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Abstract

Background and aims  Anthyllis vulneraria, a com-
mon and widespread legume in Europe, spontane-
ously colonizes metalliferous habitats highly enriched
in thallium and zinc, with hyperaccumulation of
these elements reported in its subspecies from some
populations.

Methods Metallicolous  and
accessions of Anthyllis vulneraria subsp. polyphylla
from northeast Italy were cultivated hydroponically
and exposed to different concentrations of zinc and
thallium to assess thallium and zinc accumulation in

non-metallicolous
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the plants and to analyze the effects on growth and
photosynthetic efficiency. Synchrotron X-ray fluo-
rescence microscopy was used to elucidate elemen-
tal distribution at the cellular level in plant organs in
field-collected plants.

Results  Synchrotron X-ray fluorescence micros-
copy revealed distinct localization of zinc and thal-
lium in the epidermis of the root and petiole, as well
as in the vasculature of the leaves. In the zinc treat-
ment in hydroponics, root concentrations were signif-
icantly higher than in the shoots for both accessions,
reaching the highest value when dosed with 2000 pM
zinc, with 4000 pg ¢! in the shoot and 11,000 pg g™
in the roots of Anthyllis vulneraria subsp. polyphylla.
In contrast, in both thallium treatments, the shoot:root
ratio was greater than one. Photosynthetic activity
and plant growth were reduced in the non-metallicol-
ous population, whereas in the metallicolous popula-
tion it remained largely stable across the treatments.
Conclusion The spatial distribution of zinc and
thallium in field-collected plants has features typi-
cal of metal hyperaccumulators, such as preferential
accumulation in the epidermal cells. Under controlled
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conditions genuine hyperaccumulation was shown
only for thallium, while exclusion mechanisms com-
bined with high internal tolerance were found for
zinc.

Keywords Accumulation - Exclusion - Legume -
Localization - Tolerance

Introduction

Thallium (TI) toxicity is famous on account of its
historical use as a biocidal agent in pest control and
in criminal poisoning cases (Kazantzis 2000; Li et al.
2026). The occurrence and behaviour of Tl as an envi-
ronmental pollutant remains understudied compared
to other inorganic contaminants, such as arsenic (As),
mercury (Hg), lead (Pb) or cadmium (Cd) (Zhong
et al. 2022). Thallium is attracting increased attention
due to recognition of its potential harmful effects in
the environment, and its use in advanced technology-
critical materials with applications in infrared lenses/
glasses, superconductors and radiation detection (Liu
et al. 2019; US Geological Survey 2026). Anthropo-
genic sources account of TI for the largest proportion
of the annual total T1 release in the environment, esti-
mated at 2000-5000 t (Ostrander et al. 2024; Peter
and Viraraghavan 2005), and include mining and
smelting of sulphide ores, coal combustion, waste
incineration, cement production, efc. (Liu et al. 2024).
Natural sources of T1 are rare, with the Lanmuchang
deposit in China and the Allchar deposit in North
Macedonia being the richest known occurences, with
up to 124 ug g~! in soils from the mining area of Lan-
muchang (Xiao et al. 2012) and up to 20 mg g in
Allchar soil (Baceva et al. 2014). Other sites with
localized Tl enriched mineralization occur in North-
ern Italy, France, southern Poland, Switzerland and
the USA (Migaszewski and Gatluszka 2021). Most
Tl occurs in sulfide ores, such as galena, sphaler-
ite, and pyrite, and consequently enrichment has
been reported in association with Zn-Pb-Cd sulfide
ore deposits (Karbowska 2016; Xiao et al. 2012).
In nature, TI occurs in two valences (T and TI*"),
with the instable TI** being far more toxic (Ralph and
Twiss 2002). The more stable T1" is, however, more
bioavailable and, due to its chemical similarity to
potassium, is more readily taken up by plants (Kar-
bowska 2016; Pos¢ic et al. 2013).
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Thallium hyperaccumulators, species with foliar
concentrations exceeding the threshold for hyper-
accumulation of 100 ug g!, have been found at
two Zn-Pb mine sites in Northern Italy and France
respectively (Escarré et al. 2011; Fellet et al. 2012;
Pos¢i¢ et al. 2015; Regini et al. 2026), and at the
TI-Sb-As deposit of Allchar in North Macedonia
(Jakovljevi¢ et al. 2025a). In the leaves of Silene
latifolia from Allchar, the highest known concentra-
tion of Tl in a plant has been reported, reaching up
to 80,000 ug g~ (Jakovljevié et al. 2025a). Foliar
concentrations in Biscutella laevigata from Cave del
Predil (Zn-Pb mine in Northern Italy) can exceed
32,000 ug g ! (Fellet et al. 2012), whereas the leaves
of Iberis intermedia from Les Malines in Southern
France had nearly 3000 pg g~! (Leblanc et al. 1999).
Despite the anomalous concentrations of Zn, Pb,
Cd and TI in the soil (total T1 up to 9000 ug g!,
66,000 pg g~! Zn and 60,000 pg g~' Pb in the Cave
del Predil and 245 pg g~' TI, 160,000 ug g~! Zn and
9700 pg g~ Pb in the Les Malines area; Escarré
et al. 2011; Fellet et al. 2012), Les Malines and
Cave del Predil harbour diverse vascular floras.
Apart from B. laevigata, I. intermedia and S. latifo-
lia, this includes hyperaccumulators, such as Minu-
artia verna, Anthyllis vulneraria, as well as Noc-
caea cepacifolia, Alyssum wulfenianum (Cave del
Predil) and Noccaea caerulescens (Les Malines)
(Escarré et al. 2011; Fellet et al. 2012; Reeves and
Brooks 1983).

Hyperaccumulation of more than one element
simultaneously is rare, and mainly known from spe-
cies in the genus Noccaea in which many species
can co-accumulate Zn, nickel (Ni) and/or Cd and in
Arabidopsis halleri which can co-accumulate Zn
and Cd (Reeves et al. 2001; Stein et al. 2017), with
both positive and negative correlations in co-accu-
mulation (Dilshara et al. 2024; Kozhevnikova et al.
2020; Richau and Schat 2009; Tang et al. 2019). In
areas rich in Tl and Zn, Zn concentrations consider-
ably exceeded the threshold for hyperaccumulation in
A. vulneraria and N. caerulescens from Les Malines
(Escarré et al. 2011) and in M. verna and N. cepaei-
folia (N. rotundifolia complex) from Cave del Predil
(Fellet et al. 2012), with more than 10,000 Zn g~! d.w.
in the leaves and a shoot:root ratio higher than one in
the latter. The hyperaccumulation threshold in plants
in the Les Malines area was also exceeded in Alys-
sum serpyllifolium with 3500 ug Zn ¢! d.w. and in
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B. laevigata (Escarré et al. 2011) which also has high
foliar Zn concentrations at Cave del Predil (Fellet
et al. 2012; Reeves and Brooks 1983).

Anthyllis vulneraria is one of very few hyperac-
cumulating legumes, with high Zn and Tl reported in
different A. vulneraria subspecies: on Zn-Pb enriched
soils at Les Malines individual plants of A. vulneraria
subsp. carpatica accumulated up to 10,000 pg g
Zn (Escarré et al. 2011), whereas in the leaves of A.
vulneraria from the Allchar site 1220 pg g™! Tl has
been recorded (Jakovljevi¢ et al. 2025a). However,
when A. vulneraria subsp. polyphylla from Cave del
Predil in Italy was grown experimentally in its native
soil with no amendments, both T1 and Zn shoot con-
centrations were above the hyperaccumulation thresh-
olds (733 ug g”! Tl and 3360 pg g~' Zn; Fellet et al.
2014), but only Tl was preferentially accumulated
in the aboveground tissues. Apart from A. vulner-
aria, within the family Fabaceae hyperaccumulation
is principally known from numerous selenium (Se)
hyperaccumulating taxa in the genus Astragalus on
seleniferous soils in the United States (White 2016).
Furthermore, in Australia, the legume Crotalaria
novae-hollandiae from the Dugald River Zn-Pb—Cd
gossan in central Queensland is a facultative polym-
etallic Zn-Cu-Cd hyperaccumulator accumulating up
to 16,200 pg Zn g~!, 545 pug Cu g~! and 170 pg Cd
¢! (Farago et al. 1977; Tang et al. 2022a, b). Another
species in this genus, C. cobalticola is a Cu-Co
obligate hyperaccumulator found in the DR Congo
(Brooks et al. 1977; Brooks 1979). Finally, Ni hyper-
accumulation in another legume Pearsonia metallif-
era with up to pg Ni ¢!, has been recorded in Zimba-
bwe (Brooks and Yang 1984).

The hyperaccumulation capacity and high biomass
production of A. vulneraria make it a promising can-
didate for phytoextraction; in particular, A. vulneraria
plant material has been developed as an Eco-Zn catalyst
(Grison et al. 2015). It exhibits more favorable charac-
teristics compared with hyperaccumulators such as N.
caerulescens, with greater selectivity for Cd and Pb,
and, after inoculation with Rhizobium metallidurans,
accumulation increases by more than 30% (Grison et al.
2015). Conversely, in symbiosis with Mesorhizobium
strains, Zn accumulation in A. vulneraria subsp. car-
patica significantly reduced (Soussou et al. 2013), indi-
cating differential responses to the presence of rhizobia
and providing new perspectives for unravelling the role
of bacteria in modulating Zn uptake, translocation, and

accumulation in host plants. In addition to revegeta-
tion and restoration of mine areas (Mabhieu et al. 2013),
spontaneous colonization of mine areas by Fabaceae
species is particularly important because their increased
nitrogen content and enhanced organic matter accumu-
lation, arising from their symbiotic relationship with
nitrogen-fixing bacteria, both improve soil fertility
(Sujkowska-Rybkowska et al. 2020). In symbiosis with
the highly metal-tolerant Mesorhizobium metallidurans,
Anthyllis vulneraria subsp. carpatica achieved nitrogen
fixation of 80% (Mahieu et al. 2011), while the nitrogen
input from A. vulneraria during a four-year experiment
was estimated at 400 kg ha™!, facilitating the growth of
neighboring species (Escarré et al. 2011).

Anthyllis vulneraria is a very widespread and com-
mon species throughout Europe, and metal-tolerance
and metal accumulation in several populations raises
questions about the evolution of metal tolerance in
this species when colonizing metalliferous habitats.
Specifically, of interest is to elucidate the underly-
ing molecular and physiological mechanisms for co-
accumulating not only Zn, but also Tl in some popu-
lations, notably Cave del Predil. Therefore, in this
ecophysiological study we set out to determine the
tolerance and accumulation capacity for Tl and Zn
of the metallicolous population from Cave del Predil.
This was done under controlled conditions in hydro-
ponics to allow precise exposure without confounding
factors arising from metal availability. To provide a
reference, we compared the metallicolous population
with a non-metallicolous A. vulneraria population
from San Osvaldo in the same geographical area. We
assessed plant growth and photosynthetic parameters
and determined the distribution of Tl and Zn at the
tissue and cellular levels in field-collected plants.

Materials and methods
Collection of plant material in the field

Plant material and seeds of Anthyllis vulneraria
subsp. polyphylla (DC.) Nyman were collected from
natural populations in July 2025 at Cave del Predil,
a former Zn-Pb mine site (metallicolous), and at a
control site at San Osvaldo (non-metallicolous), both
located in North-East Italy. Information about the
localities and populations is given in Table 1.

@ Springer
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Table 1 Characterization of collection sites of Anthyllis vulneraria subsp. polyphylla, with Zn and TI concentrations (ug g~' d.w.) in
soils and shoots of field collected plants (values are means of 5 replicates + standard deviation)

Population Coordinates (Lat, Long)

Substrate

[Zn] soil [Zn] shoot  [TI1] soil [TI] shoot

San Osvaldo non-metallicolous 46° 03’ 44" N 13° 22’ 73" E Calcareous soil
46° 26' 30" N 13° 34’ 10" E  Metalliferous soil 15,060+ 690 4530+2690 125+12 1960+690

Cave del Predil metallicolous

57+13 48+20  budl b.d.l

b.d.l. below detection limit

Synchrotron uXRF experiments

The X-ray fluorescence microscopy and microto-
mography (XRF-pCT) analyses of field-collected
A. vulneraria subsp. polyphylla were conducted at
PETRA 1III (Deutsches Elektronen-Synchrotron,
DESY), a 6 GeV synchrotron radiation source,
specifically at the hard X-ray microprobe experi-
ment at the undulator beamline PO6 (Boesenberg
et al. 2016). The P06 beamline is equipped with a
cryogenically cooled Si (111) double-crystal mono-
chromator. An ion chamber upstream of the sample
monitors the incoming flux, while a 500 pm-thick
Si PIPS diode with a 19 mm-diameter active area
[PD300-500CB, Mirion Technologies (Canberra)
GmbH, Germany] located downstream of the
sample records the transmitted X-ray intensity to
extract absorption data. A pair of Kirkpatrick-Baez
mirrors was used to focus the 16 keV X-ray beam
down to approximately 440 nm X300 nm (horizon-
tal X vertical) for the tomographic measurements or
460 nm x 400 nm (horizontal X vertical) for the 2D
measurements, resulting in a flux of about 8.0 x 10°
photons s~! or 7.6 x 10° photons s~! on the sample,
respectively. Detection of XRF during the tomog-
raphy measurements was performed using a four-
element Vortex silicon drift detector (Hitachi High-
Tech, USA) and a 16-element Ardesia silicon drift
detector (Politecnico di Milano), placed at 90° and
270°, respectively, with the forward direction of the
X-ray beam defined as 0°. During the 2D measure-
ments, the XRF signal was detected using a 16-ele-
ment Ascanio silicon drift detector (Politecnico
di Milano) placed in backscatter geometry (180°).
All XRF detectors were used in combination with
Xspress 3 pulse processors (Quantum Detectors,
UK). Samples for tomographic uXRF measure-
ments were inserted into Kapton capillaries and
placed under a cryostream for analysis to reduce
possible beam damage. Samples for 2D pXRF
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imaging were mounted on Kapton sticky tape with
silicon adhesive (3 M™ Polyimide Film Tape 5413)
stretched over a 3D printed ABS plastic frame and
covered with Ultralene® Window Film, 4.0 um
thick (Cole-Parmer SamplePrep 3525).

Plant growth in controlled conditions

The seeds were sown in peat soil, and after 21 days,
the seedlings were transferred to hydroponic cul-
ture. Each plant was placed in a 1 L polyethylene pot
containing modified half-strength Hoagland’s solu-
tion with the following composition: 3 mM KNO;,
2 mM Ca(NO;),, 1 mM NH,H,PO,, 0.50 mM
MgSO,, 20 pM Fe(Na)- EDTA, 1 pM KCl, 25 pM
H;BOj3, 2 yM MnSOy, 2 uM ZnSO,, 0.1 uM CuSO,
and 0.1 pM (NH,),Mo,0,, (Hoagland and Arnon
1938) in milliQ- water (Millipore) buffered with
2 mM 2- morpholinoethanesulfonic acid, adjusted
to pH 5.5 with KOH. Experiments were conducted
in a growth chamber with a 16 h (day) photoperiod,
day/night temperatures of 24/16 °C, irradiance of
300 pmol m~2 s~! and 60%—65% relative humidity.
After a pre- culture period of 7 days, plants of equal
size were selected for treatment and exposed to 20
and 200 pM Zn (and 2000 pM only for the metal-
licolous population) supplied as ZnSO, (Sigma-
Aldrich) and to 2.5 and 10 pM TI supplied as TINO;
(Sigma-Aldrich) in a background solution with the
same composition as the pre-culture solution (Fig-
ure S1). Plants were sampled at the beginning of
the treatment and after 7 and 14 days of exposure.
At each time point, six plants per treatment from
each population were collected for root length and
leaf area measurements to monitor growth incre-
ment at each interval (calculated by subtracting
length or area values at the beginning of the treat-
ment from those at the first and second intervals, as
in Colzi et al. 2023). The length of the longest root
of each plant was measured with a ruler, whereas
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to measure leaf area, photographs from above were
taken using a digital camera (Canon PowerShot
SX100 IS) positioned 40 cm above the bottom of
the pots. The software Fiji (Schindelin et al. 2012)
was used for image analysis, and shoot area was
expressed in cm?. After biometric measurements,
roots were gently washed with 1 mM EDTA at 4 °C
for 15 min to desorb metals adhering to the cell
wall, as in Korner et al. (1987). Roots and shoots
were dried to constant weight at 40 °C for 72 h prior
to elemental analysis.

Photosynthetic pigments and chlorophyll
fluorescence analysis

At the end of the treatment, the chlorophyll content
index was measured on the youngest fully expanded
leaves using a Multi-Pigment-Meter (MPM-100,
Opti-Sciences, USA). Stomatal conductance and
chlorophyll fluorescence were determined using the
LI-600 Porometer/Fluorometer (Li-Cor Inc., USA)
at operational light intensity and the following
parameters were recorded: stomatal conductance
(85 op)» maximum quantum efficiency of the PSII in
dark-adapted leaves (Fy/Fy ;) and PSII efficiency
in light-adapted leaves (@PSIL,)) (Maxwell and
Johnson 2000). All measurements were taken from
9to 12 am.

Elemental analysis of plant samples

The plant material was dried in a dehydrating oven
at 60 °C for at least 48 h. It was then ground to a
fine powder (<200 um) in an impact mill (IKA
TubeMill 100 Control) and a 0.5 g subsamples were
placed into custom XRF sample holders and cov-
ered with a 12 um polypropylene thin film (Z-Spec
Inc..) for XRF analysis. The XRF analysis of the
powdered plant material was performed using an
E-max instrument (Z-Spec Inc.). This instrumenta-
tion uses monochromatic X-ray fluorescence excita-
tion at 17.48 keV to analyze elements from Z=13
(Al) to Z=39 (Y) on the K-lines and up to Z=92
(U) on the L-lines, with optimum sensitivity for ele-
ments Cu—Se and Hg-T1-Pb, and limits of detection
ranging from 0.009-0.025 mg kg~' (Zhang et al.

2026). Samples were analyzed for 30 s in plant
mode. Quality controls included NIST SRM 1570a
Trace elements in spinach leaves and NIST SRM
1573a Tomato leaves.

Data processing and statistical analyses

Data acquisition was carried out using a custom
workflow (Garrevoet 2025), and the XRF data were
processed with non-linear least squares fitting as
implemented in PyMCA (Solé et al. 2007). Energy
calibration was performed by measuring vari-
ous thin film deposited foils with XRF emission
lines that were well-spaced over the energy range
(Micromatter Technologies Inc., Canada). For other
elements, calibration was calculated using the foil
measurement results in combination with param-
eters from xraylib (Schoonjans et al. 2011). The
matrix used for modeling was hydrated plant mate-
rial with the empirical formula C;3053H;59Nj 7S s,
a density of 0.8 g cm™ and a thickness of 300 um.
This resulted in 32-bit.tiff files with pixel values
corresponding to the area density of each element
in ug cm™2 converted to pg g~! values by: meas-
ured area density (pg cm™2)/(thickness of the layer
(cm) X reference volume density (g cm™)) for 2D
measurements, and measured volume density (pg
cm™>)/reference volume density (g cm™) for tomo-
graphic measurements. The figures were prepared
in ImageJ (Schneider et al. 2012) by changing the
lookup table (LUT) to ’Fire’ and adjusting the
pixel intensity range with the levels slider so that
the background is scaled to black and the highest
concentration values are scaled to the upper end
of the LUT (nearly white). Concentration scale
bars were added using the ‘calibration’ tool, along
with length scales. All tomographic datasets were
reconstructed using a maximum-likelihood expec-
tation—-maximization (MLEM) algorithm (Bruyant
2002).

A two-way ANOVA (statistical significance at
p<0.05) was performed to evaluate the effect of
metal treatment on the two populations (metalli-
colous vs. non-metallicolous) and their interaction.
Post hoc comparisons were carried out using the
Tukey HSD test in GraphPad Prism 7 (GraphPad
Software) after assessing data normality (assessed
with the Shapiro—Wilk test).

@ Springer
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Results

Distribution of thallium and zinc in Anthyllis
vulneraria plant tissues

Spatial analysis of TI distribution in roots of field-col-
lected A. vulneraria subsp. polyphylla (metallicolous
population) indicated marked enrichment in the epi-
dermis (Fig. 1). Lower concentrations were observed
in the outer layer of the cortical parenchyma, decreas-
ing further toward the inner root structures, with
depletion in the stele. Apart from the notably higher
concentrations in the epidermis, and some enrichment
in the intercellular areas of the cortex, Zn distribution

in the root was much more homogeneous. As with
Tl, depletion in the stele was also observed for Zn.
In regions of highest accumulation, concentrations of
both T1 and Zn exceeded 3000 ug g' d.w.

Epidermal accumulation of Tl was also observed
in the petiole (Fig. 1), with most TI deposited in the
vacuoles. In collenchyma, enrichment was lower, with
higher levels in the outer layers, whereas accumula-
tion was also observed in the phloem of the central
vascular tissue. For Zn, collenchyma was the primary
site of localization, with significant accumulation in
the epidermis as well. In contrast to T1, where similar
levels were found in the roots and petiole, the petiole
showed reduced Zn concentrations compared to the

Fig. 1 Synchrotron-based pXRF elemental maps of Tl and Zn in root (upper part) and petiole (lower part) of Anthyllis vulneraria

subsp. polyphylla from metallicolous population

@ Springer
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roots. The distribution of Tl in A. vulneraria leaves
was confined to the vasculature, primarily the central
vein (Fig. 2). Accumulation was highest in the basal
part of the leaf, with concentrations reaching nearly
2000 pg g~!. Toward the apex, concentrations sharply
decreased, whereas the epidermal tissue showed gen-
eral depletion of TI. Zinc was also primarily local-
ized in the vasculature, however, concentrations were
more uniformly distributed, with enrichment in the
primary and secondary veins, as well as the central
vein. Depletion in the epidermis was also observed
for Zn.

In nodules, Tl exhibited the greatest enrichment
in the cortical parenchyma, especially in the basal
region (Fig. 3). In the epidermis, concentrations were
considerably lower, with depletion in the central tis-
sue. Zinc showed a more uniform localization, with

enrichment in the epidermis, cortex, and central tissue
containing a homogeneous population of bacteroids.

Growth and metal accumulation in metallicolous and
non-metallicolous Anthyllis vulneraria

For both root length and increase in leaf area, a sig-
nificant treatment X time interaction was found in the
non-metallicolous plants (Table S1), where Zn expo-
sure significantly reduced growth compared to con-
trols (Fig. 4). In contrast, metallicolous plants showed
no significant reduction in root growth in response
to Zn, and, at the lowest concentration, the metal
even promoted an increase in leaf area compared to
controls, resulting in a significant treatmentX time
interaction. Similar results were observed with TI
treatment (Fig. 5, Table S2), with metal-induced

Fig. 2 Synchrotron-based pXRF elemental maps of Tl and Zn in Anthyllis vulneraria subsp. polyphylla leaf from metallicolous

population
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Fig. 3 Synchrotron-based pXRF elemental maps of Tl and Zn in root nodule of Anthyllis vulneraria subsp. polyphylla from metal-

licolous population

growth reductions in the non-metallicolous popula-
tion and significant Tl-induced increases in leaf area
increment in the metallicolous plants at the end of the
exposure period.

Metal concentrations in roots and shoots, meas-
ured at the end of the exposure period, increased
with rising metal concentrations in the root zone in
both metallicolous and non-metallicolous popula-
tions (Fig. 6). Zinc concentrations in roots were sig-
nificantly higher than in shoots for both populations,
with higher concentrations in both roots and shoots
of metallicolous plants (790 and 250 ug Zn g™ d.w.
in the latter), and a significant treatment X popula-
tion interaction (Table S3). In response to 2000 pM
Zn, shoots of the metallicolous population reached

@ Springer

approximately 4000 pg Zn g™' d.w., significantly
lower than the roots (approximately 11,000 pg Zn g
d.w.). Conversely, exposure to higher concentrations
of Tl resulted in similar concentrations in roots and
shoots in both populations (approximately 600 and
880 pg Tl ¢! d.w. for non-metallicolous and metal-
licolous populations, respectively), whereas at the
lower concentration, metal accumulation was higher
in roots in the non-metallicolous population and
higher in shoots in the metallicolous population. The
latter value (approximately 300 pg Tl g™' d.w.) was
significantly higher than that of the non-metallicol-
ous population (approximately 120 ug Tl g™' d.w.),
as indicated by the significant population X treatment
interaction (Table S3).
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A) Non-metallicolous population

(3]
]

-0- Control
44 = 20 uM ZnSO, c
_| -« 200 pM ZnSO,

Root length increment (cm)

Days

C) Non-metallicolous population

20
-0~ Control

151 = 20 uM ZnSO,
- 200 uM ZnSO,

10

Leaf area increment (cmz)

0 2 4 6 8 10 12 14
Days

Fig. 4 Increase in: A-B) root length and C-D) leaf area of
non-metallicolous and metallicolous populations of Anthyllis
vulneraria subsp. polyphylla exposed to ZnSO, for 14 days.
Increase was calculated by subtracting the values at the

Consequently, the shoot:root ratio was always
below unity for Zn, with significant metal-induced
decreases compared to control conditions in the
non-metallicolous plants, while in the metallicolous
plants the highest treatment resulted in an increase
(Table 2). The population X treatment interaction
was significant, despite similar values in the two
groups of plants (Table S4). For T, the non-metalli-
colous plants had no differences among treatments,
with values below or around unity. In contrast, the
metallicolous plants showed a shoot:root ratio of
around 3 at the lowest treatment, which decreased
significantly to about one at the highest treatment.
The interaction between population and treatment
was significant, and the metallicolous plants had

B) Metallicolous population

-0- Control

4 & 20 uM ZnSO,
|+ 200 uM ZnSO,
- 2000 puM ZnS4

Root length increment (cm)

D) Metallicolous population

201
-0- Control

= 20 uM ZnSO,
- 200 uM ZnSO,
~- 2000 uM ZnSO,

15+

10

Leaf area increment (cmz)

Days

beginning of the treatment from those at the end. Values are
means + SE of 6 replicates. Letters next to the data points indi-
cate significant differences among samples at each exposure
time according to Tukey’s test (at least p <0.05)

a significantly higher ratio compared to the non-
metallicolous plants at 2.5 uM TI.

Photosynthetic pigments and chlorophyll
fluorescence analysis

Chlorophyll fluorescence parameters, stomatal con-
ductance and chlorophyll content index were assessed
at the end of the exposure period, following suffi-
cient leaf development. The results for Zn and TI are
shown in Figs. 7 and 8. Under operational conditions,
Fy/Fyop values were significantly lower in plants
exposed to 200 uM Zn in the non-metallicolous popu-
lation and 2000 pM Zn in the metallicolous popula-
tion, compared to the respective controls. Two-way
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Fig. 5 Increase in: A-B) root length and C-D) leaf area
of the non-metallicolous and metallicolous populations of
Anthyllis vulneraria subsp. polyphylla exposed to TINO; for
14 days. Increase was calculated by subtracting the values at

ANOVA revealed a significant population X treat-
ment interaction (Table S5). Values of (pPSIIOp and
the chlorophyll content index showed similar results,
with an additional Zn-induced decrease in the latter
parameter at 200 uM also observed in the metallicol-
ous plants. For stomatal conductance (g,,), no sig-
nificant population X treatment interaction was found,
with the metal reducing this value only at 200 uM Zn
in the non-metallicolous plants and at 2000 pM Zn in
the metallicolous plants. For T1l treatment, all meas-
ured parameters were reduced at the highest TI con-
centration in the non-metallicolous population, while
only g, declined in the metallicolous population.
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Two-way ANOVA showed significant interaction
effects only for Fy/Fy; ,, and the chlorophyll content
index (Table S6).

Discussion

Tissue-level distribution of thallium and zinc in
Anthyllis vulneraria

Despite the high shoot Tl and Zn concentrations in
vulneraria subsp. polyphylla, the elemental sequestra-
tion in the root epidermis, observed for both Tl and



Plant Soil

A) Root Zn concentration "
12000- &
1 non-met [ met -
10000
2 8000
-Dl *kk
< 6000-
=2} bB
m *kk
3. 4000
b bA Kokk
2000- Hok
AZ[] =»Z
0 T T T T N | T T
AN AN
‘P e$$~e$$‘c$§ 699 e$$~ess~o$§
cP VY S .§P S VS .§P
C) Root Tl concentration
1000 cB
3 non-met [ met T
. 800- A
2
S 600
‘o
o 400 *
B bA bA
200- >
] -
0 1 1 1 I 1 1
AN AN
ST LSS
GO a4 N [e) 9 N
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TINO;: C) roots, D) shoots. Values are means+ SE of 6 rep-
licates. Letters indicate significant differences among samples
according to Tukey’s test (at least p<0.05), with capital let-

Table 2 Shoot:root ratios of the metallicolous and non-
metallicolous populations of Anthyllis vulneraria subsp. poly-
phylla exposed to ZnSO, and to TINO; for 14 days. Values
are means+SE of 6 replicates. Letters indicate significant

B) Shoot Zn concentration
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ters for inter-population comparisons and lower-case letters
for intra-population comparisons. Asterisks indicate the high-
est values between roots and shoots in intra-treatment com-
parisons according to the t-test (* p<0.05, ** p<0.01, ***
p<0.001)

differences among samples according to Tukey’s test (at least
p<0.05), with capital letters for inter-population comparisons
and lower-case letters for intra-population comparisons and
separately for Zn and TI treatment

Population Treatment Control 1 st concentration 2nd concentration 3rd concentration
non-metallicolous Zn 0.36+0.03bB 0.21+0.07aA 0.14+0.04aA

metallicolous Zn 0.24+0.02aA 0.21+0.06aA 0.20+0.05aA 0.36+0.04b
non-metallicolous Tl 0.78 £0.26aA 0.77+0.24aA 1.04 +0.26aA

metallicolous Tl 0.33+0.12aA 2.77+0.77cB 1.02+0.15bA
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Fig. 7 Photosynthetic parameters in non-metallicolous and
metallicolous populations of Anthyllis vulneraria subsp. poly-
phylla exposed for 14 days to ZnSO,: A) Fy/Fy; o, B) @PSIL,
C) Chlorophyll index and D) g, . Values are means+SE of 6

Zn, is generally a trait associated with non-hyperac-
cumulator species, with restricted translocation to the
shoot (Xing et al. 2008), rather than with (hyper)accu-
mulators. The same applies to the localization of Zn in
the cortical apoplast, previously observed in N. caer-
ulescens (White et al. 2002), although its significance
for xylem loading has not been confirmed. Apart
from the enrichment in the epidermis, also observed
in B. laevigata, another Tl-hyperaccumulator (van
der Ent et al. unpublished), Tl distribution in root tis-
sues of A. vulneraria subsp. polyphylla largely cor-
responds to that observed in Tl (hyper)accumulators
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replicates. Letters indicate significant differences among sam-
ples according to Tukey’s test (at least p <0.05), with capital
letters for inter-population comparison and lower-case letters
for intra-population comparison

such as Silene latifolia (Regini et al. 2026) and Viola
tricolor subsp. macedonica (Jakovljevi¢ et al. 2025b).
In these species, T1 is localized in the root cortex and
is restricted to the outer zone, indicating transient
ion accumulation during radial transport. Although
this could imply restricted root-to-shoot transport, as
consistently seen in excluder species, depletion in the
stele, observed for both Tl and Zn, might result from
continuous transfer of Tl from the cortex and indicate
efficient xylem loading.

Although restricted to discrete regions (probably
associated with the distribution of transporters), high
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Fig. 8 Photosynthetic parameters in the non-metallicolous
and metallicolous populations of Anthyllis vulneraria subsp.
polyphylla exposed for 14 days to TINO; with: A) Fy/Fy o,
B) ¢PSII,,, C) Chlorophyll index and D) g, Values are

Tl in the petiole of A. vulneraria subsp. polyphylla
was predominantly sequestered in the epidermis. This
has been previously observed in B. laevigata (Salinitro
et al. 2024) and the Tl-hyperaccumulating accession
of S. latifolia (Regini et al. 2026). Enrichment of both
Tl and Zn in the vasculature suggests intensive trans-
location to the leaves, where they accumulated mainly
in the central vein. In contrast to Tl, whose concen-
trations sharply decreased from the base toward the
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means+SE of 6 replicates. Letters indicate significant dif-
ferences among samples according to Tukey’s test (at least
p<0.05), capital for inter-population comparison and lower for
intra-population comparison

tip of the leaf, Zn was distributed homogeneously in
the vasculature across the lamina. Vein-enrichment of
Zn was also found in different accessions of N. caer-
ulescens, where water-storage cells (or metal-storage
cells; Leitenmaier and Kiipper 2013), located close
to the vascular bundles, represent the main deposits
of Zn and act as an elemental source (Kozhevnikova
et al. 2017). In non-accumulators this feature has not
been observed (Kozhevnikova et al. 2014).
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In A. vulneraria subsp. polyphylla nodules, Tl
accumulates in the cortex, mainly in the senescent
zone, suggesting elemental recycling, with some
enrichment in the meristematic zone. Both zones are
bacteria-free and distant from the zone of nitrogen
fixation and from the zone where rhizobia are released
into host cells and differentiate (Vasse et al. 1990).
In contrast, Zn distribution was by far more uniform,
with enrichment in the central zones, which are rich in
bacteria. Besides Zn, the nodules also represent a sink
for other essential elements, such as Fe and Cu, which
were particularly enriched inside the rhizobia-infected
cells, with differences in accumulation reflecting vary-
ing preferences of rhizobia for these elements (Abreu
et al. 2017; Rodriguez-Haas et al. 2013).

Zinc and thallium tolerance and accumulation

Field-collected A. vulneraria subsp. polyphylla plants
exhibited remarkably high Zn and Tl concentra-
tions, exceeding both toxicity and hyperaccumulation
thresholds (Kabata-Pendias and Pendias 2001; Reeves
et al. 2018), with tissue and cellular localization dis-
playing features similar to those in other hyperac-
cumulators. Nevertheless, experiments under con-
trolled conditions remain the only clear-cut method
for determining the actual levels of trace metal toler-
ance and accumulation in putative hyperaccumulator
plants (van der Ent et al. 2024). Compared to a refer-
ence population from an uncontaminated soil in the
same region, Zn and Tl differentially affected plant
development in the two contrasting populations, with
metal-induced growth reductions occurring mainly
in non-metallicolous plants. The metallicolous pop-
ulation, on the other hand, had enhanced Zn and T1
tolerance, probably as an evolutionary response to
the selective pressure exerted by long-term exposure
to the high metal load of the mine spoil (Macnair
1993). Although specific adaptive tolerance to ele-
ment excess has often been demonstrated by compar-
ing metallicolous and non-metallicolous populations
under controlled conditions (e.g., Arnetoli et al. 2008;
Colzi et al. 2014; Schat and Vooijs 1997), to the best
of our knowledge, this is the first report for a faculta-
tive metallophyte in the Fabaceae family. All previ-
ous studies on A. vulneraria subspecies concern A.
vulneraria reference populations and are limited to
observations on field-collected plants (Sujkowska-
Rybkowska et al. 2020, 2023), transplanting
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experiments (Mahieu et al. 2013) or hydroponic trials
comparing different subspecies rather than the same
one (Soussou et al. 2013). For other leguminous fac-
ultative metallophytes, except for A. vulneraria, there
is only a single hydroponic study available on Doryc-
nium pentaphyllum subjected to Zn and Cd (Lefevre
et al. 2009). The lack of a non- metallicolous popula-
tion in this study, however, does not allow a compara-
tive analysis.

Across treatments, higher concentrations of Zn
and TI in the metallicolous accession of A. vulner-
aria subsp. polyphylla were the dominant response,
with restricted root uptake not representing the adap-
tation mechanism to the excessive concentrations of
Zn and TI present at the Cave del Predil site. There
were substantial differences in the allocation of the
two elements between roots and shoots, allowing a
clear definition of this species within the metallo-
phyte categories of accumulator or excluder (Baker
1981). As preliminarily observed in a pot experiment
with only metallicolous plants (Fellet et al. 2014),
the higher Zn concentrations in roots than in shoots,
resulting in a concentration ratio below unity, indi-
cate that A. vulneraria subsp. polyphylla cannot be
considered as a genuine hyperaccumulator. This con-
firms the pattern found in previous studies in other A.
vulneraria subspecies (Soussou et al. 2013), although
complementary studies on A. vulneraria (non-metal-
licolous) plants were not included. This study there-
fore indicates that A. vulneraria subsp. polyphylla
has an excluder strategy and cannot be considered a
true hyperaccumulator, despite the fact that in field-
collected plants at Cave del Predil and hydroponi-
cally grown plants treated with 2000 uM reached or
exceeded the hyperaccumulation threshold for Zn
(Krdamer 2010; van der Ent et al. 2024). Thus, the
remarkable shoot metal concentrations appear to
result from exclusion mechanisms combined with
enhanced internal tolerance for Zn, compared to A.
vulneraria (non-metallicolous) populations.

Compared to Zn, a different scenario was observed
for Tl. The metallicolous accession predominantly
accumulated Tl in shoots under lower TI treatment,
while the opposite pattern occurred in the non-metal-
licolous population. Therefore, as the aboveground
tissues appeared to be the main sink for TI allocation,
reaching levels above the hyperaccumulation thresh-
old, A. vulneraria subsp. polyphylla can be classified
among the few genuine Tl hyperaccumulating plants
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recorded so far (Reeves et al. 2018). Furthermore, it
represents the first legume identified as a Tl hyperac-
cumulator under controlled conditions. The higher
treatment, however, reduced the differences in root
and shoot T1 concentrations and lowered the shoot:root
ratio, possibly because the hyperaccumulation capac-
ity of this species could not reach the extreme levels
observed in other plants in hydroponics (Regini et al
2024, Salinitro et al. 2024) or in field-collected sam-
ples (Escarre et al. 2011; Jakovljevi¢ et al. 2025a).

Metal-induced changes in plant growth were asso-
ciated with similar changes in gas exchange and pho-
tosynthetic efficiency in both populations, indicat-
ing causal links. In the non-metallicolous population,
metal-induced stomatal limitations and reductions in
PSIT activity likely contributed to reduced growth in
treated plants with increasing Zn and TI concentrations
in the root zone. This is probably due to the known
negative impact of excess trace metals on the photo-
synthetic apparatus, pigment content, and stomatal con-
ductance (Chang et al. 2024; Jagota et al. 2026; Mazur
et al. 2016; Yruela 2013). Conversely, the metallicolous
population showed general stability in photosynthetic
parameters across almost all concentrations tested, with
some differences between the two metals.

In the case of Zn, at 200 puM, the stomatal func-
tioning and photosynthetic apparatus in metallicolous
plants remained stable, with values comparable to
those of control plants. This stability could be partly
attributed to the significant decrease in chlorophyll
content, mechanism already known to provide photo-
protection by reducing the size of the light-harvesting
antennae under Zn excess, as reported by Moustakas
et al. (2024). At the higher concentration of 2000 uM,
at which the non-metallicolous A. vulneraria plants
were unable to grow, the further decrease in chlo-
rophyll content in metallicolous plants may instead
indicate emerging metal toxicity. This is confirmed
by the decrease in all other photosynthetic param-
eters, as generally shown for Zn stress (Jagota et al.
2026). Under the experimental conditions used, this
incipient depression of photosynthetic activity was
not yet accompanied by a significant decrease in plant
growth, although the beginning of a decreasing trend
in leaf area increment at this concentration in metal-
licolous plants was already evident.

Conversely, at all Tl concentrations, the metalli-
colous population maintained stable photosynthetic
activity, probably due to the continued efficiency of

detoxification/hyperaccumulation mechanisms pro-
tecting the photosynthetic apparatus, as suggested in
S. latifolia (Regini et al. 2024). However, a significant
decrease in stomatal conductance was observed at the
highest TI treatment. Stomatal closure in the presence
of TI has already been reported (Dominguez et al.
2011; Mazur et al. 2016) and, in the metallicolous
population, this could represent the onset of initial
responses to limit TI transpirational allocation to the
shoot. This would be consistent with the previously
hypothesized inability of this plant to reach extremely
toxic shoot metal concentrations and would explain
the observed decrease in the shoot:root ratio.

Conclusions

Spatial analysis of Zn and Tl distribution in field-
collected A. vulneraria subsp. polyphylla from Cave
del Predil revealed features typical of metal hyperac-
cumulators, such as preferential accumulation in the
petiole epidermis, while others, such as metal enrich-
ment in the root epidermis, were less common. Com-
parative study under controlled conditions suggested
selection for enhanced Zn and TI tolerance in the
metallicolous population compared to the non-metal-
licolous population. Despite metal concentrations
above threshold levels in both field-collected and
hydroponically grown plants, hyperaccumulation was
observed only for Tl, whereas exclusion mechanisms
coupled with high internal tolerance were found for
Zn. The comparative analyses of metallicolous and
non-metallicolous populations of A. vulneraria subsp.
polyphylla elucidate the tendency for Tl and Zn accu-
mulation, confirming the species as a genuine TI
hyperaccumulator.
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