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Abstract The plants of Nicotiana glutinosa (L.) were
hydroponically cultivated on Hoagland nutrient media
supplemented by thorium, tartaric acid, putrescine and/or
phosphates. The accumulation of thorium by tobacco was
monitored. The effect of thorium on the photosynthetic
apparatus (contents of photosynthetic pigments, rapid
fluorescence PSII,) was studied.

Deficiency of phosphorus in the medium caused about 10-
times higher Th accumulation in plants. However, the
selected species — N. glutinosa does not have ability to
accumulated Th enough for phytoremediation of
contaminated environment. The application of putrescine
on leaves lead to higher Th translocation to shoots but the
effect of tartaric acid on Th accumulation was not
observed. The presence of thorium in plants caused an
increase in contents of photosynthetic pigments and a
decrease in values of selected fluorescence parameters.
Exogenous application of putrescine showed a potential in
phytoremediation methods to support translocation of
heavy metals to shoots.
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1. Introduction

Despite the current problems in Japan nuclear power plant
Fukushima 1, nuclear power is an important source of
energy for mankind. In majority, nuclear power plants are
run on uranium; however, more attention has been lately
turned to thorium as a promising fuel of nuclear power
plants. India leads in the development of technology using
thorium as a fuel source. India's Kakrapar-1 was the first
reactor in the world to use thorium rather than depleted
uranium to achieve power flattening across the reactor
core. Both Kakrapar-1 and -2 units are loaded with 500 kg
of thorium fuel to improve their operation at start-up. After
India, the main countries driving thorium research are
U.S.A. and Russia with recent interest from Norway and
Poland (NIRS, 2008). The advantages of using thorium
instead of uranium include the high abundance of nuclei
22Th, which represents the major nuclide in natural
thorium, production of less long-lived radioactive waste

and behavior as a-emitter. This means that thorium cannot
be engaged in spontaneous fission, but due to neutron
capture may be converted to uranium U, which is an
excellent nuclear fuel and a strong source of neutrons
(IAEA, 1985).

Thorium, like uranium, is a radionuclide with long half-
live, and, as a source of radiation, constitutes a potential
problem for human health. When an organism is exposed
to an inhalation of thorium dust, there is a possibility of
increased risk of lung and liver diseases, lung and
pancreatic cancer, adverse effect on blood and changes in
the genetic material of the human body (ATSDR, 1999).

The understanding of the mechanism of thorium uptake by
plants and of the possibilities to influence its entry into the
plants can be utilized in phytoremediation studies or for the
exclusion of undesirable contaminants in crops.

The present knowledge of thorium uptake by plants is
rather limited. The thorium accumulation has been tested
mainly in Poaceae plants (Shtangeeva and Ayrault, 2004;
Shtangeeva el al., 2005; Pulhani et al., 2005; Guo et al.,
2010). The studies were performed either under
greenhouse conditions (Shtangeeva and Ayrault, 2004;
Shtangeeva el al., 2005; Knox et al., 2008) or in areas
affected by mining (Zararziz et al., 1997, Blanco
Rodriguez et al., 2002; Chen et al, 2005; Mihucz et al.,
2008).

Phosphorus is the nutrient essential for plant growth and
development. It’s involved in converting light energy to
chemical energy, may alter the activity of various enzymes
and is an important component of DNA, RNA and
phospholipids. Its deficiency results in intense green color
of leaves, necrosis and plant growth reduction.

The accumulation of thorium (Shishkunova et al., 1989,
Soudek et al., 2013), as well as of uranium (Eapen et al.,
2003; Soudek et al. 2011a; Soudek et al., 2011b), is
strongly affected by the presence of phosphate ions. For
example, the bioavailability of thorium is strongly
increased by pyrophosphate, whereas it is decreased by
hydroxyapatite (Guo et al., 2010).

The accumulation of thorium in plants is also highly
dependent on climatic conditions, plant species and
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especially on the content of thorium in the soil. Oufni et al.
(2011) tested roots, stems and leaves of medicinal plants in
south-eastern Morocco for their ability to accumulate
thorium. They found horehound (Marrubium vulgare),
lemon verbena (Lippia citriodora) and harmal peganum
(Peganum harmala) to be the best thorium accumulators
(in roots 3.60, 3.40 and 3.15 Bq kg, respectively). Chen et
al. (2005) reported that Italian ryegrass (Lolium
multiflorum) and red clover (Trifolium pretense) were high
thorium accumulators (in roots 8.82 and 5.90 Bq kg™,
respectively). These authors also tested tobacco (Nicotiana
tabacum) plants and found relatively high thorium uptake
in shoots and roots (0.19 and 2.36 Bq kg™, respectively).
Linsalata et al. (1987) published the contents of thorium in
vegetables grown in Brazil on soils with high thorium
content. The highest contents were measured in zucchini
(Cucurbita pepo) and brown beans (Phaseolus vulgaris)
(both 0.011 mg g DW), no significant transport of
thorium being observed from soil to edible parts of plants.

The aim of our study has been to evaluate the possibility of
thorium accumulation by plants under hydroponic
conditions for the potential phytoremediation purposes.
Tobacco (Nicotiana sp.) plants in hydroponic culture were
selected as a model system. Potential effect of medium
amendments (organic acids, polyamines, phosphates) on
thorium uptake and its distribution in the plant was tested.

2. Material and methods
2.1. Plant material and cultivation conditions

Tobacco seeds (Nicotiana glutinosa) were sown in Perlite
and cultivated for two months. All seedlings were watered
by modified Hoagland medium every three days. The
hydroponic medium with pH adjusted to 5.0 contained 4
mM CaCl,, 2 mM K,SO;, 2 mM NH4NO; 2 mM
NaH,PO,, 1.5 mM MgSO,, 4 mM NaNOs, 4 mM NH,CI,
0.2 mM FeSO,, 138.8 uM H3BOj3, 20.8 uM MnSO,, 2.3
uM ZnSOy, 3.3 uM  CuSO, and 0.2 uM Na,MoO,. The
plants were kept at 23°C and with relative humidity about
60% and they were irradiated with a 16 h light (average
irradiation of 72 umol/m® s1 at the plants' surfaces, with
horizontal differences in irradiation less than 20%, sodium
discharge lamps - 400 W, (Thorn Radbay). Eight-week old
plants were used for the experiments.

2.2. Sampling and sample preparation

The seedlings of tobacco plants (Nicotiana glutinosa) were
cultivated (each plant per one pot) in Perlite. Hydroponic
medium was supplemented with thorium. Thorium ions
were obtained from salts Th(NO3z), (Lachema n.p., Brno,
Czech Republic). Tested concentration of thorium was 0.1
mM. Samples for thorium uptake determination were
harvested after 14 days of cultivation.

2.3. Sampling and sample preparation

Five replications for each treatment, each concentration
and each harvest time were used. Roots were washed with
distilled water, 0.1 M EDTA and distilled water again.
The samples were frozen in liquid nitrogen and stored at -

80 °C. The samples were freeze-dried at -50 °C until
constant weight.

Approximately 0.25 g of dry plant sample was predigested
in 5 mL of mixture HNOy/HCIO, in ratio 7:1 (v/v)
overnight at lab temperature. Then 3 mL of acid mixture
were added to clean the walls of tube and the contents of
the closed Teflon vessel digested in gradient to 100%
power after 15 min. and at 100% power for further 25 min.
Digestion was accomplished in a Multiwave reaction
system (Multi-wave PRO, Anthon Paar GmbH, Austria).
The cooling was made another 20 min. The samples were
filled up to 10 mL volume and analyzed.

2.4. Thorium content determination

The thorium concentration in the solutions was determined
by quadrupole based inductively coupled plasma mass
spectrometry (ICP MS, X Series 2, Thermoscientific,
USA). For solution introduction, a Meinhard nebulizer
with spray chamber cooled to 3 °C was used. A flow rates
of argon nebulizer gas 0.9 mL L, Ar plasma gas 13 L mI™
and Ar auxiliary gas 1.3 L mI™ was used. The RF power of
the plasma generator was 1400 W. The ICP-MS instrument
was tuned with a 10 pug mL™ Th standard, focusing on
isotope ?*?Th. A Bi solution of 10 pg mL™ in 2% viv
HNO; was used as internal standard with the formation of
oxides Me/MeO < 0.5%. The concentration of thorium in
the sample was determined using calibration curve (5, 10,
20 ug mL™) Th. The concentration values represent the
arithmetic mean of three repetitions.

2.5. Fluorescence induction measurement

After 14 days of plant cultivation, before the harvest, the
plants were adapted to darkness in a darkroom. After
approximately 30 minutes of dark adaptation, the rapid
onset of induced fluorescence by the FluorPen 2 (PSI) was
measured. The measurement was always carried out on the
second leave from a shoot apex. The measurements were
carried out at five places in the leve. The data was
processed by FluorPen software (Strasser et al., 2000).

2.6. Statistical analyses

All statistical analyses were carried out using Statistica
(StatSoft, Inc., Tulsa, Oclahoma, USA). Analysis of
variance was performed using one-way ANOVA analysis
and taking P < 0.05 as significant to determine the effect of
medium supplements and to test thorium uptake in a range
of plant species. Statistically insignificant values on the
level of probability P < 0.05 are indicated by the same
symbol above columns in figures. The error bars indicate
the standard deviation of analyzed contents
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Figure 1. Effect of medium composition on the accumulation of thorium in different parts of tobacco plants. (A) uptake in
roots, (B) uptake in stalk, leaves and flowers. Standard deviation is represented as £SD (n = 5).

3. Results and discussion

On the base of previous experiment (Soudek et al., 2013)
we select only some potential efficient modification of the
media. Thorium content after cultivation significantly
increased especially in the roots of the plants. Thorium
accumulation was positively affected by the absence of
phosphates in the medium in the both cases, presence and
absence of putrescine (Fig. 1). The highest content was
observed in the case of non-phosphate medium with
putrescine spraying (2.20 pg kg™ DW), whereas in case of
non-phosphate medium without putrescine spraying was
only 1.30 ug kg* DW. In the both cases of phosphate
medium, with and without putrescine spraying, the content
was significantly lower (15-times reduction), only 0.15 and
0.07 pg kg™ DW, respectively. Significantly lower thorium
content was found in stems, leaves and flowers. The

highest thorium content (0.02 pg kg™ DW) was found in
the stalks of plants cultivated on non-phosphate medium
with putrescine spraying. In comparison with experiments
with N. tabacum (Soudek et al., 2013), the thorium content
in roots of N. glutinosa was 10-times lower. The transfer to
upper part of plants was 100-times lower than in previous
publication. The differences can be due a different
cultivation conditions (hydroponic against
semihydroponic) and different plant species. It can be
assumed that the differences in the thorium uptake was due
to the higher availability of thorium ions under hydroponic
conditions. Phosphate ions otherwise creates an insoluble
complex, thorium"’phosphate (Shtangeeva and Ayrault,
2003) which is less mobile and available for plants grown
in Perlite (semihydroponic conditions). Even though
phosphorus is essential element for plants, there was no
visible negative effect on plant growth and development
during the 14-day cultivation in phosphate-free medium.
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Figure 2. Effect of medium composition on OJIP curve of tobacco plants. (A) plants cultivated on phosphate medium, (B)
plants cultivated on medium without phosphate. (n=5)

Our results show (Fig. 2) that thorium exposure show a
decrease of maximum fluorescence Fm for the medium
with phosphates (+P), so the system of electron transport
between QA and the PQ is affected. On the other hand,
after putrescine spraying (+Put), the thorium have no-
effect on Fm. In case of thorium exposure in medium
without phosphates (-P), the maximum fluorescence Fm
was increased compare to plants grown on the medium
without phosphates and without thorium. Putrescine have
no-effect in presence of thorium but increase Fm in case of
medium without thorium. It show that PS Il is much more
affected by phosphate deficiency than thorium. Putrescin
has proven to be a protective factor that reduces the impact
of stress on PS 1I.

4,  Conclusions

Higher thorium concentrations was found in the roots and
translocation to the shoots was very limited. Phosphate
deficiency and putrescine sprying positively influenced the
thorium uptake. Fluorescence of PS Il is affected by
thorium and phosphate deficiency too. Putrescin reduces
symptoms of stress conditions on PSII.
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