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Abstract 
Background and aims  Zinc hyperaccumulation is 
a very rare phenomenon on nature known from only 
20 taxa around the World, especially in the genus 
Noccaea (Brassicaceae). Cardamine waldsteinii is a 
recently discovered (hyper)accumulator of zinc from 
central Europe and the Balkans. This study aimed to 
determine the ability of zinc hyperaccumulation in 
wild populations of C. waldsteinii and to elucidate its  
internal distribution in plant organs and tissues.
Methods  Plant and associated soils samples from 
the native habitat of C. waldsteinii in the Western 
Balkans were collected and analysed to determine 
Zn accumulation. This was coupled  with  synchro-
tron micro-X-ray fluorescence elemental imaging, to 
elucidate the distribution of zinc in the plant organs.

Results  The results confirm that C. waldsteinii is 
a genuine zinc hyperaccumulator meeting all estab-
lished criteria for hyperaccumulation. The endo-
dermis and vascular bundles were the main sites of 
zinc localisation in the roots and in the stem, whereas 
in the leaves the marginal areas were the most 
zinc enriched.
Conclusions  We confirm the hyperaccumula-
tion properties of C. waldsteinii in wild popula-
tions, whilst synchrotron micro-X-ray fluorescence 
elemental imaging reveal the zinc localisation pat-
terns in organs and tissues. This study highlights the 
need for a comprehensive study of the genus Car-
damine with the aim of discovering new metal/metal-
loid hyperaccumulator species.
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Introduction

Cardamine waldsteinii Dyer (Brassicaceae) is a newly 
discovered Zn accumulator from Central Europe and 
the Balkans with up to 3050 µg g−1 Zn in herbarium 
material revealed by handheld X-ray fluorescence 
(XRF) analysis, compared to 2210 µg g−1 in the leaves 
of this species collected in the field (Jakovljević et al. 
2023). To date, foliar concentrations of Zn in excess 
the 3000 µg  g−1, which is the nominal threshold for 
hyperaccumulation of this element (van der Ent et al. 
2013), have been found in only approximately 20 taxa 
globally (Reeves et al. 2018), compared to ~700 plant 
taxa known to hyperaccumulate metals/metalloids 
globally (Reeves et  al. 2018). Zinc is an essential 
element for plants, the second most abundant transi-
tion metal in plants after Fe (Broadley et  al. 2007). 
It is important for the synthesis of proteins, mem-
brane integrity and detoxification, a cofactor for more 
than 300 proteins, and is found in all six classes of 
enzymes (Kaur and Garg 2021).

Weathering of parental rock is the main source of 
Zn in soil, with availability largely determined by the 
pH value, being higher in acid soils, and  leading to 
Zn deficiency in calcareous soils (Marschner 2012). 
Zinc deficiency is acerbated in soils with low organic 
matter content (Broadley et  al. 2007), limiting plant 
growth and crop yield, up to 30% (Alloway 2009). 
The average concentrations of Zn in most ‘normal’ 
soils range between 10‒300 μg g−1 (Alloway 2008), 
but can be in excess of 100,000 μg  g−1 in rare cala-
mine soils (metalliferous soils highly enriched in Zn, 
Pb and Cd) (Cappuyns et al. 2006), where most Zn-
hyperaccumulator plants occur. However, in a number 
of species, including Arabidopsis halleri (L.) O’Kane 
& Al-Shehbaz and Noccaea caerulescens (J.Presl & 
C.Presl) F.K.Mey., can attain hyperaccumulation-
level of Zn while growing in soils with background 
concentrations of Zn. In A. halleri, concentrations 
of up to 53,900 µg g−1, the highest Zn foliar concen-
tration recorded to date, was found while it grew in 
normal soils with only 342  µg  g−1 Zn (Stein et  al. 
2017). Similarly, Zn concentrations in the leaves of N. 
caerulescens growing on a soil with only 139 µg g−1 
Zn reached up to ~9000 µg  g−1 (Reeves et al. 2001). 
Similar in  C. waldsteinii foliar Zn concentration 
of > 2000  μg  g−1 were reported in a plant grow-
ing on a soil with 66.1 μg  g−1 Zn (Jakovljević et al. 
2023). Apart from Zn hyperaccumulation identified   

in herbarium specimens of C. waldsteinii, trace ele-
ment hyperaccumulation is rare in other Cardamine 
species, found only in C. hupingshanensis K.M.Liu, 
L.B.Chen, H.F.Bai & L.H.Liu, a hyperaccumulator of 
selenium (Se) from China (Zhou et al. 2018).

In the current study, we aim to determine the abil-
ity of Zn hyperaccumulation in wild populations of C. 
waldsteinii in the Western Balkans. Furthermore, we 
aim to elucidate the internal distribution of Zn in plant 
organs of C. waldsteinii using synchrotron micro-X-
ray fluorescence elemental imaging (µXRF). In par-
ticular, we are interested to learn whether the patterns 
of Zn localisation are different compared to other 
well-studied Zn hyperaccumulators, such as Noccaea 
spp. and Sedum plumbizincicola.

Materials and methods

Collection of samples in the field and processing for 
elemental analysis

The samples of C. waldsteinii (Fig. 1) and the asso-
ciated rhizospheric soil (the soil around the roots of 

Fig. 1   Flowering plant of Cardamine waldsteinii growing in 
its natural habitat on limestone near Mt. Medvednica, Croatia
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each collected plants at a depth of ~ 5–10 cm) (n = 3 
in SP1–SP7; n = 5 in SP8–SP12) were collected from 
localities in Croatia and Bosnia and Herzegovina, 
representing the core of the species distribution area 
(Sabovljević et al. 2025). The additional sample, cul-
tivated at the Loki Schmidt Botanical Garden in Ham-
burg, Germany, was collected for  the synchrotron 
µXRF analysis. The details on the collection localities 
are provided in Fig. 2. After initial air-drying in the 
field, the plant samples were oven-dried at 60 °C for 5 
days and subjected to a thorough cleaning to remove 
the superficial dust with hexane washing according to 
the protocols of Reeves and Kruckeberg (2018) and 
Paul et al. (2019). In short, the plant material samples 
(~ 1 g) was immersed in 20 mL of anhydrous hexane 
(HPLC-grade, ≥ 95%, Sigma-Aldrich) in 50 mL poly-
propylene tubes, subjected to sonication, extracted 
from the hexane and dried prior powdering. The plant 
material was ground to a fine powder (< 200 µm) in 

an impact mill (IKA TubeMill 100 Control). The 
soil samples were air-dried for 4 days until constant 
weight and sieved to < 500 µm using a stainless mesh 
screen (Royal Eijkelkamp Sieve Set Ø 200 mm).

Elemental analysis of plant and soil material samples

For the bulk monochromatic X-ray fluorescence 
(MXRF) analysis, powdered plant material (0.3 g 
subsamples) was placed into custom MXRF sample 
holders and covered with 6.0 µm thin polypropyl-
ene film (Chemplex Industries Inc.), while sieved 
0.2 g subsamples of the soil were placed in custom 
XRF sample holders and covered with an 6.0 µm thin 
polypropylene film (Chemplex Industries Inc.). The 
MXRF analysis of the plant and soil powdered mate-
rial were performed using a Z-Spec JP500 instrument 
(Z-Spec Inc.) in ‘Plant’ and ‘Soil’ mode, respectively 
(Kahlon et al. 2024; Zhang et al. 2025). These modes 

Fig. 2   Distribution and characterisation of sample points (SP) of Cardamine waldsteinii 
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utilize different Fundemental Parameters in the equa-
tion used to convert raw fluorescence counts to con-
centration values expressed in µg g−1. This equation 
takes into account bulk composition, density and 
thickness of the sample. This instrumentation uses 
monochromatic X-ray fluorescence excitation at 
17.48 keV to analyse elements Z = 13 (Al) to Z = 40 
(Zr) on the K-lines and up to Z = 92 (U) on the L-lines 
with optimum sensitivity for elements Cu–Se and Hg-
Tl-Pb with LODs ranging from 0.009–0.025 µg g−1. 
Quality controls included NIST SRM 1570a Trace 
elements in spinach leaves and NIST SRM 1573a 
Tomato leaves.

Synchrotron µXRF elemental imaging

Cardamine waldsteinii only flowers and bares leaves 
for a short time in spring and the large distance travel-
ling between wild localities where it occurs in Bos-
nia and Herzegovina and Croatia, and the synchrotron 
facility in Hamburg, made it impossible to get live 
samples from a natural population. However, C. wald-
steinii is cultivated on normal (i.e., not Zn-enriched 
soil) soil at the Loki Schmidt Botanical Garden in 
Hamburg. Therefore, a live plant specimen was col-
lected from this locality and used for the synchrotron 
µXRF elemental imaging described below. The syn-
chrotron micro-X-ray fluorescence  (µXRF)  experi-
ments were performed at PETRA III (Deutsches 
Elektronen-Synchrotron DESY), a 6 GeV synchro-
tron radiation source, specifically at the hard X-ray 
microprobe undulator beamline P06 (Boesenberg 
et al. 2016). This beamline  is equipped with a cryo-
genically cooled double-crystal monochromator with 
Si(111) crystals  and using different focusing optics, 
the X-ray beam can be focused down to sub-micron 
level. An ion chamber upstream of the sample is used 
to monitor the incoming flux, while a 500 µm thick 
Si PIPS diode with an active area of 19 mm diame-
ter (PD300-500CB, Mirion Technologies (Canberra) 
GmbH, Germany) located downstream of the sample 
can be used to record the transmitted X-ray intensity 
to obtain absorption data. Multiple XRF detectors 
enable the measurement of X-ray fluorescence data. 
The incident X-ray energy was 15 keV for the entire 
experiment and focussed with K-B mirrors to 2.1 × 1.0 
µm (h × v)  with  prefocusing, resulting in a flux of 
~1.011 ph/s in the focus. For XRF detection, both a 
Vortex ME4 (4 elements) in 45° geometry and Vortex 

ME (1 element, 2 mm thick)  in 315° geometry with 
Xspress3 pulse processors were used. The live plant 
specimen from the Loki Schmidt Botanical Garden 
was used to elemental maps of whole plant  organs. 
These were excised and directly mounted between 
two sheets of thin film (4.0 μm thickness) stretched 
over a 3D printed plastic frame holder to prevent de-
hydration during the measurement. Thin sections of 
the root, stem, and petiole were made by hand cutting 
with a new stainless steel razor blade for each speci-
men. This ‘dry knife’ method allow to obtain 0.2–0.5 
mm thick sections without any  chemical fixing, 
embedding or water immersion; thereby avoiding ele-
mental deportment. The sections were immediately 
lifted from the razorblade with a fine-tip brush and 
deposited onto  thin film (Ultralene® Window Film) 
of 4.0 µm thickness (Cole-Parmer SamplePrep 3525)
stretched over the sample holder and covered directly 
afterwards with another layer of thin film using sticky 
tape around the samples to make a tight ‘sandwhich’. 
The synchrotron µXRF elemental imaging then took 
place within 15 min.

Data processing and statistical analyses

The data acquisition was handled by a custom work-
flow (Garrevoet 2025) and the XRF data were pro-
cessed using non-linear least squares fitting as imple-
mented in PyMCA (Solé et al. 2007). This produced 
32-bit.tiff images with pixel values corresponding to 
µg cm–2 areal density of the element of interest. The 
figures were prepared in ImageJ (Schneider et  al. 
2012) by changing the lookup table (LUT) to ’Fire’ 
and adjusting the pixel intensity value range with the 
levels slider such that background is scaled black and 
highest concentration values are scaled in the highest 
range of the LUT (nearly white). Finally, concentra-
tion scale bars using the ‘calibration’ tool and length 
scales were added.

Results

Zinc accumulation in field specimens

The roots and leaves of C. waldsteinii and associated 
rhizospheric soils were analysed and the mean and 
ranges of key elements are shown in Tables  1 and 
S1. The elemental concentrations in the soil samples 
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varied in a similar range for all of the elements ana-
lysed, including Zn which ranged from 74 to 184 µg 
g−1. The same applies to the plant samples, in which 
the trace elemental concentrations (with the exception 
of Zn) proved to be unremarkable (Table S1). Foliar 
Zn concentrations in C. waldsteinii individuals were 
up to > 9000 µg g−1 Zn and exceeded the hyperaccu-
mulation threshold in almost all populations (except 
for SP1; Table 1) in at least one individual. Foliar Zn 
concentrations also exceeded those in the roots in all 
naturally grown populations (TF > 1), indicating a 
strong affinity for Zn translocation. This potential was 
confirmed by high values of the  BCF, ranging from 
15.3 (SP3) to 64.5 (SP6) (Table S2).

Elemental distribution in plant organs and tissues

The synchrotron  µXRF elemental Zn maps of C. 
waldsteinii roots revealed predominant localisation 
in the main root, and a lower prevailing concen-
trations in the secondary roots. There was a non-
distinct distribution of Zn in the root cortex, with 
a slightly higher Zn enrichment in the nodes of the 
lateral branches (Fig. 3). The epidermis was also an  
important localisation sites for Zn, but with a dis-
continuous distribution and higher concentrations 
in  the proximal parts of the roots. Zinc accumula-
tion in the epidermis was also observed in the root 
cross-section, but with significantly higher concen-
trations in the vascular bundles and endodermis, 
and some enrichment in the pericycle (Fig. 4A). In 

the stem and petiole of C. waldsteinii, the epidermis 
had lower Zn concentrations (Fig.  4B and C). The 
pattern of Zn accumulation was the similar in the 
young and in the mature leaves of C. waldsteinii, 
with higher Zn concentrations in the old ones, and a 
clear Zn enrichment in the leaf margins, especially 
at the tip and around the distal veins (Fig.  5). In 

Table 1   Zinc 
concentrations in soil and 
plant samples of Cardamine 
waldsteinii. Data are 
expressed in µg g−1 as range 
and mean values. See Fig. 2 
for the sampling point 
locations

n.a.: data not available

Sample Soil Roots Leaves

ranges means ranges means ranges means

SP1 n.a 74.8 618–1310 860 1860–2560 2110
SP2 n.a 77.2 2080–4210 2870 3300–5650 4160
SP3 n.a 93.3 521–2450 955 721–3450 1430
SP4 n.a 108 562–1250 842 1390–4440 2990
SP5 n.a 99.9 697–1940 1160 2540–3640 2930
SP6 n.a 112 3250–6210 5170 1920–9260 7190
SP7 n.a 84.8 646–3080 2060 1140–5970 3490
SP8 165–240 184 1200–5810 3410 2320–9610 5530
SP9 117–165 146 1200–2210 1780 3240–5890 4980
SP10 78.9–137 110 n.a n.a 1440–4370 2510
SP11 98.1–197 158 n.a n.a 3120–7000 4580
SP12 27.4–89.9 73.5 n.a n.a 1210–3260 2220
SP13 n.a n.a n.a 6090 1870–5220 3820

Fig. 3   Synchrotron µXRF elemental maps showing the dis-
tribution of Zn in intact roots of Cardamine waldsteinii. The 
elemental map was acquired at 5 μm (upper part) and 80 μm 
(lower part) step sizes with 5 ms (upper part) and 8 ms (lower 
part) dwell time  per pixel. Scale and concentration   bars are 
included.
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mature leaves, Zn accumulation was also observed 
in the peripheral areas of the lamina, with  higher 
prevailing concentrations in the distal parts.

Discussion

The elemental analysis of field collected samples 
of C. waldsteinii confirmed earlier herbarium find-
ings about the potential for Zn hyperaccumula-
tion in this species (Jakovljević et  al. 2023). As C. 
waldsteinii can attain in excess of 9000 µg g−1 in 
its leaves, it clearly is a genuine Zn hyperaccumula-
tor. Soil Zn concentrations were relatively low with 

subtle differences between the sampling sites due to 
the limestone-derived substrate. Consistently high 
foliar Zn concentrations when C. waldsteinii occurred 
on soils with < 240 µg g−1 Zn showed that hyperaccu-
mulation is a constitutive trait in C. waldsteinii. This 
is akin the well-studied Zn hyperaccumulators A. hal-
leri and N. caerulescens (Bert et al. 2000; Richau and 
Schat 2009).

The results of this study suggest preferential 
accumulation of Zn in the vascular bundles of the 
roots and stems of C. waldsteinii. Preferential accu-
mulation of the hyperaccumulated element in the 
phloem is a feature in many  different hyperaccu-
mulator plant species (Lu et  al. 2013; van der Ent 
et al. 2020). For essential elements such as Zn, this 
remobilisation is particularly important during plant 
growth, both for the supply of nutrients to young 
organs and for the removal of accumulated elements 
from the old  leaves (Marschner 2012). Accumula-
tion of Zn in the vascular bundles of the stem was 
also observed in Sedum alfredii, another hyperac-
cumulator of Zn, but only in the hyperaccumulating 
ecotype, whereas in non-hyperaccumulating ones 
the epidermis is the main site of accumulation (Tian 
et  al. 2009). In the roots of the hyperaccumulating 
S. alfredii ecotype, the epidermis and cortex showed 
to be the main area of Zn accumulation (Gao et al. 
2025). The localisation of Zn in the root and stem 
of C. waldsteinii is similar to the localisation of 
Zn and Ni in the Ni-hyperaccumulator Noccaea 
tymphaea (Hausskn.) F.K.Mey. (van der Ent et  al. 
2019). However, in contrast to the predominant 
accumulation around the secondary veins of N. tym-
phaea, Zn in the leaves of C. waldsteinii was mainly 

Fig. 4   Synchrotron µXRF elemental maps showing the dis-
tribution of Zn in root A, stem B and petiole C cross-sections 
of Cardamine waldsteinii. The elemental map was acquired 

at 10 μm A, 8 μm B and 2.5 μm C step sizes with 8 ms A and 
5 ms B, C dwell time per pixel.  Scale and concentration  bars 
are included for each specimen.

Fig. 5   Synchrotron µXRF elemental map showing the distri-
bution of Zn in intact young A and mature B leaves of Car-
damine waldsteinii. The elemental map was acquired at 33 μm 
step size with 7 ms dwell time per pixel.  Scale and concentra-
tion bars are included.
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localised in the marginal areas  of the leaves. The 
accumulation of Zn in the marginal areas of the leaf 
with the highest concentrations in the leaf tips was 
also observed in Sedum plumbizincicola X.H.Guo & 
S.B.Zhou ex L.H.Wu (Jacquet et al. 2025), another 
hyperaccumulator of this element. Age-dependent 
differences in localisation and higher Zn concen-
trations were observed in the midrib and marginal 
areas of old leaves of S. plumbizincicola (Lu et  al. 
2014).  This contrasts with C. waldsteinii where 
the accumulation of Zn occurs in the same foliar 
regions, only at different concentrations.

High values of bioaccumulation factors, indica-
tive  of  a highly efficient Zn uptake even on  soils 
with background concentrations of Zn, and a high 
leaf-to-root Zn ratio, suggest potential for in Zn 
biofortification, similar to how C. hupingshanensis, 
the Se hyperaccumulator, has already been   exten-
sively used for Se biofortification in China (Wang 
et  al. 2024). Finally, this study highlights the need 
for a comprehensive study of the ionome of the spe-
cies of the genus Cardamine (with over 200 species 
known worldwide) with the aim of discovering new 
metal/metalloid hyperaccumulator species.
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