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The monochromatic X-ray (37 keV) focused to microbeam
(3� 3mm2) with a Fresnel zone plate allows us for the first time
to measure a cellular distribution of cadmium in the cadmium
hyperaccumulating plant, Arabidopsis halleri ssp. gemmifera
by detecting the CdK� line. The distribution of cadmium in
the leaves was clearly observed by in vivo monitoring. It was
found that cadmium had highly accumulated in certain parts of
the trichomes.

A specific type of plants can grow in contaminated soils
and absorb a large amount of heavy elements in their bodies.1,2

Arabidopsis halleri is known as a cadmium and zinc hyperaccu-
mulator,3–6 which can contain more than 10,000mg kg�1 cadmi-
um and zinc in shoot.5 This characteristic makes hyperaccumu-
lators highly suitable for phytoremediation, a soft method in
which plants are used for the cleanup of heavy metal-polluted
soils.7 However, the cellular distribution of cadmium in the plant
and the pathway of transportation remained unknown and the
accumulation mechanism has not yet been revealed. The two-
dimensional (2-D) analysis of trace cadmium in plant tissues is
a key analytical method to investigate such accumulation mech-
anism. Recent studies using a scanning electron microscope
(SEM) with an energy dispersive X-ray spectrometer (EDX)
documented the cellular distribution of zinc in the tissues of
A. halleri.3–5 In its leaves, zinc had been mostly sequestered in
the base of the trichomes and in the mesophyll cells.4,5 Tri-
chomes are epidermal hairs present at the surface of leaves of
A. halleri, and their functions are thought to be the exudation
of various molecules or the storage of metals etc.8,9 However,
conventional SEM-EDX mapping is not suitable for the analysis
of cadmium owing to the low sensitivity of the electron beam
excitation for heavy elements. Furthermore, the detection of
the Cd L-line is also difficult because the line overlaps with
the K-line peak of potassium, which is an essential element for
plants.

In the present study, we have developed an in vivo micro-
X-ray fluorescence (�-XRF) imaging technique utilizing high-
energy synchrotron radiation (SR) in order to reveal the distribu-
tion of cadmium and zinc in the tissues and cells of the hyperac-
cumulator plants and to investigate their physiology and accu-
mulation mechanism for heavy elements. The key technology
for the �-XRF imaging of heavy elements is definitely the
development of focusing optics for high-energy X-rays, and it
has recently been developed at SPring-8 using a Fresnel Zone
plate (FZP).10,11

The plant samples of A. halleri ssp. gemmifera6 were col-
lected around an abandoned mine site in Hyogo prefecture.
The leaves of the plant were subjected to the nondestructive
analysis without any sample preparation. Some samples were
cut with a vertical slicer, and the thin sections were sealed in a
Mylar� plastic bag together with a small piece of moist unwoven
paper in order to prevent the sample from drying out.

2-D �-XRF imaging was carried out at BL37XU of SPring-
8.12 The X-ray from an undulator was monochromatized by a
Si(111) double-crystal monochromator to 37 keV in order to
excite the K-lines of cadmium and to minimize overlap of the
K-line peak with the Compton scattering peak. The X-ray beam
was focused with an FZP to the beam size of ca. 3� 3mm2.
The FZP was produced by the sputtered-slice manufacturing
method.10 A Si(Li) solid-state detector was placed in the appro-
priate position with respect to the direction of the incoming
beam to minimize the scattering. The step size was set to 3mm
and provided some oversampling, ensuring that no area of the
target was missed. The integrated XRF intensity of each line,
e.g., CdK�, was calculated from the spectrum and normalized
by that of the incident beam, I0, which was measured by an
ionization chamber, and then the elemental map of the measured
area was calculated.

In advance of the microbeam analysis, the elemental distri-
bution at plant organ levels was investigated using a convention-
al XRF imaging system at BL37XU of SPring-8.13 The X-ray
beam was adjusted using horizontal and vertical slits, allowing
us to obtain a beam size of 50� 50mm2. The other experimental
conditions, including the excitation energy, were almost the
same as those for �-XRF imaging.

Figure 1 shows the XRF spectrum of the main vein of a leaf
of A. halleri ssp. gemmifera. The Zn and CdK� peaks can be
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Figure 1. XRF spectrum of a main vein of A. halleri ssp.
gemmifera. X-ray beam size, 50� 50mm2. Measurement time,
600 s.
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clearly observed. The peaks of Rb and Sr were also detected. The
elemental maps of Rb, Sr, Zn, and Cd are presented in Figure 2,
in which the normalized X-ray fluorescence intensities are scaled
to red (maximum) and to blue (minimum). Each image indicates
the relative distribution of the specific element, and thus, the
concentration scale varies for each image. The distribution of
cadmium in the leaves has been very clearly revealed by in vivo
monitoring the CdK� line for the first time. These images can be
directly used to correlate the distribution of elements with the
plant tissue structure. As can be seen from Figures 2b and 2c,
cadmium and zinc show a wide distribution in the mesophyll
tissues and main vein of a leaf. The distribution of cadmium
was found to be positively correlated with that of zinc. Both
elements preferentially accumulated in specific tissues on the
leaf, trichomes, which are epidermal hairs present at the surface
of the plant leaves. On the other hand, rubidium and strontium
accumulated in the main vein, a tissue that is thick enough to
absorb these elements with sufficient amounts.

The �-XRF imaging was carried out on trichomes prepared
from the leaf. The elemental distributions of cadmium, zinc,
strontium, and calcium are presented in Figure 3 together with
photographs taken under an optical microscope and SEM. The
2-D cellular distribution of cadmium in the trichomes was first
observed by in vivo �-XRF imaging. It is found that both cad-
mium and zinc highly accumulated in the base of the bifurcation
area of the trichomes in the range at 80–140mm, whereas stron-
tium and calcium were mostly distributed in the whole upper
part of the trichomes. These distributions of cadmium and zinc
showed a striking subcellular compartmentation.

The zinc distribution in the trichomes observed for frozen-
hydrated or freeze-dried tissues using an SEM-EDS with a cool-
ing stage showed that almost all the zinc was accumulated in a
narrow ring (ca. 20mm) in the trichome base.3–5 However, it is

difficult to completely dismiss the possibility of artifacts induced
by the sample preparation. In the present study, the distribution
areas of the cadmium and zinc accumulated inside the trichomes
were found to be gradually shrinking by a slow drying process.
This finding supported that the compartmentation of cadmium
and zinc occurs in the vacuole of the trichomes because the
vacuole of a living cell contains about 80–90% water.14 The
compartmentation of cadmium and zinc was considered to play
an important role in the accumulation process for such elements,
consequently, the detailed in vivo analysis should be required
in the future.

In conclusion, we have for the first time succeeded in
obtaining the 2-D cellular distribution of cadmium in hyperaccu-
mulating plant tissue by utilizing a high-energy X-ray micro-
beam. The data were obtained using a living sample. The cellular
distribution of cadmium was found to be positively correlated
with that of zinc. Since both zinc and cadmium belong to the
Group 12 in the periodic table, this finding may suggest that
the accumulation of these elements proceeds via similar pathway
of transportation in the plants. These results will provide impor-
tant information for our better understanding of the mechanisms
of cadmium hyperaccumulation by plants.
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5 H. Küpper, E. Lombi, F.-J. Zhao, S. P. McGrath, Planta 2000, 212,
75.

6 H. Kubota, C. Takenaka, Int. J. Phytorem. 2003, 5, 197.
7 D. J. Glass, in Phytoremediation of Toxic Metals Using Plants to

Clean Up the Environment, ed. by I. Raskin, B. D. Ensley, John
Wiley & Sons Inc., New Jersey, 1999, Chap. 2, pp. 15–31.

8 E. Rodriguez, P. L. Healey, I. Mehta, Biology and Chemistry of
Plant Trichomes, Plenum Press, New York, 1983.

9 Y.-E. Choi, E. Harada, M. Wada, H. Tsuboi, Y. Morita, T. Kusano,
H. Sano, Planta 2001, 213, 45.

10 N. Kamijo, Y. Suzuki, H. Takano, S. Tamura, M. Yasumoto, A.
Takeuchi, M. Awaji, Rev. Sci. Instrum. 2003, 74, 5101.

11 S. Tamura, M. Yasumoto, N. Kamijo, Y. Suzuki, M. Awaji, A.
Takeuchi, H. Takano, K. Handa, J. Synchrotron Radiat. 2002, 9,
154.

12 Y. Terada, S. Goto, N. Takimoto, K. Takashita, H. Yamazaki,
Y. Shimizu, S. Takahashi, H. Ohashi, Y. Furukawa, T. Matsushita,
T. Ohata, Y. Ishizawa, T. Uruga, H. Kitamura, T. Ishikawa, S.
Hayakawa, AIP Conf. Proc. 2004, 705, 376.

13 A. Hokura, R. Onuma, N. Kitajima, I. Nakai, Y. Terada, T. Abe,
H. Saito, S. Yoshida, Proc. 8th Int. Conf. X-ray Microscopy, IPAP
Conf. Series 7, 2006, pp. 323–325.

14 Plant Physiology, 3rd ed., ed. by L. Taiz, E. Zeiger, Sinauer
Associates, Inc., Massachusetts, 2002.

(a)

Y-axis

X-axis

Lo
w

  H
ig

h
N

or
m

al
iz

ed
 in

te
ns

ity

(b)  (c) (d)   (e)

X-axis

Y
-a

xi
s

Measurement area

Figure 2. XRF imaging of a leaf of A. halleri ssp. gemmifera.
(a) Photograph of leaf, (b) Cd, (c) Zn, (d) Rb, and (e) Sr.
X-ray beam size, 50� 50mm2; scan step, 50mm; measurement
time, 1 s/pixel; image size, 66� 132 pixels.
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Figure 3. �-XRF imaging of a trichome taken from a leaf.
(a) SEM image, (b) photograph of trichome, (c) Cd, (d) Zn,
(e) Sr, (f) Ca. X-ray beam size, 3� 3mm2; scan step, 3mm;
measurement time, 0.5 s/pixel; image size, 59� 226 pixels.
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