Complexation of Cd in seeds of Cd-Hyperaccumulating Thlaspi praecox
and metabolism of Cd ligands during seed ger mination
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Abstract

The cadmium hyperaccumulatdhlaspi praecox Wulfen (Brassicaceae) can accumulate unusually Aigounts of Cd
(>1,000pg g dry weight) in its seeds without drastically affeg seed viability and germination. As embryongsties
are the most sensitive to Cd toxicity, the aimhi$ study was to investigate the Cd coordinatioth legand environment
in seeds and germinated seedlings of field-colte@tepraecox by Cd K-edge extended X-ray absorption fine stmect
(EXAFS). In intact seeds almost two thirds of thd [@ands were thiol groups (Cd-S-C-). In additidhere was
coordination to phosphate groups via bridging oxggéCd-O-P-), as for phytate. During germinatioe groportion of
Cd phytate ligands decreased. The number of oxg@drO-C) ligands, probably belonging to free cafd@nd hydroxyl
groups, increased during imbibition, germinatiord ahe shedding phase, however in the mature sesdlishen the
cotyledons became photosynthetically active, tinas an increase in binding of Cd to strong sulpigainds, especially
in embryonic axis, where 70% of ligands belongedhiol groups. Our results showed that Cd-ligandthglexes are
degraded during germination and mobilized to thérgonic axis. In the developing embryonic axis thest important
detoxification mechanism is binding of Cd to straudphur ligands, while in cotyledons binding of todree carboxylic

and hydroxylic groups of organic acids and celllwamponents also play a role in Cd detoxification.

Introduction

The efficient cellular sequestration and immobtiiza
mechanisms in roots and shoots with the consequent
decrease of phloem loading with metals in leaves,
provide lower metal concentrations in the seedsetal-
tolerant ecotypes than in any other plant part @log
Miku§ et al, 2007, 2008). However, in Cd-
hyperaccumulatingrhlaspi praecox Cd can to a great
extent accumulate in seed embryonic tissues (4380

ug g DW), without drastically affecting seed viability
or germination (Vogel-Mikus et al., 2007). Althoug@hl
often accumulates in seeds of edible plants at
concentrations that exceed the maximum dietaricatit
value of 0.3ug g DW, such as soybean, wheat, rice and
flaxseed, there is very little information availakdn Cd-
binding components in seeds and there is no infitoma

at present available on the metabolism of Cd ligand
during seed germination. The aim of the presendystu
was therefore to determine the chemical coordinatio
and ligand environment of Cd in the seeds and
germinated seedlings of the Cd-hyperaccumulafor
praecox collected in the plant’'s natural metal-polluted
environment using the non-destructive synchrotron-
based technique Cd K-edge extended X-ray absorption
fine structure (EXAFS).

Materialsand methods

Seeds ofT. praecox were collected at a highly Cd-, Zn-
and Pb-contaminated area in Slovenia (Vogel-Mikus e
al. 2007). For Cd K-edge EXAFS analysis, the seeds
were germinated in twice-distilled water for 21 day

Seedlings were collected in four phases: imbibjtion
germination, shedding of the testa and mature wepdl
(when cotyledons became photosynthetically active),
frozen in liquid nitrogen and freeze-dried for tdays.

XAS measurements were carried out at beamline C of
HASYLAB at DESY in transmission and fluorescence
detection mode. The beamline was equipped with a Si
311 two-crystal monochromator with about 2 eV
resolution at Cd K-edge (26 711 eV). Higher harrosni
were eliminated by detuning the monochromator etgst

to 50% of the rocking curve maximum, using the beam
stabilization feedback control. Cadmium concentrati

in seeds and germinated seedlings were determsird u
energy-dispersive X-ray fluorescence spectrometry
(Vogel-Mikus et al. 2010).

Results

Seeds and germinated seedlings exhibited extremely
high Cd concentrations (Table 1). The increase éh C
concentrations during germination was a consequehce
a concentration effect due to degradation and
dissimilation of stored food reserves such as $ipatd
starch.

Sulphur and oxygen atoms were identified in thet fir
coordination shell in all samples, with Cd-S dis&sin

the range of 2.49 A (as for thiols) and Cd-O distamnin

the range of 2.17 A. In the second shell, there was
coordination to carbon atoms at a distance of Aghd
phosphorus atoms at a distance of 3.27 A, indigdtiat
part of the Cd was bound to phytate (Cd-O-P-).



During germination and early development of young
seedlings, the number of phytate (Cd-O-P-) andl thio
(Cd-S-C) ligands was decreasing, while a number of
oxygen ligands (Cd-O-C-) was increasing (Fig. 3tilu
the seedlings reached their mature stage. At thisima
stage there was an increase in the proportionligfaBds
and a subsequent decrease in oxygen (Cd-O-C) kgand
(Fig. 1). Analysis of separate cotyledons (with @4200

mg Cd/kg) and embryonic axis consisting of a
developing root (with 1300+100 mg Cd/ kg), showed
that in the embryonic axis 70% of Cd ligands were S
ligands. In cotyledons, only 45% of the ligandsobegled

to the thiol groups, while the rest were oxygeatids. A
small proportion of Cd in cotyledons remained botmd
phytate, while in the embryonic axis phytate ligand
were not detected.

Table 1. Cd concentrations if. praecox seeds and
germinating seedlings (mean + se).
Conc. Cd (mg/ kg)

Intact seeds 103070
Imbibition 1080+70
Germination 1100485
Shedding of the testa 1300+120
Mature seedling 1600£150
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Figure 1. Relationship between Cd ligands in défifer
phases of germination OF. praecox seeds (IS- intact
seeds, IM - imbibition, GER-germination, SHE -
shedding, MS- mature seedlings).

Discussion

EXAFS analysis of intact seeds showed that sulptur
the first shell with carbon in the second shell &€-
thiol groups) represents the majority of Cd ligantlse
remaining Cd ligands were formed by oxygen in ihst f
shell and with phosphorus or carbon in the sectrdl s
(Cd-O-P- and Cd-O-C coordination), implying a bdnd
phytate and free carboxyl and hydroxyl groups which
can be found in cell wall compounds and organidsci
(Vogel-Mikus et al. 2010).

With development and growth of the seedlings, the
proportions of Cd phytate ligands decreased, wisch
line with phytate degradation and release of thieenail
nutrients bound to phytate during seed germination.
addition, the results indicate that during germorat
sulphur compounds stored in cotyledons were deggadi

releasing the stored Cd. The released Cd was then
probably bound to non-phytate oxygen ligands
(carboxylic and hydroxylic groups), since their
proportion increased during early germination phase

the rapidly growing embryonic axis, 70% of Cd ligan
were thiol groups, indicating that Cd ions that ever
released from phytate and other compounds during
germination and mobilised from cotyledons to
embryonic axis were then bound to strong S-ligainds
order to protect the developing seedlings from @al i
toxicity. In photosynthetically active cotyledonset
majority of Cd remained bound to oxygen ligands
suggesting that binding to the cell wall compouads
possibly vacuolar sequestration may play impontalgs

in detoxification and protection of photosynthellica
active tissues at this stage of development.

Conclusions

The presence of a high proportion of sulphur ligamd

T. praecox seeds indicates that in embryonic tissues the
prevailing Cd detoxification mechanisms is syntbesfi
strong S-ligands (Vogel-Miku§ et al. 2010). During
germination, Cd is released from phytate and sulphu
compounds. In the embryonic axis, Cd mobilized from
cotyledons is then bound mainly to strong sulphur
ligands, while in cotyledons binding to sulphur and
oxygen ligands are more or less equally represented
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