate, 7MSOH 1ol inol | 401 4 | | 21 | 4
7-methylsulfinylheptyl Total glucosinolates . 0.0 57 0. 0.53 047
glucosinolate, 8MSOO Lan
8-methylsulfinyloctyl 5MSOP 1 003 08 1 123 0.27 1 179 0.18
glucosinolate, 6MTH 6MSOH 1 001 093 1 007 078 1 041 052
6-methylthiohexyl 1 4 4 1 4 ] 4 4
elucosinolate, 7MTH 7MSOH 048 0.49 0.37 0.5 0.04 0.8
7-methylthioheptyl 6MTH 1 238 0.12 1 032 0.57 1 004 0.85
glucosinolate, SMTO 7MTH 1 208 0.15 1 033 0.57 1 0.19 0.66
Sim"th.yml“:’oc;ﬁl ol 8MTO 1 0 1 1 855 0003 1 102 031
glucosinolate, indol-
3-ylmethyl glucosinolate, 3M 1 717 0007 1 9.86 0.002 1 3.51 0.06
4MOI3M 4-methoxyindol- 4MOIBM 1 045 05 1 2106 <0001 1 324 007
3-ylmethyl glucosinolate, 40HI3M 1 056 045 1 6.00 0.01 1 376 0.053
4OHI3M 4-hydroxyindol-3- Total glucosinolates 1 042 052 1 00005 098 1 003 086

ylmethyl glucosinolate

leaves and the level remained below the threshold
for Cd hyperaccumulation, which is 100 pg/g d.w.
(Krdamer 2010). While several previous studies with
A. halleri grown under controlled growth chamber
conditions on metal-amended soil reported foliar Cd
levels above this threshold (Stein et al. 2017; Stolpe
et al. 2017; Tewes et al. 2018), foliar concentrations
in two accessions (from Hamburg and Langelsheim)
had higher Cd levels than plants grown on unamended

soil but not above the hyperaccumulation threshold
(Kazemi-Dinan et al. 2014). One explanation may
be related to different physicochemical properties
of the growth substrate used in those experiments.
The soil used in our experiment likely contained
more organic matter, while in previous experiments
low organic loamy soil had been used (Stein et al.
2017; Stolpe et al. 2017; Tewes et al. 2018). High
soil organic matter is negatively associated with Cd
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Fig. 6 Foliar trichome density (mean + SE of count per 12.6
mm?) and shoot dry biomass (mean + SE in mg) in plants of
the three accessions of Arabidopsis halleri (Wall: Wallenfels,
Best: Bestwig and Lan: Langelsheim) grown on soil without
and with metal amendment and metalloid (Si) supplementa-

bioavailability and Cd uptake by plants, possibly
through complexation and sorption (Rieuwerts et al.
1998; Violante et al. 2010). Moreover, at the end of
experiment, concentrations of soil Cd and Zn were
relatively higher on metal-amended than unamended
soil, but these seem to be far below concentrations
of Cd and Zn on metalliferous sites either in Best or
Lan (Kazemi-Dinan et al. 2015b). Another explana-
tion could be that influential pathways like Fe acquisi-
tion, which contribute to Cd accumulation, were sup-
pressed because of the elevated leaf Fe levels in these
plants cultivated on metal-amended soil (Fig. 3b,
g, 1). Finally, in our study, old leaves were analysed
which usually contain lower concentrations of metals
than the younger leaves (Stolpe et al. 2017). Interest-
ingly, plants originating from the Wall accession, and
thus the non-/low-metalliferous site, contained the

@ Springer

Unamended

Metal-amended Ur Metal

tion. Solid circles indicate data points: n = 3—10 per treatment
combination. Statistical outcomes are indicated as: ***P <
0.001, **P < 0.01, *P < 0.05 and n.s. P > 0.1 (non-signifi-
cant). Different letters above the bars indicate significant dif-
ferences based on the Tukey’s HSD post-hoc test

highest concentrations of foliar Cd and Zn relative to
the other two accessions in the present study, corrob-
orating previous studies (Bert et al. 2002; Stein et al.
2017).

We did not find significant effects of Si supple-
mentation on the foliar concentrations of Cd and
Zn, at least in the old leaves studied here, although
Si concentrations increased by 7.5% in +Si-supple-
mented soil relative to —Si at the end of the experi-
ment. It is still poorly understood how and to what
extent Si influences the uptake and accumulation of
metals, including Cd and Zn, in metal(loid) hyperac-
cumulator plants (Putra and Miiller 2023). However,
in the As hyperaccumulator I. cappadocica, supple-
mentation with Si led to a significant reduction of
shoot and root concentrations of As and Cd (Azam
et al. 2021). In addition, Si has been reported to
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Table 3 Effects of metal amendment, metalloid (Si) sup-
plementation and their interactions on total trichome density
(count per 12.6 mm?) and shoot dry biomass (mg) in the three
accessions of Arabidopsis halleri (Wall: Wallenfels, Best:

Bestwig and Lan: Langelsheim) based on a generalised linear
model with a Poisson distribution and a linear model for the
Wall and Lan accessions and a generalised linear model with a
Gaussian distribution for the Best accession, respectively

Phenotypic responses per accession Factor
Metal Metalloid Metal x Metalloid
Wall a i P a i P a7 P
Total trichome density 1 1.11 0.29 1 171.54 <0.001 1 64.27 <0.001
df F P df F P df F P
(log,) Shoot dry biomass 1 0.08 0.77 1 0.02 0.90 1 0.20 0.66
Best a7 P a7 P a7 P
Total trichome density 1 105.28 <0.001 1 16.54 <0.001 1 12.29 <0.001
a x P a x P a x P
Shoot dry biomass 1 17.46 <0.001 1 0.31 0.58 1 0.10 0.75
Lan a 7 p a 7 p a 7 p
Total trichome density 1 41.17 <0.001 1 11.36 <0.001 1 1.06 0.3
df F P df F P df F P
(log,) Shoot dry biomass 1 22.35 <0.001 1 8.46 0.008 1 6.97 0.01

n=3-10 per treatment combination

ameliorate metal and metalloid toxicity, for example
in Arabidopsis sp. (Khan et al. 2021; Meena et al.
2021). In field-collected foliar samples of A. halleri
from Langelsheim (Lan), Si was detected together
with Zn at the subcellular level, such as in the cell
wall, cytoplasm, intercellular space and vacuole in
the form of Zn-silicate precipitate or SiO, deposit
(Neumann and Zur Nieden 2001; Neumann and De
Figueiredo 2002). Whether accumulation or deposi-
tion of Si has a functional role in metal tolerance or
detoxification in A. halleri should be further inves-
tigated. The positive correlations between foliar
concentrations of Zn and Si found in our experi-
mental plants for the three accessions of A. halleri
may point to a functional role. The formation of a
Si-pectin matrix (Si—O—C linkage) was found to be
related to a reduction of La stress in the Al-, La-
and Si-accumulating fern Dicranopteris linearis
(Zheng et al. 2023). In O. sativa, concentrations of
Si were highest when plants were subjected to Cd
and Cu with Si supplementation (Kim et al. 2014).
In A. thaliana and other Brassicaceous crop species,
foliar Si concentrations range from 700 up to 2500
pg/g d.w. when growing on soil supplemented with
1.7 mM K,SiO; (Deshmukh et al. 2020). The Si
concentrations detected in our experimental plants
of A. halleri fall into this range.

The foliar concentrations of several other elements
also changed in response to either metal amendment
alone or the interaction of metal amendment and Si
supplementation, with distinct effects among acces-
sions. Plants grown on metal-amended soil showed
higher foliar concentrations of Al, Fe and Mn in all
three accessions. Al is the third most ubiquitous ele-
ment in the soil, commonly found in the form of alu-
minium silicate (Al,SiO5) (Ofoe et al. 2023). Soil pH
could have affected the availability of several ele-
ments. For example a soil pH below 5 is known to
increase bioavailability of elements, such as Al (Ofoe
et al. 2023), Mn and Fe (Violante et al. 2010). The
Al concentrations found in our experimental plants
are assumed to be in a normal range for most plants
and unlikely to cause phytotoxicity (Schmitt et al.
2016). At least in plants of the Lan accession grown
on metal-amended soil with Si supplementation, Al
concentrations were higher than in plants of the other
treatment groups. High accumulation of Al was found
to be positively correlated with Si accumulation in the
fern D. linearis (Liu et al. 2021). Increased concen-
trations of foliar Fe and Mn might be related to the
production of metalloenzymes, such as Fe- and Mn-
dependent superoxide dismutases, which act as anti-
oxidant defences to protect cells from damage caused
by reactive oxygen species in response to metal
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stress (Alscher et al. 2002). Other elements, such as
K and molybdenum (Mo), are macro- and micronu-
trients needed for plant growth and are also involved
in enzyme activation and redox reactions (Kaiser
et al. 2005; Wang et al. 2013). In the Lan accession,
increased foliar concentrations of S in plants grown
on metal-amended soil were in line with a previ-
ous finding (Stolpe et al. 2017). An up-regulation of
genes for S metabolism has been found in N. caerule-
scens plants grown hydroponically in response to Cd
and Zn excess (Van De Mortel et al. 2008). Increased
foliar concentrations of S might be related to metal-
induced phytochelatin and glutathione production,
which is derived from cysteine and involved as metal-
binding protein and antioxidant, respectively (Grill
et al. 1989; Freeman et al. 2004).

The pH of our experimental metal-amended soil
(average 6.5) was 0.2 higher than that of unamended
soil (6.3). Furthermore, the metal-amended soil had
higher concentrations of soil Fe, K and Mn at the end
of the final harvest of the plants (see Table S4). A
slightly higher soil pH and increased levels of these
three elements in the metal-amended soil could be
related to initial waterlogging (Lu et al. 2004), asso-
ciated with the metal amendment procedure applied
in this experiment. In the three locations where the
plants were originally collected, soil pH, soil type and
soil concentrations of Cd, Pb and Zn varied strongly
(Kazemi-Dinan et al. 2015b). For example, soil
pH in Wall was quite acidic (average 4.9) with dark
soil type containing minerals and large amounts of
organic matter, but with relatively low concentrations
of Cd, Pb and Zn. In contrast, soil pH in Best and Lan
were much higher (average 5.8 and 6.4, respectively)
with a soil-stone mixture and higher concentrations of
soil Cd, Pb and Zn than in Wall. Such physicochemi-
cal properties may have affected the final elemental
concentrations in the aboveground plant material.

With regard to glucosinolates, distinct profiles
could be detected in plants of the three populations,
as have been found previously in leaves of field-col-
lected plants (Kazemi-Dinan et al. 2015b). Brassi-
caceae species with distinct chemotypes, such as A.
thaliana, Barbarea vulgaris, Brassica oleracea and
Bunias orientalis, have been found to differ in their
defence potential or acceptance towards some herbi-
vores and pathogens (Gols et al. 2008; Arany et al.
2008; Christensen et al. 2019; Tewes and Miiller
2020). These chemotypes may be genetically fixed,
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but differences in the concentrations of individual
compounds may also result from responses to cer-
tain environmental conditions. On average, the total
glucosinolate concentrations were lower in the leaves
of plants of all three accessions upon cultivation on
metal-amended soil. This pattern, however, was only
significant in the Best accession, in which three ali-
phatic glucosinolates, SMSOP, 6MSOH and 7MSOH,
were lower in plants on such soil. Lower foliar glu-
cosinolate concentrations in plants grown on metal-
amended soil may be associated with the intertwined
S metabolism, which is needed for glucosinolate
biosynthesis and, at least in some species, for metal
chelation (Rausch and Wachter 2005; Ernst et al.
2008; Pongrac et al. 2010). Strikingly, foliar con-
centrations of the indole glucosinolates I3M in Wall
and Lan and 4MOI3M and 40HI3M in plants of the
Lan accession were significantly higher in plants with
Si supplementation than in those without. Induction
of indole glucosinolates in leaves of Brassicaceous
plants is readily caused by insect herbivory (Textor
and Gershenzon 2009) and breakdown products of
indole glucosinolates are known for their various bio-
logical effects (Agerbirk et al. 2009). The changes in
the glucosinolate profiles in response to metal amend-
ment and Si supplementation may thus potentially
affect the feeding behaviour and growth performance
of herbivorous insects as well as fungi. Si accumula-
tion also induces foliar concentrations of endogenous
jasmonic acid (Hall et al. 2019), which could affect
the biosynthesis of glucosinolates (Hopkins et al.
2009). However, whether the foliar concentrations
of jasmonic acid are actually altered by metal(loid)
treatment in A. halleri requires further analysis.

Our correlation analysis indicated no apparent
negative correlation between foliar concentrations
of Cd, Zn or Si and total glucosinolates in the three
plant accessions. These findings thus might not sup-
port the trade-off hypothesis, at least in part, because
plants grown on metal-amended soil had significantly
lower total glucosinolates in the Best accession. The
trade-off hypothesis postulates that hyperaccumula-
tors may favour elemental over organic defences,
because the synthesis of organic defences may be
metabolically costly (Boyd 2007). However, whilst
providing a raison d’étre, this hypothesis should
be challenged. First, the analysis of costs and ben-
efits between the two types of defences is difficult
and should involve physiological, ecological and
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evolutionary assessments (Boyd 2013). Second, just
like other plants, hyperaccumulators synthesise a
plethora of specialised metabolites, and their com-
position and concentration may differ within species
and even within an individual, termed chemodiversity
(Moore et al. 2014; Miiller and Junker 2022), which
is still overlooked in many hyperaccumulators (Putra
and Miiller 2023). Third, trade-offs may be more
relevant in the context of induced resistance (Fones
and Preston 2013; Tewes et al. 2018; Fones et al.
2019). Finally, stemming from a trade-off, it cannot
be explicitly determined, which one of the two fac-
tors is causing a change in the other. Using one of the
RNAI line mutants of A. halleri incapable of hyper-
accumulating Cd and Zn may potentially disentangle
this causal vs. consequential relationship.

As another layer of defence, several plants also
produce trichomes, which can be highly plastic in
response to (a)biotic factors (Dalin et al. 2008), such
as insect herbivory, ultraviolet-B radiation as well
as metal(loid) exposure (see review in Karabournio-
tis et al. 2020). For example, ultraviolet-B radiation
was found to increase trichome density in A. thali-
ana (Yan et al. 2012). In some hyperaccumulator
plants, trichomes are suggested to contribute to metal
detoxification and metal sequestration in hyperaccu-
mulators, such as Cd and Zn in A. halleri (Zhao et al.
2000; Fukuda et al. 2008), Ni and Mn in some Ni-
accumulating Alyssum species (Krdamer et al. 1997;
Broadhurst et al. 2004) and thallium (TI) in the Tl
hyperaccumulator Biscutella laevigata (Wierzbicka
et al. 2016). In the present experiment, trichome
density differed in response to the metal(loid) treat-
ments and the pattern was accession-specific, with a
higher density on leaves of plants of the Best and Lan
accessions grown on metal-amended soil. Moreover,
Si supplementation affected trichome densities in all
three accessions, but in different directions, resulting
in a reduced trichome density in plants of Best. Silici-
fication often occurs in foliar epidermal cells and
many Si-accumulating species deposit a substantial
amount of Si in the trichome cells (Kumar et al. 2017;
Abe 2019; Nakamura et al. 2022). A lower trichome
density could also be associated with a higher diver-
sity of glucosinolates or other specialised metabolites
in the Best accession.

Our study suggests that growth on a metal-
amended soil might incur a cost in terms of shoot
biomass reduction. However, it should be noted that

the maximal Zn and Cd concentrations reached in
leaves of plants from all of these accessions were
far below the toxicity thresholds in A. halleri
(Becher et al. 2004). It is therefore likely that the
reduced biomass observed in A. halleri individuals
grown on metal-amended soil is unrelated to the Zn
and Cd levels in the metal-amended soil used here.
Instead, this biomass reduction might coincide with
different soil structure of the experimental soils
due to their different treatments. In another acces-
sion and using slightly different soil conditions,
no significant differences were found in shoot dry
biomass of A. halleri plants grown on unamended
versus metal-amended soil for two months under
standardised greenhouse conditions (Kazemi-Dinan
et al. 2015a). Shoot dry biomass was even signifi-
cantly higher in plants growing on metal-amended
than unamended soil after three months of growth
outside (Kazemi-Dinan et al. 2015a). The effect of
Si supplementation on shoot biomass was minor
in our study; only in the Lan plants grown on una-
mended soil, Si supplementation led to a higher
biomass. In contrast, Si supplementation resulted in
an increased shoot biomass in some Si-accumulat-
ing plants belonging to the Poaceae and Fabaceae
(Detmann et al. 2012; Xu et al. 2020; Putra et al.
2021). Thus, effects of different metal(loid)s may
highly depend on the growing substrate and condi-
tion, concentration of added metal(loid)s as well as
plant species. Reciprocal transplant experiments, as
for example, explained in Harrison and Rajakaruna
(2011) in addition to controlled standardised experi-
ments, could provide further information regarding
local adaptation, adaptive variation and selection
towards plant defence traits.

In summary, our study suggests that effects of
metal amendment and metalloid supplementation on
foliar elemental, organic and mechanical defences
are accession-specific in A. halleri. Further studies
should address in more detail the role of Si, which
may modify elemental and organic defences, but
also impact on metal tolerance or detoxification in
hyperaccumulators (Neumann and Zur Nieden 2001).
Finally, further investigation is necessary to test the
roles of various putative defence types against dif-
ferent herbivores and/or pathogens in A. halleri to
understand the eco-evolutionary relevance of invest-
ment in distinct defences and potential trade-offs at
the population level.
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