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The heavy metal cadmium (Cd) is an important pollutant in terrestrial and aquatic habitats in the 
environment. Only few places are naturally high in Cd, mostly resulting from volcanic eruptions. 
Other sites are contaminated due to industrial activities: Cd is used in NiCd batteries, the 
production of pigments to color plastics and inks. And also fertilizers and pesticides contain traces 
of Cd [1] increasing total Cd input into agricultural soils. Cd is highly toxic to most plants [2], 
readily taken up and accumulated in plants and thus entering the human food chain [3]. Therefore it 
is an important issue to study the mechanisms of Cd toxicity in plants. Plants cannot avoid 
unfavorable conditions like soils with high Cd and therefore developed defense mechanisms 
including exclusion, immobilization, chelation and complexation [4].  

We used the aquatic macrophyte Ceratophyllum demersum, a non-hyperaccumulator to study 
effects of Cd toxicity under environmentally relevant conditions. Analyzing the distribution of Cd 
and other metals in the tissue can reveal mechanisms of detoxification in the plant. Among the 
methods for analyzing metal distribution in tissues, µXRF in tomography mode has the advantages 
of detecting multiple elements simultaneously.  

The plant experiments were performed in the lab of H. Küpper. Plants were treated with Cd 
concentrations of 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, and 200 nM for 6 weeks. µ-XRF analyses were 
performed with plants from the control treatment (0.2 nM), non-toxic (2 nM), moderately toxic 
(20 nM) and highly toxic (200 nM) Cd concentrations. Samples for the µ-XRF measurements were 
prepared after 3 (all 4) or 6 weeks (2 and 20 nM) of treatment to ensure chronic toxicity. Samples 
were prepared by excising the tissue pieces, mounting them in glass capillaries, attaching them to 
sample holders, and shock-freezing the whole assembly in supercooled isopentane.  

The µXRF analyses were carried out at DORIS beamline L. This beamline allowed measurements 
of all elements of interest for the current questions at a spatial resolution (5 µm, as tested in our As 
measurements, see [5]) that is sufficient for distinguishing between all relevant tissues in our model 
plant C. demersum (compare microscopic images with µXRF maps in Fig. 1). During the 
measurements, the samples were kept frozen (about 100 K), which is absolutely essential for 
avoiding artefacts of element re-distribution that would inevitably occur if a tissue piece would be 
measured in non-frozen state. By cooling from above using the cryostream from P02 (Cryo 
Industries of America), icing at the sample was prevented. 

X-rays created in a bending magnet were monochromatized using the multilayer-monochromators 
at 30.8 keV. The application of the cryostream required the use of the single-bounce capillary – the 
long working distance prevents freezing and a possible fracturing of the capillary. µ-XRF 
tomography was done appox. 3 mm above the branching point of the leaf with step size of 5 µm 
and a dwell time of 0.8 s per step. 91 linescans were measured with the sample being rotated by 2°, 
yielding a 180° tomogram. Two Vortex-SDD detectors were used to accumulate data perpendicular 
to the incident beam.  



Results 

X-ray fluorescence measurements revealed 
changing distribution patterns of Cd and Zn at 
non-toxic (0.2 nM, 2 nM), moderately toxic 
(20 nM) and highly toxic (200 nM) levels of Cd. 
While in the control treatment no Cd was 
detected, higher Cd concentrations and longer 
treatment durations led to enhanced Cd 
accumulation in the tissue. With increasing Cd 
concentrations, sequestration of Cd into non-
photosynthetic tissues like epidermis and vein 
was enhanced. At toxic Cd concentrations, Zn 
was redistributed and mainly found in the vein 
along with Cd. Zn and Cd are chemically similar 
and Cd can enter plants using Zn transporters [6], 
leading to competition for transporters and 
inhibiting Zn uptake. Cd can also replace Zn in 
the active center of enzymes. The accumulation 
of both elements in the vein indicated an 
inhibition of their export from the vein, which 
likely contributed to Zn deficiency at lethally 
toxic Cd (Fig. 1, [7]). 
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Figure 1: µ-XRF imaging of Cd and Zn in 
C. demersum leaves treated for 3 or 6 weeks 
with different Cd concentrations. For each 
concentration, 2 (0.2 nM, 2 nM w 6, 20 nM w 6) 
or 3 (2 nM w 3, 20 nM w 3, 200 nM) different 
leaves were measured. Scale bar = 100 µm. 
(from Andresen et al., 2013, submitted to 
Metallomics) 


