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Chapter 1

Introduction




1.1 Uranium

1.1.1 Physical, chemical and radiological properties

Uranium, a member of the actinide series with atomic number 92, is a silvery-
white, ductile and slightly paramagnetic heavy metal that is pyrophoric when
finely divided. It is a bit softer than steel and reacts with cold water when
present in a finely divided state. In air, uranium easily oxidizes and becomes
coated with a layer of oxide (Burkart et al., 2005). It is able to adopt four
valences resulting in the ions U3* (III), U** (IV), UO,* (V) and UO,>* (VI), which
is the uranyl ion (Ribera et al., 1996). Some important physical and chemical

properties are summarized in table 1.1.

Table 1.1 - Physical and chemical properties of uranium.

Properties Uranium
Chemical symbol U

Atomic number 92

Atomic weight 238.03 g mol!
Boiling point 4203 K
Melting point 1405.2 K
Density 19.05 g cm3

Uranium is a primordial radionuclide with 238U (99.3%), 23°U (0.72%) and 23*U

(0.006%) as its three naturally occurring isotopes (Bleise et al., 2003). All

uranium isotopes have the same chemical properties, but different radiological

properties. The activities of the different uranium isotopes depend on their

physical half-life. 23U for example, the most abundant uranium isotope, has a

physical half-life of 4.5 x 10° y, giving it a low specific activity of 1.24 x 10* Bq
1

g~ (Sheppard et al., 2005). Table 1.2 presents an overview of the
characteristics of the three natural uranium isotopes.

Table 1.2 - Properties of the three natural occurring uranium isotopes (Bleise et al., 2003).

Isotope Half-life [y] Relative mass [%0] Specific activity [Bq g™*]
238y 4.47 x 10° 99.3 12455

235U 7.04 x 108 0.72 80011

234y 2.46 x 10° 0.006 231 x 10°




238y and 2*U are the heads of two radioactive decay chains, respectively
uranium and actinium chain. By successive decay, with the emission of alpha or

beta particles, a stable lead isotope is formed at the end of each chain.

All natural uranium isotopes emit alpha particles, consisting of two protons and
two neutrons, which is the configuration of a helium core. This heavy, charged
particle will lose its energy fast by colliding with other molecules as it passes
through matter or tissue and consequently, has limited penetrating power.
Because of its high LET-value (Linear Energy Transfer) alpha particles will cause
a high number of ionizations over a short pathway covered in the matter or
tissue. As uranium isotopes decay to other radionuclides, beta and gamma
radiation will also be emitted in the decay process. Beta particles have greater
ability to penetrate matter or tissue, and will, in contrast with alpha particles
and due to their smaller mass, charge and energy, cause less ionizations over a
longer pathway. Gamma radiation consists of high energy photons and is
extremely penetrating but has, similar with beta particles, less ionizing capacity
than alpha particles (Bleise et al., 2003).

1.1.2 Natural occurrence in the environment

Uranium is a naturally occurring radionuclide and heavy metal with an average
concentration in the continental crust of 1.7 ppm (Wedepohl, 1995). The main
natural sources of uranium are hydrothermal veins, sedimentary rocks and
pyritic conglomerate beds. Uranium is an important constituent of several
minerals such as uranite and autunite. It is also found in phosphate rock, lignite
and monazite sand. There are several main geographical locations of minerals
containing uranium such as Australia, Canada, Germany and South Africa
(Ribera et al., 1996).

Although uranium occurs in the valences +3 to +6, the two most important
oxidation states for the conditions of soils are U** and U®*. The uranyl ion,
UO,%*, is the most stable uranium species in an oxidizing solution and the most
prevalent form in the environment. The uranyl ion forms complexes with
carbonate, phosphate and sulfate ions in which forms uranium is soluble and

readily transported. In contrast, under reducing conditions, uranium occurs as



U**, which has a strong tendency to bind to organic material and to precipitate

and is therefore immobile (Sheppard et al., 2005).

The speciation of uranium in soil and aqueous systems is strongly dependent on
the pH. Under acidic conditions and in the absence of fluoride, the uranyl ion is
the predominant uranium form in the soil. Hydroxide complexes such as UO,OH*
and (UO,)>(OH),%>" and phosphate complexes such as UO,(HPO,4),%" are formed
under near neutral conditions while carbonate complexes such as UO,(CO;),%
and UO,(CO;)s* predominate under alkaline conditions. The stability of these
complexes varies but UO,(HPO,),% is the most stable complex from pH 4.0 to
7.5 and in the absence of dissolved inorganic ligands (carbonate, fluoride,
sulfate and phosphate) (Ebbs et al., 1998; Shahandeh & Hossner, 2002;
Vandenhove, 2004). Figure 1.1 illustrates the pH dependence of uranium

speciation.

z_
UO,(HPO,);

100

' 4=
L0 (C0y)y

] {vi)qq {mole *}

PH
Figure 1.1 - Distribution of some uranyl complexes versus pH for a typical ligand concentration in

groundwaters of the Wind River Formation at 25°C. Pcp,=10"15 atm, F=0.3 mg I, CI=10 g I,
S0,=100 mg I}, Si0,=30 mg I"* (Langmuir, 1978).

In geographic areas that contain high levels of uranium in rocks and soil,
additional uranium can be introduced into the atmosphere by natural processes
of erosion and wind activity. Other natural processes such as volcanic eruptions

can also cause enhanced levels of uranium in the atmosphere (ATSDR, 1999).

Redistribution of uranium and its decay products to surface water and ground

water occurs primarily from the natural erosion of rocks and soil (ATSDR, 1999).



Table 1.3 gives an overview of typical uranium concentrations in several

environmental matrices.

Table 1.3 - Uranium concentrations in several environmental matrices (Bleise et al., 2003).

Matrix Typical concentration range
Soll 0.3-11.7 mg kg!

Air 2.5x10%-107 mg m™3

Surface water 3x1072-2.1 pg It

Ground water 3x103-2.0 yg I*

1.1.3 Industrial applications and transfer to the environment

An important industrial application for uranium is its usage as fuel in nuclear
power plants. As only 23°U can be used directly as nuclear fuel, natural uranium
needs to be enriched, increasing the fraction of 23°U. 238U can also be converted
into 23°Pu in fast-breeder reactors which in turn can be used as reactor fuel.
Depleted uranium is for example also used as counterweights for rudders and
elevators in commercial aircrafts and fork lifts and in the keels of sailing yachts
(Bleise et al., 2003). Uranium is often considered a waste product in several

industrial applications as it is naturally present in several ores and minerals.

In general, anthropogenic activities as uranium mining, milling and processing,
phosphate mining, heavy metal mining, coal use and inappropriate waste
disposal can contribute to the redistribution of uranium in the environment
(ATSDR, 1999; Vandenhove, 2002). All these industrial activities may result in
soil deposition while uranium will be mostly released into the atmosphere from
mining and milling activities, by uranium processing facilities or burning coal.
During mining operations and radioactive waste disposal, uranium can also be

discharged to surface water and/or ground water.

1.1.4 Exposure pathways and toxicity effects in man and animal species

As uranium is naturally present in food, air, soil and water in limited
concentrations, man and animal species are always exposed via these
compartments. Typical uranium concentrations of 0.08-70 pug kg or 0.4-1.4 ug
It can be found in food or drinking water respectively (ATSDR, 1999). Uranium
can penetrate the organism via different pathways: aerosol inhalation, ingestion

9



or wounds (Ribera et al., 1996). Uranium is a radiotoxic and chemotoxic element
with a greater risk of chemical toxicity than radiological toxicity.

This limited radiological toxicity is primarily due to its large physical half-life.
238 has a physical half-life of 4.5 x 10° y, giving it a very low specific activity of
12.4 kBq g (Sheppard et al., 2005). Secondly, all uranium isotopes emit alpha
particles which, with a penetration depth of a few cm in air and only pm in
tissue, are unable to penetrate the outer skin layer. On the other hand, alpha
particles have a high ionizing capacity over a short pathway when they pass
through tissue. Consequently, there is a high probability for irreversible cellular
damage after internal contamination by an alpha emitter. As uranium
successively decays to other radionuclides, beta and gamma radiation can also
be emitted, increasing the risk of radiological toxicity. When exposed to ionizing
radiation, molecular and cellular effects are induced directly through energy
transfers to macromolecules or indirectly through a water radiolysis reaction
(Ribera et al., 1996).

The chemical toxicity is of particular importance when studying uranium induced
effects and depends on the form in which uranium is present. Compounds
soluble in organic fluids and water are more toxic than non-soluble compounds
as oxides. The aqueous uranyl ion is the major cause of chemical toxicity.
Macromolecules such as nucleic acids, proteins and lipids can be attacked,
causing DNA damage, enzyme inactivation and membrane damage (Ribera et
al., 1996).

When uranium is ingested, most of it (> 95 %) will leave the body within a few
days in the feces and will never be transferred to the blood stream. The small
portion that enters the blood will be filtered by the kidneys (50 %) and leaves
the body within days. The rest will be mostly accumulated in the bones (22 %)
and kidneys (21 %) causing renal dysfunction. When inhaled, uranium can enter
the blood stream via the lungs but can also be retained in the longs depending
on its particle size and the absorption is dependent on the solubility in body
fluids ranging from 0.7 to 5 %. When retained in the lungs, uranium can decay
to other radionuclides, causing a radiation hazard. Besides acute toxicity effects,
stochastic effects, such as cancer, can manifest at a later stage with a
probability proportional to the dose (Ribera et al., 1996; ATSDR, 1999).

10



1.1.5 Uptake, distribution and toxicity effects in plants

Nutrients are essential for normal plant growth and development and are readily
taken up from the exchangeable and soluble fractions of the soil. Although
uranium and its decay products are not essential for plant growth and can even
be toxic, they will also be taken up by several plant species. Soil characteristics
influence the form in which uranium is present, affecting uranium uptake and
transfer in plants (Shahandeh et al., 2001). Ebbs et al. (1998) reported that the
uranyl ion, which predominates at a pH of 5.0-5.5, is the form of uranium most
readily taken up and transferred to the shoots. By using a computer speciation
model, Ebbs et al. (1998) also indicated that in the presence of phosphate,
uranium-phosphate complexes will be formed and will be stable over a pH range
from 4.5 to 9.0. The formation of uranium-phosphate complexes was predicted
to reduce the level of free uranyl ions and uranyl hydroxides, reducing the
bioavailability of uranium to plants. Laroche et al. (2005) also showed that by
increasing the phosphate concentration in the solution, a decreasing gradient of
free uranyl ions was generated, but it did not affect uranium uptake by

Phaseolus vulgaris.

In general, uranium uptake and distribution depends on the nature and age of
the plant as was reported by Singh et al. (2005). Uranium accumulates mainly
in the roots with limited transfer to the shoots as was reported by several
authors (Sela et al., 1988; Ebbs et al., 1998; Shahandeh & Hossner, 2002;
Singh et al., 2005; Vandenhove et al., 2006). Ebbs et al. (1998) also reported
that the root-to-shoot transfer of uranium was dependent on the pH of the
nutrient solution with the highest uranium concentration in the leaves at pH 5.0
when uranium was present as the free uranyl ion. This study also showed that

the amount of uranium taken up by the roots was the highest at pH 6.0 and 8.0.

Little information on uranium toxicity effects is available for plants, especially
exposure to low uranium concentrations and investigation of effects on
biochemical and molecular level. For the available studies, contradictory
information on uranium toxicity effects for plants exists. Sheppard et al. (2005)
summarized data that showed toxicity effects in plants exposed to
concentrations of 0.5-5.0 mg uranium kg™ dry soil while other data reported no
toxicity effects in plants after exposure to 100-1000 mg kg* dry soil. Within the

11



available studies on uranium toxicity effects for plants, several endpoints and
toxicity effects were reported. According to Ebbs et al. (1998), 5 uM uranium
was toxic to roots of Pisum sativum causing stunting of lateral root growth and
blackening of existing root apices. Vandenhove et al. (2006) reported that after
4 days exposure to 1000 pM uranium, leaves of Phaseolus vulgaris started to
show chlorosis and roots turned yellow. Vandenhove et al. (2006) also reported
a tendency to increased growth when Phaseolus vulgaris was exposed to
uranium concentrations between 0.1 and 10 pM. A transient hormesis response
was also shown by Straczek et al. (2009) for hairy roots of carrots exposed to
uranium concentrations ranging from 2.5 to 5 mg I't. In a study by Sela et al.
(1988) Azolla filiculoides was grown on tap water contaminated with 10 ppm
UO,(NO3), and harvested after 4 days. At that time toxicity effects as changes in
frond pigmentation and loss of rigidity became visible.

Uranium can also react with several plant nutrients, interfere with their uptake
and distribution and disturb their function in the plant cell. Plant and animal cell
membranes are known to be stabilized by Ca?* (Nieboer et al., 1979). Since
UO,2* binds more strongly than Ca®' to Ca?*-type binding sites, it has the
potential to damage cell membranes and increase K* permeability as was
reported by Nieboer & Richardson (1980).

1.1.6 Uranium in a mixed stressor environment

Uranium never occurs as a single pollutant in the environment, but always in
combination with other stressors such as heavy metals and other radionuclides
with their concomitant radiation. As previous studies showed that responses
induced in plants exposed to a combination of various stressors are generally
different from responses induced by each of the stressors alone (Chaoui et al.,
1997; An et al., 2004; Charles et al., 2006; Mittler, 2006), the simultaneous
presence of other stressors and the mixed nature of uranium contamination
should be accounted for. Charles et al. (2006) for example showed that applying
a combination of uranium and copper to Lemna aequinoctialis in their ECsg

concentrations resulted in an antagonistic effect on growth inhibition.

In general, two models, concentration addition and independent action, are

available to predict mixed effects from the toxicity of the individual components
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(Altenburger et al., 2000; Backhaus et al., 2000). The model of concentration
addition assumes that the stressors have the same mode of action, therefore
acting through the same cellular mechanism on the same target. The effect of
the mixture can then be predicted from the known toxic units, which is the
concentration of a compound divided by its effect concentration (EC,) at a given
level x, of all components in the mixture. The model of independent action
assumes that the toxicants have different modes of action. The effect of the
mixture can then be predicted from the effects of the individual components.
Both models however assume that the mixture is fully described in its chemical
composition and the dose-response curves of all the compounds are known.
Both models are simplifications of a complex reality and besides considering
them as equally valid alternatives to which data can be compared, Jonker et al.
(2005) defined some biologically relevant patterns in which deviations can occur
(figure 1.2).

S
High' g [ox 2

[Tox 2] [Tax 2] [Tex 2] [Tox 2]
1] High 0 High 0 High 0 High
0 ; 04 0 :k) 0
= / = = =
: 1 &
g g g g
High High - High High

Figure 1.2 - Binary mixture dose-response relationships illustrating concentration addition (CA) and 3
deviation patterns from this reference: no deviation (CA), synergistic/antagonistic deviation (S/A), dose
level-dependent deviation (DL) and dose ratio-dependent deviation (DR). Top row: 3D response
surfaces. Bottom row: 2D isobolic representation of the response surfaces. The biological response is
high in the control group and decreases as doses of toxicants increase (Jonker et al., 2005).

When there is "no deviation", the mixture effects are adequately described by
the concentration addition or independent action model. Under "synergism or
antagonism" mixture of several stressors causes effects that are more severe or

less severe than calculated from either reference model. When the deviation
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from either reference model at low dose levels is different from the deviation at
high dose levels "dose level-dependent deviation" is used. "Dose ratio-
dependent deviation" is used when the deviation from either reference model

depends on the composition of the mixture (Jonker et al., 2005).

1.2 Cadmium

1.2.1 Chemical and physical properties

Cadmium, together with zinc and mercury a member of group II, of the periodic
table, is a very soft, silvery-white, ductile metal with atomic number 48. In air,
cadmium is rapidly oxidized into cadmium oxide and the most common oxidation
state is Cd?* (II). Its physical and chemical properties are similar to those of
zinc, and to a lesser degree, mercury. Several inorganic cadmium compounds
such as acetate, chloride and sulfate are soluble in water whereas cadmium
oxide, carbonate and sulfide are almost insoluble (WHO, 2000). Some important

physical and chemical properties of cadmium are summarized in table 1.4.

Table 1.4 - Physical and chemical properties of cadmium.

Properties Cadmium
Chemical symbol Cd

Atomic number 48

Atomic weight 112.41 g mol™?
Boiling point 1038 K
Melting point 594.1 K
Density 8.65 gcm

1.2.2 Natural environmental presence

Cadmium is a relatively rare element with an average concentration of 0.2 ppm
in the earths crust. Most cadmium in nature occurs in association with the
sulfide ores of zinc, lead and copper. Only a few relatively pure cadmium
minerals are known such as greenockite, which is cadmium sulfide. In addition,
cadmium can also occur as an impurity in phosphate minerals. It therefore
occurs naturally in the environment from the gradual process of erosion and

abrasion of rocks and soils but also from forest fires and volcanic eruptions
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though the latter makes up only a small percentage (< 10 %) of the total
airborne cadmium in comparison with anthropogenic activities. Cadmium is
therefore naturally present in all environmental matrices. Table 1.5 gives an
overview of typical cadmium concentrations in several environmental

compartments.

Table 1.5 - Natural cadmium levels in the environment.

Matrix Concentration range
Atmosphere 0.1-5ng m?

Earth's crust 0.1-0.5ug gt

Marine sediment ~1ugg?

Sea water ~0.1 pg I?

River sediment ~5ugg!

River water <0.1pgl?

1.2.3 Industrial applications and discharge to the environment

Most cadmium used in industry is recovered from sphalerite (zinc sulfide), the
principal ore of zinc where cadmium atoms replace some of the zinc atoms. The
cadmium is removed when zinc metal is purified in a refinery. Cadmium is
therefore an important by-product of the zinc industry. Before World War I,
cadmium was almost never recovered from zinc plants resulting in an
uncontrolled contamination of the environment for decades (WHO, 2000).
Besides the most important use of cadmium in the production of nickel-cadmium
batteries, cadmium can also be used in protective plating of steel, in pigments or
stabilizers for plastics and as a component of various alloys. As cadmium is able
to absorb neutrons, it can be used in nuclear reactor control rods to keep fission

reactions under control.

Approximately 85-90 % of the atmospheric cadmium emissions arise from
anthropogenic sources such as smelting and refining of non-ferrous metals,
fossil fuel combustion and municipal waste incineration. In 1982, the total
atmospheric cadmium emission was estimated at 1144 tons y*' in Western
Europe. By application of new technology to control emissions from non-ferrous
smelters these emissions where brought back to 158 tons y* in 1990 (WHO,
2000). Most of the cadmium that occurs in air is associated with particulate

matter in the respirable range. Via wet or dry deposition, elevated cadmium
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levels can be found in soil and crops. Therefore, cadmium in food comes mostly
from atmospheric cadmium as a result of foliar absorption or root uptake of
cadmium deposited on soils. It is important to stress that excessive soil
cadmium levels presently found in some industrialized areas are largely the
result of emissions in the past when smelters were operating under less
stringent conditions without recovering cadmium during zinc production. Another
important source of soil contamination can be attributed to the use of
commercial fertilizers derived from rock phosphate and sewage sludge. Non-
ferrous metal mines represent an important source of cadmium release to the
aquatic environment due to for example drainage water, waste water from ore

processing and rain water run off from the mine area (WHO, 2000).

Certain Belgian areas such as the Meuse valley near Liege and the rural northern
part of the Kempen are polluted by cadmium, mainly because of past emissions
from non-ferrous industries (primarily zinc smelters and cadmium producing
plants). The cadmium concentration in the soil in the Liége area ranged from 4
to 39 mg kg! measured between 1978 and 1987 whereas the cadmium
concentration in the top-layer soil from kitchen-gardens ranged from 0.5 to 24

mg kg™ measured between 1983 and 1984 (Lauwerys et al., 1990).

1.2.4 Exposure and toxicological effects for man and animal species

As cadmium is present in all environmental compartments, man and animal
species are always exposed to certain cadmium levels via inhalation and
ingestion of food and drinking water. The average cadmium level inhaled daily
depends greatly on the area and ranges from 0.01 pg day™ in rural regions to
0.4 pyg day! in industrialized zones (WHO, 2000). Up to 50 % cadmium can be
deposited in the lungs depending on the particle size and cadmium absorption in
the lungs depends on the chemical nature of the particles, which is high for
cadmium oxide but considerably less for insoluble salts such as cadmium sulfide.
Smoking is an important source of cadmium exposure which may equal or
exceed that from food and a person smoking 20 cigarettes a day will absorb up
to 1 pg cadmium each day (Jarup et al., 1998). In general, drinking water
contains very low cadmium concentrations, usually in the range of 0.01-1 ug I,
and does not contribute much to the total cadmium intake. Food is the most

important source for cadmium exposure in a nonsmoking population. While the
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average amount of cadmium absorbed via food can be estimated at 1 ug day™,
concentrations vary greatly between different food sources. The lowest
concentrations are found in milk (1 pg I'!) while the highest cadmium levels up
to 1000 ug kgt are found in internal organs of mammals (kidney and liver) and

in mussels, scallops and oysters (WHO, 2000).

Cadmium has an exceptionally long biological half-life of 10-30 years, resulting
in an almost irreversible accumulation in the body (Staessen et al., 1990). The
cadmium concentration in the blood is a good indicator of the absorption over
the previous months. The liver and the kidneys are the main storage sites for
cadmium in the body (Jarup et al., 1998). The cadmium concentration increases
with age up to about 50-60 years. Cadmium is mainly eliminated from
organisms via urine. However the excreted cadmium concentration is very low
and represents 0.005-0.01 % of the total body burden, the 24 hour urinary
excretion is a relevant biomarker of lifetime exposure (Staessen et al., 1990;
WHO, 2000). With chronic oral exposure, kidneys appear to be the most
sensitive organs. Cadmium can affect the resorption function of the proximal
tubules with the first symptom being an increase in the urinary excretion of low-
molecular-weight proteins, called tubular proteinuria. More severe cadmium
damage may also involve the glomerulus and disturbances in renal handling of
phosphorous and calcium may cause resorption of minerals from bone, resulting
in kidney stones and osteomalacia (WHO, 2004). Staessen et al. (1999) also
reported from a population study that even at a low degree of environmental
exposure, cadmium may promote skeletal demineralization which may lead to
increased bone fragility and raised risk of fractures. Cadmium has also been
classified as a carcinogen by the International Agency for Research on Cancer in
1993 which was based on the observation of excess lung cancer mortality of

workers in cadmium processing plants (Nawrot et al., 2006).

1.2.5 Uptake, distribution and toxicity effects for plants

The cadmium uptake by plants is dependent on its concentration in the soil and
its bioavailability modulated by the presence of organic matter, pH, redox
potential, temperature and concentrations of other elements (Benavides et al.,
2005). Although Cd?* is a non-essential element for plants, it is readily taken up

by the root system as it enters plant cells via uptake systems for essential
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cations and can be transported to the shoots, though only in relatively small
amounts. As was reviewed by Clemens et al. (2006), Cd** ions are apparently
taken up into plant cells by Fe?"/zZn?* transporters and possibly by Ca?*
transporters and channels. Cadmium is able to activate the synthesis of
phytochelatins that can form various complexes with cadmium to prevent it from
circulating as free Cd*" in the cytosol (di Toppi & Gabbrielli, 1999).
Phytochelatins can therefore reduce the cytoplasmic toxicity as the metal chelate
is expected to be less toxic to the cellular metabolism than the free metal ion
(Hasan et al., 2009). Cadmium chelates are then transferred into the vacuole or
transported to the shoots through the cells of vascular bundles (Hasan et al.,
2009). Figure 1.3 gives a schematic representation of processes involved in the

uptake, sequestration and translocation of cadmium in plant roots.
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Figure 1.3 - Cd*' ions are apparently taken up into plant cells by Fe?*/Zn?* transporters of the ZIP
family and possibly by Ca?* transporters/channels. In the cytosol they are chelated and most likely not
present as "free" hydrated ions. Initial ligands could be GSH (bisglutathionato-Cd complexes, GS,-
Cd(1II)) and potentially other unknown molecules (X-Cd(II)). GS,-Cd(II) interacts with the constitutively
expressed enzyme PCS resulting in the activation of PC synthesis. PC-Cd(II) complexes (=LMW
complexes) are hypothesized to be transported into the vacuole by an (unknown) ABC-type transporter.
Inside the vacuole, HMW complexes are formed that contain sulfide, but their metabolic fate is
unknown. A second pathway of vacuolar sequestration could be Cd?*/H* antiport with CAX2 a candidate
protein in A. thaliana. Activity of metal-sequestering pathways in root cells likely plays a key role in
determining the rate of translocation to the aerial parts of the plant. A second factor is the degree of
accessibility and mobilization of sequestered metal. Thirdly, the efficiency of radial symplastic passage
through the root and across the endodermis is important and finally, the xylem loading activity, i.e. the
efflux activity from xylem parenchyma cells into the xylem. At least a fraction of the vacuolar Cd (HMW
complexes or unidentified complexes (Z-Cd-(II)-Z) can apparently be mobilized back into the cytosol by
proteins such as AtNramp3. Symplastic transfer requires the availability of mobile high affinity ligands
(GS,-Cd(1I), X-Cd(1I)). Loading of the xylem is dependent on efflux pumps (e.g. AtHMA4) residing in
the plasma membrane of surrounding cells. An efflux of PC-Cd(II) complexes has also been proposed.
Ligands of Cd(II) in the acidic xylem are not known but could be nitrogen or oxygen ligands (Clemens
et al., 2006).
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Cadmium toxicity effects on growth, photosynthesis, nutrient uptake, water
balance, cation efflux, enzyme capacities, plant metabolism etc. were reviewed
by several authors (Prasad, 1995; Das et al., 1997; Hasan et al., 2009).
Exposure of plants to elevated cadmium concentrations can inhibit growth and
cause chlorosis and the production of anthocyanins in leaves as was reported by
various authors (Smeets et al., 2005; Van Belleghem et al., 2007). Cadmium is
also known to interfere with the uptake and translocation of several nutrients as
was demonstrated in several studies (Hernandez et al., 1996; Zhang et al.,
2000; Zhu et al., 2004; Smeets at al., 2008). It can also induce lipid
peroxidation affecting membrane structure and function (Smeets et al., 2005;
Razinger et al., 2008; Tamas et al., 2008). Several studies have also indicated
that cadmium can alter plant metabolism and induce oxidative stress resulting in
an enhanced production of ROS and an induction of alterations within the
antioxidative defense mechanism (Lin et al., 2007; Romero-Puertas et al., 2007;
Semane et al., 2007; Razinger et al., 2008; Smeets et al., 2008).

1.3 Gamma radiation

1.3.1 Properties of gamma radiation

Radioactivity describes the process in which an unstable nuclide aims to return
to a stable condition by emitting particles, such as alpha and beta particles but
also protons and neutrons, and/or by emitting energy as photons, called gamma

radiation.

Ionizing radiation is every form of radiation capable of causing ionizations and
excitations by energy transfer from the radiation field to matter or tissue. In
contrast to alpha or beta radiation, which can directly cause ionization by
interaction with tissue, gamma radiation is characterized as indirect ionizing
radiation as it first generates secondary reactive intermediates that in turn can
react with the target. Not all ionizing radiation is necessarily originating from
radioactive decay processes but can also be generated by for example Réntgen
tubes. In contrast with gamma radiation, that due to its short wavelength and
consequently high energy can cause ionizations, other electromagnetic radiation

with lower energies such as UV (ultraviolet), visible light, IR (infrared) and
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micro- and radio-waves are not able to produce ionization and are examples of

non-ionizing radiation.

An important ionization process by interaction of ionizing radiation with plant or
animal tissue is the radiolysis of water, producing several highly reactive
intermediates that can initiate cellular damage. The ionization process in water

is generally written as the following equation (Ward, 1988).
H,O + radiation —» H,O0* + e

The ionized water molecule reacts at the first collision with another water
molecule to produce the *OH radical.

H20+ + Hzo —> .OH + H3O+
The electron loses energy and becomes hydrated.
e + nHyO — eyq

Immediately after their formation, the radicals begin to interact at every collision

with each other, producing hydrogen molecules, hydrogen peroxide and water.
€39 T €aq (2H,0) —» H; + 20H"

*OH + ‘OH — H,0,

e + 'OH —» OH"

Besides immediate mutual reactions, the highly reactive intermediates can also

interact with biomolecules affecting their structure and function.

1.3.2 Natural sources of ionizing radiation in the environment

The radionuclides that are naturally present in the environment can be divided
into 3 groups. The first group contains radionuclides that are part of 3 naturally
occurring radioactive decay chains, headed by 238U, 2*°U or 232Th and referred to
as the uranium, actinium and thorium series, respectively. By successive decay,
emitting alpha and beta particles in combination with gamma radiation, a stable
nuclide is formed. The primordial radionuclides 238U, 23°U or 232Th, have large
half-lives with a magnitude of some billion years. Uranium and thorium, and

hence their decay products, are for example present in igneous, sedimentary
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and phosphate rocks and several ores and minerals (Cowart & Burnett, 1994;
Paschoa & Godoy, 2002; Vandenhove, 2002).

A number of primordial radionuclides that are not part of the radioactive decay
chains in the first group are categorized in the second group. Of these
radionuclides, *°K and 8Rb, with half-lives of 1.28 x 10° y and 4.8 x 10'° y
respectively, are of principal significance because of their relatively high
abundance in crustal rock. *°K emits both gamma radiation and beta particles
and ¥Rb emits only beta particles. They are present in crustal rock, but their
concentrations vary widely with rock type and location. As these radionuclides
are transferred to water, plants and animals, they are also taken up by man via
the food chain. Since potassium is an essential element in the body it is readily
taken up with a *°K concentration of 60 Bq kg body weight. For 8Rb, the
average concentration in the body is 8.5 Bq kg body weight (Van der Stricht &
Kirchmann, 2001).

Finally, the last group contains radionuclides that are continuously formed in
nuclear reactions with atmospheric gases initiated by cosmic radiation. High
energy charged particles from outer space or the sun can react with the nuclei of
atmospheric components, producing secondary particles, including cosmogenic
radionuclides and neutrons, and gamma radiation. 3H, "Be, 1°Be, *C, ?*Na and
2%Na are examples of cosmogenic radionuclides which can emit beta particles

and/or gamma radiation (Van der Stricht & Kirchmann, 2001).

1.3.3 Artificial sources of ionizing radiation in the environment

There are several anthropogenic sources of ionizing radiation in the environment
including production processes, normal operation releases, accidental releases
and nuclear explosions. By irradiating heavy nuclides as 23°U and 23°Pu with
thermal neutrons under normal operating conditions, fission products as °Sr,
1311 and '¥Cs, all emitting beta particles and/or gamma radiation, will be
formed. Due to nuclear accidents, such as the Chernobyl reactor explosion,
fission products can be an important source for environmental artificial
radioactivity. By irradiating other nuclides with neutrons, specific radionuclides
can be produced for usage in medical, industrial or scientific applications (Moller
& Mousseau, 2006).
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Under normal nuclear power plant operation, discharges can be made to the
atmosphere and the aquatic environment but these are kept low in order to
protect man and environment and the doses received under normal operating
conditions are in general negligible. Atmospheric discharges consist mostly of
short-lived isotopes of noble gases, but also 3H, **C and 3I. In liquid effluents
from nuclear power plants, 3H is the dominating radionuclide. Besides the
nuclear energy industry, hospitals are the main users of unsealed radionuclides
such as *°™Tc, 32P, 35S and 3! which consequently can be found in the effluents
from hospitals (Van der Stricht & Kirchmann, 2001).

Throughout the years, accidents involving releases of radioactive material to the
environment, together with an input of artificial radioactivity from nuclear
weapon testing in the atmosphere has occurred. During these incidents,

239;240Pu
7

radionuclides such as '*’Cs, 89:90Gr and '3 were released into the

environment (Higgy & Pimpl, 1998; Van der Stricht & Kirchmann, 2001).

1.3.4 lonizing radiation effects on man and animal species

Radiation effects in man and animal species are caused by the interaction of
ionizing radiation with cells. Via water radiolysis, producing several reactive
intermediates, or via direct interaction with biomolecules such as the induction
of DNA strand brakes and the inactivation of enzymes, cellular damage can be
initiated resulting in cellular death in most cases. When exposed to a high
radiation dose, expressed in Gray (Gy), which gives the absorbed dose kg™
tissue, or expressed in Sievert (Sv), taken into account the radiation type and
organ irradiated, damage will be experienced in the organ or tissue and by the
man or animal itself as a large number of cells is affected or death. In contrast
to this deterministic damage that occurs after exposure to an absorbed dose
above a certain threshold, there is a certain possibility, even after exposure to
low doses that stochastic effects such as the formation of carcinogenic cells can

occur.

Radiation induced effects depend on the radiosensitivity of the various organs
and the total absorbed dose. The radiosensitivity of cells is proportional to the
cell division rate. Therefore, rapidly dividing blood and intestine cells are

extremely sensitive while muscle and nerve cells are least sensitive in an adult

22



body. After an acute full body irradiation dose above 1 Gy, a decrease in

leucocytes,

thrombocytes and erythrocytes will

occur, causing bleedings,

infections and anemia while after exposure to 6 Gy, the intestines will be

affected causing diarrhea, infections and resorption disturbances.

Under normal circumstances man and animal species are exposed to very low

doses from natural and artificial sources (table 1.6).

Table 1.6 - Annual radiation exposure for the average world citizen (UNSCEAR, 2000).

Radiation source

Radiation dose [mSv y™]

Natural sources 2.4
Cosmic radiation 0.4
Radionuclides and radon in soil 1.7

and constructing materials

Radionuclides in human body 0.3

Artificial sources 0.4
Medical applications 0.4
Nuclear applications 0.008

Total 2.8

1.3.5 Effects of ionizing radiation on plants

To evaluate the effect of ionizing radiation on plants, endpoints such as growth,
development, DNA damage, the reproductive capacity and death are mostly
studied. Similar with human and animal cells, besides the immediate induction
of DNA strand breaks, or attacking other biomolecules, the water radiolytic
reaction is an important pathway by which highly reactive intermediates are
produced causing cellular damage. Young plants are generally more
radiosensitive than mature plants as cells with high proliferation rates are more
radiosensitive than resting cells. It has also been assumed that the
radiosensitivity is related with the size of the genome where species with small

chromosomes seem more radioresistant (Sparrow & Miksche, 1961).

Most effect studies with ionizing radiation are performed for crops, but in the
aftermath of the Chernobyl accident, radiation effects on pine trees have been
studied and indicated them as very radiosensitive species with acute doses of 60
Gy resulting in massive mortality and no regeneration (Arkhipov et al., 1994).

Following radiation exposure, morbidity endpoints such as reduced growth,
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morphological changes, alterations in productivity and abnormal shape and
appearance have been reported by several authors (Daly & Thompson, 1975;
Zaka et al., 2004; Marciulioniene et al., 2005). To adequately protect the
environment against the effects of radioactive substances, a screening value of
70 uGy h for plants has been derived to represent a no effect dose rate and to
be able to screen out situations of no concern when dose rates are below the
screening level (PROTECT, 2008).

Ionizing radiation is also known to induce DNA damage that needs to be repaired
before cell division to ensure the transmission of an intact genetic code.
Depending on the level of DNA damage, the cellular response can lead to the
recovery of the cell, induction of mutations or the initiation of programmed cell
death. Several studies have identified genes important in DNA repair following
irradiation (Davies et al., 1994; Doucet-Chabeaud et al., 2001) and indicated
effects of ionizing radiation on the duration of the cell cycle (Okamoto & Tatara,
1995).

Besides negative irradiation effects, exposure to low radiation doses have been
shown to stimulate growth and development as was reviewed by Sax (1954).
These radiation hormesis effects have not only been reported for plants, but also

for mammals, insects and bacteria (Upton, 2001).

1.4 Oxidative stress

1.4.1 Dual role reactive oxygen species

A dual role has been ascribed to the presence of reactive oxygen species (ROS)
in plant cells, produced under normal and stress conditions. Primarily, ROS are
toxic byproducts of aerobic metabolism capable of unrestricted oxidation of
various cellular components which can lead to the oxidative destruction of the
cell (Mittler, 2002; Mittler et al., 2004). Secondly, ROS can also function as
signaling molecules to control and regulate biological processes such as growth,
development and defense pathways (Dat et al., 2000; Mittler et al., 2004).

To defend the cell against ROS induced damage but to allow ROS signaling,

plants possess a well equipped antioxidative defense system comprising
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enzymes and metabolites (Foyer & Noctor, 2005a). A regulated balance between
ROS production and scavenging is required if metabolic efficiency and function
are to be maintained in optimal and stress conditions (Foyer et al., 1994). As
oxidative stress implies a negative situation to be avoided, Foyer & Noctor
(2005b) proposed to describe the syndrome as oxidative signaling which implies
an important and critical function associated with the mechanisms by which
plant cells sense the environment and make appropriate adjustments to gene

expression, metabolism and physiology.

1.4.2 Reactive oxygen species production

There are many potential sources of reactive oxygen species in plants (figure
1.4). During the stepwise reduction of molecular oxygen (O,) to water (H,0),
several ROS intermediates are generated (Dat et al., 2000).

0, —» (H)0,” - H,0,; —» *OH + H,0 —» 2H,0

During the first step hydroperoxyl (HO,*) and mainly superoxide (0O,*) are
produced. Superoxide is a moderately reactive, short lived ROS with a half life of
approximately 2-4 ps. It can not pass through biological membranes as it is
readily dismutated to hydrogen peroxide (H,0,). Superoxide is also reactive in a
hydrophobic environment, causing lipid peroxidation and thereby weakening cell
membranes (Dat et al., 2000; Bhattacharjee, 2005).

In the second step hydrogen peroxide, a relatively long lived molecule (1 ms), is
generated. As an uncharged, relatively long lived molecule, it can diffuse
through membranes, some distance from its site of production. An important
signaling role has been ascribed to hydrogen peroxide in response to various
stresses (Bhattacharjee, 2005). Increased hydrogen peroxide levels can initiate
signaling responses such as enzyme activation, gene expression, programmed
cell death and cellular damage (Neill et al., 2002). Hydrogen peroxide can
inactivate enzymes through oxidation of their thiol groups (Bhattacharjee,
2005). Superoxide and hydrogen peroxide can, in the presence of metal
catalysts, form the very reactive hydroxyl radical (*OH) through Haber-Weiss

and Fenton reactions (Dat et al., 2000).
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0," + Fe’* » Fe’* + 0,
H,O, + Fe?* — Fe3* + OH™ + OH" (Fenton reaction)

Overall: H,05 + 05 —» OH™ + OH®* + O, (Haber-Weiss reaction)

The hydroxyl radical is the final ROS generated during the reduction process of
molecular oxygen. It is very reactive with a half life of less than 1 us, affecting
molecules at its site of production (Dat et al., 2000). They are able to cause lipid
peroxidation, protein denaturation and DNA mutations (Bowler et al., 1992).
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Figure 1.4 - Sources of ROS in plant cells (Bhattacharjee, 2005).

Through energy transfer to oxygen, the spin restriction can be overcome, and
the highly destructing singlet oxygen (*0,) can be generated that will react with

most biological molecules (Arora et al., 2002; Halliwell, 2006).

Singlet oxygen, superoxide and hydrogen peroxide are important ROS produced
in the chloroplasts (Asada, 2006). Within the photosynthesis process, electrons
can be transferred from the electron transport chains to oxygen, producing
superoxide as a toxic byproduct which can further be detoxified by superoxide
dismutase (SOD) to hydrogen peroxide. Also through energy transfer, necessary
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for photosynthesis, the highly reactive singlet oxygen can be generated (Bowler
et al., 1992; Arora et al., 2002). As the leakage of electrons from electron
transport chains to oxygen is an important source of ROS in plants, superoxide,
hydrogen peroxide and hydroxyl radicals will also be generated as byproduct
during cellular respiration in the mitochondria (Bhattacharjee, 2005). Another
ROS producing source includes photorespiration in the peroxisomes, producing

hydrogen peroxide.

In plants, ROS are also generated at the plasma membrane level or
extracellularly in the apoplast. Plasma membrane located NADPH oxidases,
which catalyze the production of superoxides (Sagi & Fluhr, 2006), together with
cell wall peroxidases, have been suggested to play an important role as ROS
source during an oxidative burst (Dat et al., 2000; Bhattacharjee, 2005).
Changes in the expression of NADPH oxidases provoked through disturbed ROS
homeostasis under stress conditions, suggest that transcriptional activation of
certain NADPH oxidases is an essential step in the activation of defense
responses (Mittler et al., 2004).

Environmental fluctuations (e.g. metal exposure, UV irradiation, pathogen
attack) can cause an oxidative burst at the plasma membrane (Low & Merida,
1996). The production of ROS is one of the earliest responses of plant cells
under biotic and abiotic stresses, which suggests that the oxidative burst could
function as a general alarm signal which serves to alert or notify metabolism and
gene expression for possible modifications (Foyer et al., 1994). During the
oxidative burst, the increase in superoxide and hydrogen peroxide production
can be related with an increased plasma membrane NADPH oxidases mediated
superoxide production together with apoplastic SOD for the conversion of
superoxide into hydrogen peroxide (Bhattacharjee, 2005). The increase in
superoxide and hydrogen peroxide occurs in the apoplastic space of the plasma
membrane. In comparison with the cytoplasm, the apoplastic space and cell wall
have relatively little antioxidative defense and hence the strong oxidative signal
can persist much longer (Foyer et al., 2003). During an oxidative burst,
hydrogen peroxide can also be generated by specific enzymes in response to
various stresses (Neill et al., 2002). Hydrogen peroxide can than function as a
signaling molecule that mediates plant responses to a range of biotic and abiotic

stresses, leading to an enhanced expression of antioxidative enzymes or other
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defense proteins or it can initiate cell death depending on the intensity of the
oxidative signal (Neill et al., 2002; Foyer et al., 2003).

Reactive oxygen species can cause lipid peroxidation, affecting membrane
structure and function. Peroxidation of lipids in plant cells is also a potential
source of other ROS. Species such as the hydroxyl radical can extract a
hydrogen atom from methylene (-CH,-), creating the carbon radical (-°CH-). This
carbon radical then attacks other methylene groups in lipid molecules, creating a
chain reaction which can be terminated through the formation of fatty acid
dimers or peroxide bridged dimers (Bhattacharjee, 2005; Magder, 2006). Lipid
peroxidation in plant cells can also be initiated by lipoxygenases (LOXs) which
are known to initiate the formation of oxylipins, which are products of fatty acid
oxidation, with diverse functions in cells including signaling in wounding and

other stress situations (Porta & Rocha-Sosa, 2002).

1.4.3 Antioxidative defense system

Exposure of plant cells to biotic and abiotic stress can cause a disruption of the
metabolic balance of cells, resulting in an enhanced production of ROS (Mittler et
al., 2004). To regulate ROS presence and to ensure control of the cellular redox
state, plants possess a well equipped antioxidative defense system comprising
enzymes and metabolites (figure 1.5) (Foyer et al., 1994). The antioxidants
determine if ROS escape destruction and if they are being transformed into
other ROS to function as signaling molecules (Foyer & Noctor, 2003; Foyer &
Noctor, 2005b).

Within a cell, SODs constitute the first line of defense against ROS as they
catalyze the disproportionation of superoxide into hydrogen peroxide (McCord &
Fridovich, 1969). Superoxide dismutases are present in different cellular
compartments, including mitochondria, chloroplasts, microsomes, glyoxysomes,
peroxisomes, apoplasts and the cytosol, as superoxide can not cross membranes
and must be detoxified at their sites of production (Bowler et al., 1994; Alscher
et al., 2002).

28



Ascorbata 0y = 50D —Hy0y — Bsse I,f NADPH
I M i S
(FesoD . & \
NADPH [ — y |
[ “\ |
| oF My 3_ Hy0 :em{ F & ﬁ.smn:me h.hDF
Fe

] | II.' J
: HO;
LHO, Mo ] ; "‘.
I' 'IIII /‘!‘ W\"l | ) B u
‘\J"\ Guznsog) | Sk \
Stroma E_'I j ,,g_ I MDAR DHAR GLR GPX aR
//] Ir"\lu PS \= Th,’lakold = i 1 JI

' |\ i u'll Ho N A
Syeavn Mo A\

Hy0 o, *

|ERX — R HO =0,
PriR
Trs Peroxisomes Catalase
5007
MDART
e = S Ascorbate

G - -110(‘
T soo \I[ )ﬁ

ARX
H,u: ‘/\ MDA

L] Mitochondria

; _ [aox] P2 pabix

_ Cuzn e
Oy -nvs{’D—-H_o \' GSSG I,.sNA.D\P'I
| e C mplexes,
j.sm":mg NAD I|| MDA J«scun:ahe
: Ind i - AP:'E
A’){

Cytosol

ubigunon & O = MISOD —aHO;
fHD : | ' \L

Mma D-IAR GlR @ GR \ I”‘II
]

F
PR

H . L J |I # —[—]— —= moa HADPH
1 F#
= | /| I no ' | :(MDM
g | /‘ L | s | -—- - = ——Ascomate MADP
: | MDA MADH v
¥

: \ \ I\ -l- 2GSH._ - NADP
] v
. ) \ Y oy \ — |I '.I DHAR. Jen

H,C (e 2t SR} PB‘R_'T__D -~ —A,sax:mane fere NADPH

\

Figure 1.5 - Localization of reactive oxygen species (ROS) scavenging pathways in plant cells. A
transmission electron micrograph of a portion of a plant cell is used to demonstrate the relative
volumes of the different cellular compartments and their physical separation (middle left). The water-
water cycle detoxifies superoxide and hydrogen peroxide and alternative oxidase (AOX) reduces the
production rate of superoxide in the thylakoids (top left). ROS that escape this cycle and/or are
produced in the stroma undergo detoxification by superoxide dismutase (SOD) and the stromal
ascorbate-glutathione cycle. Peroxiredoxin (PrxR) and glutathione peroxidase (GPX) are also involved in
hydrogen peroxide removal in the stroma (top right). ROS produced in peroxisomes during
photorespiration, fatty acid oxidation or other reactions are decomposed by SOD, catalase (CAT) and
ascorbate peroxidase (APOD) (middle right). SOD, components of the ascorbate-glutathione cycle and
AOX are present in the mitochondria (bottom right). The cytosol contains the same set of enzymes
found in the stroma (bottom left). The enzymatic components responsible for ROS detoxification in the
apoplast and cell wall (W) are only partially known and the ROS scavenging pathways at the vacuole
(V) are unknown. Membrane bound enzymes are depicted in white, GPX pathways are indicated by
dashed lines and PrxR pathways are indicated by dotted lines in the stroma and cytosol. Abbreviations:
DHA, dehydroascorbate; DHAR, DHA reductase; FD, ferredoxin; FNR, ferredoxin NADPH reductase;
GLR, glutaredoxin; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione;
IM, inner membrane; IMS, IM space; MDA, monodehydroascorbate; MDAR, MDA reductase; PSI,
photosystem I; PSII, photosystem II; Trx, thioredoxin; tyl, thylakoid (Mittler et al., 2004).

Based on the metal co-factor used by the enzyme, SODs can be classified into 3
groups: (1) manganese SOD (MnSOD) is mainly present in the mitochondria and
peroxisomes, (2) iron SOD (FeSOD) though predominantly present in the

chloroplasts, can also be found in the cytosol, mitochondria and peroxisomes
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and (3) copper/zinc SOD (CuZnSOD) is located in the cytosol, chloroplasts and
mitochondria (Arora et al., 2002). There can be differences in responses to
stress situations between the SOD isoforms due to their disparate subcellular
locations and the site of action at which oxidative stress is generated (Bowler et
al., 1992; Alscher et al., 2002).

After conversion of superoxide into hydrogen peroxide, several enzymes
regulate the transformation of hydrogen peroxide into water. As important
signaling functions are suggested for hydrogen peroxide, its cellular levels need
to be regulated (figure 1.6). The balance between SODs and the different
hydrogen peroxide scavenging enzymes in cells is crucial in determining the

steady state level of superoxide and hydrogen peroxide (Mittler et al., 2004).
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Figure 1.6 - Hydrogen peroxide turnover in the plant cell. Hydrogen peroxide is generated in normal
metabolism in the chloroplasts, mitochondria and peroxisomes. Biotic and abiotic stresses enhance
hydrogen peroxide generation via these routes and also via enzymatic sources such as plasma
membrane localized NADPH oxidases or cell wall peroxidases. Hydrogen peroxide can diffuse freely,
perhaps facilitated by movement through peroxiporin membrane channels. Cellular hydrogen peroxide
levels can be determined by the rates of hydrogen peroxide production and metabolism via catalase,
the ascorbate-glutathione cycle and glutathione directly (Neill et al., 2002).
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Catalases catalyze the conversion of hydrogen peroxide into water and are
primarily present in peroxisomes and glyoxysomes (Willekens et al., 1995).
There are 3 main isoforms of catalase: CAT1, CAT2 and CAT3. In Arabidopsis
thaliana plants, CAT1 is mainly found in vascular tissue, CAT2 is highly
expressed in leaves, is light dependent and involved in the removal of hydrogen
peroxide during photorespiration and CAT3 is mainly involved in the removal of
hydrogen peroxide from glyoxysomes and is highly abundant in seeds and young
seedlings (Dat et al.,, 2000). The expression of catalase genes is
developmentally regulated but also sensitive to environmental stress situations
and an early loss of catalase was suggested as a signal for antioxidative defense
(Dat et al., 2000). Because of its discrete and specific localization in the
peroxisomes, the protective action of catalase is limited and an array of other
hydrogen peroxide scavenging pathways is present in plant cells (Halliwell,
2006). Catalase, the ascorbate-glutathione cycle and other peroxidases function
in parallel as important hydrogen peroxide scavenging pathways. Catalase does
not require reducing power and has a high reaction rate but a low substrate
affinity, since the reaction requires the simultaneous access of 2 hydrogen
peroxide molecules to the active site. Thereby only the bulk of hydrogen
peroxide is removed. In contrast, peroxidases such as ascorbate peroxidase
(APX) require reductants (e.g. ascorbate) and are found throughout the cell and
have a higher affinity for hydrogen peroxide, allowing for the scavenging of
small amounts of hydrogen peroxide in more specific locations (Asada, 1992;
Noctor & Foyer, 1998; Dat et al., 2000).

Ascorbate, glutathione and a-tocopherol are important antioxidants for the
scavenging of several ROS. The membrane associated a-tocopherol scavenges
singlet oxygen and blocks the propagation step of lipid peroxidation. Ascorbate
is present in chloroplasts, the cytosol, the vacuole, the apoplastic space,
mitochondria and peroxisomes and plays a fundamental role in the removal of
hydrogen peroxide (Foyer et al., 1994; Mittler et al., 2004). Ascorbate can react
directly with hydroxyl radicals, superoxide and singlet oxygen. It is also an
important secondary antioxidant, reducing the oxidized form of a-tocopherol
(Noctor & Foyer, 1998). Glutathione is the predominant non protein thiol and
has important roles in sulfur transport and the expression of defense genes.
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Glutathione can react with singlet oxygen and hydroxyl radicals and protects the
thiol groups of enzymes (Foyer et al., 1994).

The ascorbate-glutathione pathway is also an important hydrogen peroxide
detoxification pathway present in the chloroplast, cytosol, peroxisomes and
mitochondria (Foyer et al., 2003). Within this cycle, ascorbate (AsA) is used as a
substrate to reduce hydrogen peroxide by APX, generating dehydroascorbate
(DHA). Subsequently, glutathione (GSH) can than be used as reducing substrate
to regenerate AsA from DHA by DHA reductase (DHAR), generating glutathione
disulphide (GSSG). Glutathione is regenerated by glutathione reductase (GR) in
a NADPH dependent reaction (Foyer et al., 1994; Noctor & Foyer, 1998).

As ascorbate and glutathione determine the fate and therefore signaling function
of hydrogen peroxide in plant cells, the redox balance of the ascorbate and
glutathione pools are important for redox signaling under various stress
situations. Changes in the ratios of AsA to DHA and GSH to GSSG together with
changes in absolute amounts of ascorbate and glutathione can regulate gene
transcription (Mittler, 2002; Foyer et al., 2003).
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Chapter 2

Scope and objectives
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Anthropogenic activities such as uranium mining and milling, metal mining and
smelting and the phosphate industry have caused radioactive contamination of
the environment in many countries. In these areas, radioactive elements such as
238y, 226Ra and 2*2Th can occur simultaneous with non-radioactive elements such
as cadmium and zinc. Although toxicity effects for other heavy metals on plants
are rather well studied, little information on uranium toxicity effects is available.
When aiming to evaluate the uranium impact on the environment, it is important
to study uranium induced biological effects on plants and to unravel the
mechanisms by which they respond to uranium stress. As oxidative stress seems
an important modulator under other heavy metal stresses, the role and
importance of oxidative stress as a response mechanism to uranium stress

should be investigated.

As uranium never occurs as a single pollutant, the multiple pollution and mixed

nature of the contamination should not be neglected.

The first part of this research aimed to analyze morphological, physiological
and oxidative stress related responses induced by bioaccumulation of uranium in
Arabidopsis thaliana using a multi-biomarkers approach. Subtle effects
(oxidative stress related enzymes on protein and transcriptional level,
metabolites, DNA damage ..) viewed as early responses for individual
disturbances (growth, development ...) were analyzed.

After optimization of the experimental setup (chapter 3), uranium induced
effects on growth development and the nutrient profile of Arabidopsis thaliana
seedlings were investigated (chapter 4). Subsequently, the importance of
oxidative stress related responses were investigated for roots (chapter 5) and
leaves (chapter 6) following uranium exposure. Finally the induction of DNA

damage and repair related responses were studied (chapter 7).

As uranium occurs in combination with other stressors, in the second part of
this research, the same biological effects were analyzed for Arabidopsis thaliana

seedlings exposed to uranium in combination with cadmium or gamma radiation.

As they are both heavy metals, effects on growth, development and the nutrient

profile and the importance of the antioxidative defense system were first
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investigated for uranium in combination with cadmium (chapter 8). As ionizing
radiation is also known to generate ROS but is very distinct from cadmium as
stressor, similar effects were investigated in Arabidopsis thaliana seedlings after

exposure to uranium in combination with gamma radiation (chapter 9).
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Chapter 3

Effects of uranium and phosphate
concentrations on oxidative stress related
responses induced in Arabidopsis thaliana

Vanhoudt N., Vandenhove H., Smeets K., Remans T., Van Hees M., Wannijn 1J.,
Vangronsveld J. & Cuypers A. (2008) Effects of uranium and phosphate concentrations on
oxidative stress related responses induced in Arabidopsis thaliana. Plant Physiology and
Biochemistry 46, 987-996.
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Abstract

The production of reactive oxygen species (ROS) and the induction of the
antioxidative defense mechanism are very important in heavy metal toxicity. In
this study, biological effects induced after uranium contamination were
investigated for Arabidopsis thaliana. Three-week-old seedlings were exposed
for 4 days to 100 pM U in an adjusted Hoagland solution. Uranium exposure
caused a decreased growth of leaves (38 %) and roots (70 %) and a modified
nutrient profile was observed. Investigation of lipid peroxidation products
indicated a significant increase of membrane damage. Important ROS-producing
and -scavenging enzymes were studied at transcriptional and protein level to
investigate the importance of the ROS-signature in uranium toxicity. Elevated
gene expression was observed for NADPH-oxidase, a ROS-producing enzyme.
Changes in gene expression for different ROS-scavenging enzymes as
Cu/ZnSOD, FeSOD and APX were also observed. Analysis of enzyme capacities
showed little effects after uranium contamination. Higher ascorbate levels in
uranium exposed leaves suggested an increase of antioxidative defense via the
ascorbate-glutathione pathway after uranium exposure. Theoretical calculations
indicated rapid formation of uranium-phosphate precipitates if normal phosphate
concentrations are used. Precipitation tests recommend the use of 25 uyM P in
combination with 100 uM U to inhibit uranium precipitation. Because this
combination was used for uranium toxicity investigation, the influence of this low
phosphate concentration on plant growth and oxidative stress had to be
evaluated. Minor differences between low phosphate (25 pM P) and high
phosphate (100 uM P) treatments were observed justifying the use of the low

phosphate concentration in combination with uranium.
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3.1 Introduction

Uranium is a naturally occurring radionuclide and heavy metal with an average
concentration in the continental crust of 1.7 ppm (Wedepohl, 1995). As a
member of the actinide series, uranium has an atomic number of 92 with 238U
(99.27 %), **°U (0.72 %) and ***U (0.0055 %) as the 3 most abundant
radioactive isotopes (Sheppard et al., 2005). Uranium mining and milling, metal
mining and smelting and the phosphate industry have caused radioactive
contamination of the environment in many countries (Vandenhove, 2002).
Uranium toxicity effects are predominantly studied on man and animal species
(Ribera et al.,, 1996), but little information is available for plants. If
phytoremediation of uranium contaminated soils is considered, biological effects
on the vegetation have to be investigated. Information on the contamination
impact can also be used for risk assessment and derivation of clean-up
standards.

Uranium is a radiotoxic and chemotoxic element with a greater risk of chemical
toxicity than radiological toxicity because of the large physical half-life. 238U has
a physical half-life of 4.5 x 10° a, giving it a very low specific activity of 12.4 kBq
g! (Sheppard et al., 2005). When exposed to ionizing radiation, molecular and
cellular effects are induced directly through energy transfers to macromolecules
or indirectly through a water radiolytic reaction producing ROS (Ribera et al.,
1996). The chemical toxicity is of particular importance when studying uranium
induced effects. Chemical effects depend on the form in which uranium is
present. Compounds soluble in organic fluids and water are more toxic than
non-soluble compounds as oxides. The aqueous uranyl ion (UO,%") is the major
cause of chemical toxicity (Ribera et al., 1996). Uranium can cause macroscopic
effects as stunted growth and reduced biomass-production (Charles et al., 2006;
Vandenhove et al., 2006). At the cellular level UO,** can interact with
macromolecules as proteins and nucleic acids and can affect enzyme capacities
and membrane permeability (Nieboer et al., 1979; Nieboer & Richardson, 1980;
Boileau et al., 1985). A possible underlying mechanism is the replacement of
Ca?t and Mg?* with UO,2" or the interaction of UO,?* with phosphate and

carboxylic groups.
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Plants can experience oxidative stress when they are exposed to environmental
stress situations (e.g. exposure to heavy metals (Arora et al., 2002)). ROS are
produced in both stressed and unstressed cells. ROS have a dual role in plant
biology as both toxic byproducts of aerobic metabolism and key regulators of
growth, development and defense pathways (Mittler, 2002; Mittler et al., 2004).
Under unstressed conditions, the formation and removal of ROS are in balance.
The steady-state level of ROS in cells needs to be tightly regulated.
Consequently, cells have developed an antioxidative defense system consisting
of ROS-scavenging enzymes (e.g. superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX) ..) and antioxidants (e.g. ascorbate (AsA),
glutathione (GSH) ...) (Arora et al., 2002; Mittler, 2002; Mittler et al., 2004).
Under stress conditions there is an imbalance between the oxidative and
antioxidative capacities resulting in an increase/decrease of the capacity of the
antioxidative defense system as was shown by several authors for heavy metal
stress (Clijsters et al., 1999; Drazkiewicz et al., 2003; Smeets et al., 2005;
Vandenhove et al., 2006).

Uranium is present in the soil primarily in the U%* oxidation state as UO,?*. The
uranyl ion, UO,%", is the most stable uranium species in an oxidizing solution
and the most prevalent form in the environment (Sheppard et al., 2005).
Uranium in soil and water forms complexes with sulfate and phosphate as well
as with carbonate and hydroxide. These complexes increase the total solubility
of uranium (Shahandeh et al., 2001). Laroche et al. (2005) reported that
uranium uptake by Phaseolus vulgaris seems to be governed by UO,** at pH 4.9,
hydroxyl complexes at pH 5.8 or carbonate complexes at pH 7. Ebbs et al.
(1998) indicated, using a computer speciation model, that in the presence of
phosphate, uranium-phosphate complexes will be formed and will be stable over
a pH range from 4.5 to 9.0. The formation of the uranium-phosphate complexes
was predicted to reduce the level of free uranyl cations and uranyl hydroxides.
According to Ebbs et al. (1998), addition of phosphate to a uranium containing
solution reduced the toxic effects of uranium to peas, most likely due to
complexation of uranium with phosphate. Complexation may have also reduced
the bioavailability of uranium to peas. Laroche et al. (2005) showed that
increasing phosphate in solution generates a decreasing gradient of free UO,2",

whatever the pH, but it did not affect uranium uptake by Phaseolus vulgaris.
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Phosphorus fertilization of uranium contaminated soils resulted in reduced
uranium solubility and extractability in soil most likely due to the formation of
phosphate surface complexes as shown by Rufyikiri et al. (2006). Phosphorus is
an essential nutrient element and its availability is one of the major factors
affecting plant growth and development. Preliminary tests have indicated that
lower phosphate concentrations, compared to standard nutrient solutions,
should be used in combination with uranium for minimization of uranium-
phosphate precipitation. However it is important to investigate whether low
phosphate concentrations have an influence on growth parameters and the
antioxidative defense system of plants.

The first objective of our study was to analyze the biological effects induced in
Arabidopsis thaliana exposed to uranium using a low phosphate concentration.
We aimed to analyze early responses on growth and the antioxidative defense
system of plant cells. The second objective was to investigate the influence of

low phosphate concentration on the same biological effects.

3.2 Materials and methods

3.2.1 Plant material and phosphate/uranium treatment

Seeds of Arabidopsis thaliana (Columbia ecotype) were placed on moist filter
paper at 4 °C for 3 days in order to synchronize germination. Afterwards, seeds
were placed on rockwool-holding plugs from 1.5 ml polyethylene centrifuge
tubes. The plugs were positioned in a PVC cover capable of holding 81 plugs.
The PVC cover was placed on a container filled with 2.8 | of a modified Hoagland
solution (macro-elements without phosphate: 1/10 diluted, phosphate solution:
1/20 diluted, micro-elements: 1/10 diluted and iron solution: 1/10 diluted).
Plants were grown in a growth chamber (Microclima 1000E, Snijders Scientific
B.V.) under a 14 h photoperiod (photosynthetic photon flux density of 200 pmol
m? s! at the leaf level, supplied by Sylvania BriteGro F36WT8/2084 and
F36WT8/2023), with day/night temperatures of 22 °C/18 °C and 65 % relative
humidity.

Subsequently, 3-week-old plants were divided in 3 groups and treated for 4 days
with respectively 100 uM P, 25 uM P (control) and 25 pM P + 100 pM 238U,
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Phosphate was supplied as NH4H,PO, and uranium was added as
UO,(NO3),.6H,0 (Sigma). After uranium addition, pH was adjusted to + 5.5 with
NaOH.

Uranium speciation calculations, using the geochemical computer code The
Geochemist's Workbench® database Pro 5.04 (Bethke, 2001) using the NEA
thermodynamic data review by Grenthe et al. (1992), and precipitation tests
recommended the use of 25 pM P in combination with 100 pM U to prevent

uranium-phosphate precipitation.

3.2.2 Plant sampling and biometric measurements

At harvest, leaf and root fresh weight was determined and samples were frozen
in liquid nitrogen and stored at -80 °C. At least 20 biological replicates of + 100

mg FW were harvested per treatment.

Samples for nutrient and uranium analyses were dried at least for 1 week at 70
°C. Leaves were rinsed with distilled water en roots were washed twice for 10
minutes with 1 mM Pb(NO3), at 4 °C to exchange surface-bound U. Two
biological replicates of + 300 mg FW were harvested for the leaves of each
treatment and one biological replicate + 300 mg FW was harvested for the roots

of each treatment.

3.2.3 Nutrient and uranium analysis

After dry-ashing using a muffle furnace, dried plant material was digested in 0.1
M HCI for determination of 238U and several nutrients. The 23U concentration
was determined by inductively coupled plasma mass spectrometry (ICP-MS,
Perkin-Elmer, Elan 5000 utilizing a cross flow nebulizer and a ryton spray
chamber). Calibration curves were obtained using uranium standard solutions
(0-10 g I') prepared from the elemental standard SPEX solution (SPEX
Industries Inc.). The instrumental detection limit of uranium was 10 ng I
Typical precision for the samples was below 5 % (relative standard deviation, 10
replicates). A specific activity of 12436 Bq g for 233U was considered (Joint
Evaluated File (JEF) version 2.2, OECD/NEA Data Bank, Paris, France). Different
elements (Fe, Ca, Mn, Cu, Zn, K, Mg, Na, P) were determined by inductively

coupled plasma - atomic emission spectrometry (ICP-AES).
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3.2.4 Determination of lipid peroxidation

TBA reactive compounds (mainly malondialdehyde) were used as a measure of
lipid peroxidation in leaves of Arabidopsis thaliana. Plant tissue (approximately
100 mg) was homogenized with 2 ml 0.1 % TCA buffer using a mortar and
pestle. After centrifugation at 20000 x g for 10 minutes, 0.5 ml of the
supernatant was added to 2 ml 0.5 % TBA. This mixture was heated at 95 °C for
30 minutes and quickly cooled in an ice bath. After centrifugation at 20000 x g
for 10 minutes, the absorbance of the supernatant was measured
spectrophotometrically at 532 nm corrected for unspecific absorbance at 600 nm
according to Dhindsa et al. (1981).

3.2.5 Analysis of enzyme capacities

Frozen leaf or root tissue (approximately 100 mg) was homogenized in ice-cold
0.1 M Tris-HCI buffer (pH 7.8) containing 1 mM EDTA, 1 mM dithiotreitol and 4
% insoluble polyvinylpyrrolidone (2 ml buffer 100 mg™* FW) using a mortar and
pestle. The homogenate was squeezed through a nylon mesh and centrifuged at
20000 x g and 4 °C for 10 minutes. The enzyme capacities, i.e. potential activity
measured in vitro under non-limiting reaction conditions, were measured

spectrophotometrically in the supernatant at 25 °C.

Guaiacol peroxidase and syringaldazine peroxidase capacities (GPOD, SPOD, EC
1.11.1.7) were measured at 436 nm and 530 nm according to Bergmeyer et al.
(1974) and Imberty et al. (1984), respectively. Ascorbate peroxidase capacity
(APOD, EC 1.11.1.11) was measured at 298 nm following the method of
Gerbling et al. (1984). Analysis of superoxide dismutase capacity (SOD, EC
1.15.1.1) was based on the inhibition of cytochrome ¢ at 550 nm according to
McCord and Fridovich (1969). Analysis of the capacities of glutathione reductase
(GR, EC 1.6.4.2) and catalase (CAT, EC 1.11.1.6) were performed as described
by Bergmeyer et al. (1974).

3.2.6 Metabolite analysis

Ascorbate in the leaves of Arabidopsis thaliana was determined by HPLC
analysis. Therefore approximately 100 mg of tissue was ground thoroughly in
liquid nitrogen using a pre-cooled mortar and pestle. When a homogenous
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powder was obtained 2 ml of ice cold 6 % (w/v) meta-phosphoric acid
containing 1 mM Na,EDTA was added and the mixture was clarified by
centrifugation at 20000 x g and 4 °C for 10 minutes. The resulting supernatant
was kept frozen until HPLC analysis. Antioxidants were separated on a 100 mm x
4.6 mm Polaris C18-A reversed phase HPLC column (3 um particle size, 30 °C,
Varian, CA USA) with an isocratic flow of 1 ml min™ of the elution buffer (25 mM
K/PO4-buffer, pH 3.0). The components were quantified using a home-made
electrochemical detector with glassy carbon electrode and a Schott pt 62
reference electrode (Mainz, Germany). The purity and identity of the peaks was
confirmed using a diode array detector (SPD-M10AVP, Shimadzu,
Hertogenbosch, Netherlands) which was placed on line with the electrochemical
detector. The concentration of oxidized DHA was measured indirectly as the
difference between the total ascorbate concentration in a DTT-reduced fraction
and the concentration in the sample prior to reduction. Reduction of the sample
was obtained by incubation of an aliquot of the extract in 400 mM Tris and 200
mM DTT for 15 minutes in the dark. The pH of this mixture was checked to be
between 6.0 and 7.0. After 15 minutes the pH was lowered again by 4-fold
dilution in elution buffer prior to HPLC analysis.

3.2.7 Gene expression analysis

Frozen leaf tissue (approximately 100 mg) was ground thoroughly in liquid
nitrogen using a mortar and pestle. RNA was extracted using the RNeasy Plant
Mini Kit (Qiagen). The concentration of the RNA was determined
spectrophotometrically at 260 nm (Nanodrop, Isogen Life Science). The RNA
purity was checked spectrophotometrically by means of the 260/280-ratio. First
strand cDNA synthesis was primed with an oligo(dT),¢-primer according to the
manufacturer's instructions using Tagman Reverse Transcription Reagents
(Applied Biosystems), and equal amounts of starting material (RNA) were used
(1 pg). Quantitative PCR was performed with the ABI Prism 7000 (Applied
Biosystems), Sybr® Green chemistry. Primers used for the analysis of several
genes are given in table 3.1. At4g34270 and at4g26410 were used as reference
genes. PCR amplifications were performed in a total volume of 25 pl, containing
2.5 ul cDNA sample, 12.50 pl Power Sybr® Green PCR Master Mix (Applied

Biosystems), 0.75 pl forward primer, 0.75 pl reverse primer and 8.50 ul RNase-
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free water. Gene expression data were calculated relative to the reference genes
following the 2% method (Livak & Schmittgen, 2001). Gene expression was
represented relative to the gene expression observed in leaves exposed to 25
MM P.

Table 3.1 - Primer sequentions used for quantitative real time PCR of several genes.

Gene Forward primer Reverse primer
At4g34270 GTGAAAACTGTTGGAGAGAAGCAA TCAACTGGATACCCTTTCGCA
At4g26410 GAGCTGAAGTGGCTTCCATGAC GGTCCGACATACCCATGATCC
Csd1l TCCATGCAGACCCTGATGAC CCTGGAGACCAATGATGCC
Fsd1l CTCCCAATGCTGTGAATCCC TGGTCTTCGGTTCTGGAAGTC
Msd1 ATGTTTGGGAGCACGCCTAC AACCTCGCTTGCATATTTCCA
Catl AAGTGCTTCATCGGGAAGGA CTTCAACAAAACGCTTCACGA
Apx1 TGCCACAAGGATAGGTCTGG CCTTCCTTCTCTCCGCTCAA
RbohC TCACCAGAGACTGGCACAATAAA GATGCTCGACCTGAATGCTC

3.2.8 Statistical analysis

Statistical analyses were performed using an ANOVA test (Neter et al., 1996) in
SAS 9.1. The ANOVA test was carried out separately for leaves and roots. Mean
values of treatments were compared using Tukey's multiple comparison test.
Transformations were applied when necessary to approximate the assumptions
of normality and same error variance. Data presented are mean values +

standard error.

3.3 Results

3.3.1 Growth responses

A significant decrease in biomass production was observed for leaves and roots
of Arabidopsis thaliana exposed for 4 days to 100 pM U (figure 3.1). Leaves

started to show chlorosis and roots were stunted and turned yellow (figure 3.2).

Phosphate fertilization seemed to have no influence on growth as no significant
effect in fresh weight for leaves or roots was observed for Arabidopsis thaliana

seedlings exposed to 100 pM P or 25 uM P (figure 3.1).
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Figure 3.1 - Fresh weight (mg) of leaves and roots of 3-week-old Arabidopsis thaliana seedlings treated
for 4 days with 100 yM P (HP), 25 pM P (LP) or 25 pM P + 100 uM U (LPU). Each point represents the
mean + S.E. of at least 20 biological replicates. Fresh weight measurements with *** are significantly
different as compared to LP (p = 0.01).
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Figure 3.2 - Three-week-old Arabidopsis thaliana seedlings exposed for 4 days to 25 yM P + 100 pM U
(left) or 25 pM P (control) (right).

3.3.2 Nutrient profile and uranium uptake

Exposure of 3-week-old Arabidopsis thaliana seedlings for 4 days to 100 uM U
resulted in a decrease of most element concentrations (e.g. Ca, Mn, K, Mg, P, S)
in leaves as compared to the low phosphate treatment (table 3.2). Uranium
concentrations in the roots (133 mg g DW, based on one measurement) were
more than 2000 times larger than in the leaves (0.064 + 0.012 mg g DW)
indicating a limited root to shoot transfer for uranium. Similar results were

obtained in several other experiments (results not shown).
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Table 3.2 - Nutrient profile for leaves of 3-week-old Arabidopsis thaliana seedlings exposed for 4 days
to 100 uM P (HP), 25 pM P (LP) or 25 pM P + 100 pM U (LPU) (data presented are mean + S.E.).

HP LP (control) LPU
Fe 65+1 92+19 106+12
o - Ca 59634£1179"" 359971819 13590+300""
5 g Mn 24642 144+10 66+1"""
g \:/1 Cu < 0.05 < 0.05 < 0.05
§ ~% | zn 77+20 17+1 1549
é g § K 20576+871 18313495 7743+529™"
S v Mg 8989+168™" 7852+141 3774110
% ; Na 6848+770 8372+1568 39824214
£ L 12600+127"" 9292+43 4869+168™"
w s 9714+52™ 8144+423 3688+75™"

Phosphate concentrations also influenced element concentrations in leaves of
Arabidopsis thaliana. Plants exposed to 100 uM P had generally higher element
concentrations (e.g. Ca, Mn, Mg, P, S) than plants exposed to 25 uM P (table
3.2).

3.3.3 Lipid peroxidation

The level of lipid peroxidation in the leaf tissue was based on the thiobarbituric
acid reactive compounds (TBA-rc), such as malondialdehyde. In figure 3.3 are

the concentrations of the TBA-rc for the different treatments summarized.
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Figure 3.3 - The level of lipid peroxidation, based on the amount of TBA-reactive compounds (nmol
TBA-rc g* FW) in the leaves of 3-week-old Arabidopsis thaliana seedlings treated for 4 days with 100
MM P (HP), 25 yM P (LP) or 25 pM P + 100 pM U (LPU). Each point represents the mean + S.E. of 5
biological replicates for HP and LP and 4 biological replicates for LPU. TBA-rc concentrations with ***
are significantly different as compared to LP (p = 0.01).
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A significant increase (10-fold) of lipid peroxidation was observed for Arabidopsis
thaliana leaves treated for four days with 100 uM U compared to the low

phosphate treatment.

A significantly lower TBA-rc concentration was observed for the high phosphate
treatment (19.42 + 0.93 nmol g'* FW) compared to the low phosphate treatment
(29.45 + 1.46 nmol g! FW), but the difference was less pronounced than
between the low phosphate and uranium treatment.

3.3.4 Effects on the antioxidative defense system
3.3.4.1 Enzymes

To study the effects of uranium contamination on the antioxidative defense
mechanism of plants and to assess the influence of phosphate concentrations on
the same mechanism, enzyme capacities for leaves and roots of Arabidopsis

thaliana were analyzed.

Generally, uranium contamination did not affect enzyme capacities except for
CAT and guaiacol peroxidase (GPOD). A decreasing trend in enzyme capacity for
CAT in leaves and roots was observed after uranium treatment as compared to
the low phosphate treatment (figure 3.4A). Uranium exposure caused a
significant increase in GPOD capacity for leaves and roots as compared to their

corresponding low phosphate treatment (figure 3.4B).
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Figure 3.4 - Enzyme capacities (mU g FW) of catalase (CAT) and guaiacol peroxidase (GPOD) for
leaves and roots of Arabidopsis thaliana. Three-week-old Arabidopsis thaliana seedlings were treated
for 4 days with 100 pM P (HP), 25 uM P (LP) or 25 yM P + 100 uM U (LPU). Values are the mean + S.E.
of at least 3 biological replicates. For statistical analysis, results for leaves and roots are compared with
their corresponding LP treatment (significance levels: *** p < 0.01, ** p < 0.05, * p < 0.1).
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For most enzymes studied no significant difference was observed between the
high and low phosphate treatments (results not shown).

3.3.4.2 Metabolites

Uranium exposure significantly increased the total amount of ascorbate (AsA +
DHA) in leaves of Arabidopsis thaliana (figure 3.5). This increase was due to a
significant increase of reduced ascorbate (AsA). The level of dehydroascorbate

(DHA) was not affected by uranium treatment.
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Figure 3.5 - AsA + DHA (total ascorbate), AsA (reduced ascorbate) and DHA (dehydroascorbate) (pmol
g! FW) in the leaves of 3-week-old Arabidopsis thaliana seedlings after treatment with 100 uM P (HP),
25uM P (LP) or 25 pM P + 100 uM U (LPU). Each point represents the mean + S.E. of 4 biological
replicates. Ascorbate measurements with *** are significantly different as compared to LP (p = 0.01).

No effect was observed in the AsA and/or DHA content for different phosphate
concentrations in the leaves of Arabidopsis thaliana (figure 3.5).

3.3.4.3 Gene expression

Gene expression of several ROS-scavenging enzymes, located in different
organelles, was analyzed. Exposure of Arabidopsis thaliana seedlings to 100 uM
U resulted in a significant down-regulated gene expression for csd1 (cytoplasmic
CuzZnSOD) in leaves and roots (figure 3.6A). Altering the phosphate
concentration from 25 yM P to 100 pM P had no influence on the expression of
csdl. Although no significant difference was observed for fsd1l (plastidic FeSOD)
expression in the leaves of Arabidopsis thaliana, there was a significant increase
in expression for the roots (figure 3.6B). While an elevated phosphate
concentration resulted in a doubling of the expression, uranium contamination

increased transcript levels 20 times compared to expression in the roots with
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low phosphate treatment. Msdl (mitochondrial MnSOD) expression was not
significantly affected by both treatments (figure 3.6C).
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Figure 3.6 - Differences in gene expression of O, and H,0, scavenging enzymes (A-D), an enzyme
related to the ascorbate-glutathione cycle (E) and a ROS-producing enzyme (F) after uranium
contamination and phosphate treatment. Gene expressions are relative to the control (leaves treated
with 25 uM P (LP)) for leaves and roots of Arabidopsis thaliana. Three-week-old Arabidopsis thaliana
seedlings were treated for 4 days with 100 yM P (HP), 25 pM P (LP) or 25 uM P + 100 pM U (LPU).
Values are the mean + S.E. of 3 biological replicates. For statistical analysis, results for leaves and roots
are compared with their corresponding LP treatment (significance levels: *** p < 0.01, ** p < 0.05, *
p < 0.1).

Transcript levels of catl (peroxisomal CAT) were down-regulated in leaves and
up-regulated in roots of Arabidopsis thaliana when exposed to 100 uM U,
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however differences observed were not significant (figure 3.6D). Phosphorus
concentration had no significant effect on the expression of catl.

Additionally, gene expression for APX, an important enzyme of the ascorbate-
glutathione cycle, was analyzed. Transcript levels of apxl (cytoplasmic APX)
were significantly up-regulated in roots of Arabidopsis thaliana when exposed to

uranium (figure 3.6E).

Finally, expression of RbohC (NADPH-oxidase located in the plasma membrane)
was investigated. A significant increase for RbohC expression was observed in

roots treated with uranium (figure 3.6F).

3.4 Discussion

3.4.1 Uranium toxicity

Exposure of plants to environmental stress situations (e.g. heavy metal
contamination) disrupts the metabolic balance of cells and enhances the
production of ROS as described by several authors (Clijsters et al., 1999;
Alscher et al., 2002; Arora et al., 2002; Mittler, 2002). ROS can be generated by
several enzymes as NADPH-oxidases, and removed by an array of ROS-
scavenging enzymes located in different cellular compartments (Mittler et al.,
2004). While oxidative stress situations for plants exposed to other heavy
metals are well investigated (Clijsters et al., 1999; Cuypers et al., 2000, 2001,
2002; Ruley et al., 2004; Smeets et al., 2005), induction of the antioxidative
defense pathway after exposure of plants to uranium is understudied. As results
of a previous study with Phaseolus vulgaris showed only effects after exposure
to 1000 puM uranium (Vandenhove et al., 2006), this study aimed to investigate
if exposure of Arabidopsis thaliana to 100 uM uranium induced biological effects
before exposing the seedlings to lower uranium concentrations. First, our study
showed important oxidative stress effects after uranium exposure. Secondly, the
study stated that the use of a lower phosphate concentration had limited
influence on growth, cellular damage, gene expression and enzymatic activities

of the antioxidative defense pathway.
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After uranium exposure a significant reduction in plant growth (figure 3.1) was
observed, leaves started to show chlorosis and roots were stunted and turned
yellow (figure 3.2). Vandenhove et al. (2006) reported an increasing trend in
growth parameters for Phaseolus vulgaris after application of 0-10 uM U, but a
decrease (not significant) after exposure to 1000 pM U for 7 days. At the latter
concentration, leaves also started to show chlorosis and roots turned yellowish.
The decrease in growth at a lower concentration in our study can probably be
explained by the difference in sensitivity of the two plants used in the studies
(Arabidopsis thaliana and Phaseolus vulgaris). A decrease in growth parameters
for plants exposed to heavy metals was shown by different researchers (Smeets
et al., 2005; Charles et al., 2006).

Uranium mostly accumulated in the roots and transfer to the leaves was limited.
A root to shoot transfer of + 0.0005 was observed. Vandenhove et al. (2006)
found transfer factors ranging from 0.02 at 0.1 yM U to 0.001 at 1000 uM U for
Phaseolus vulgaris. The low transfer factor for uranium in Arabidopsis thaliana
suggests that more severe toxicity effects can be expected in the roots as
compared to the leaves. Uranium presence affected the nutrient profile of the
plants. A decrease in most element concentrations (e.g. Ca, Mn, K, Mg, P, S) in
the leaves was observed (table 3.2). In a previous study by Das et al. (1997),
cadmium has also been shown to interfere with the uptake, transport and use of
several elements (e.g. Ca, K, Mg, P) and water by plants. Theoretical speciation
calculations, using the geochemical computer code The geochemist's
Workbench® database Pro 5.04 (Bethke, 2001) using the NEA thermodynamic
data review by Grenthe et al. (1992), indicated rapid formation of uranium-
phosphate precipitates suggesting limited bioavailability of phosphate and
uranium. Our results show that uranium exposure caused decreased phosphorus
contents in the leaves. Speciation calculations revealed that precipitates of
uranium with manganese will be formed in a phosphate deficient environment.
As an excess of uranium is present, uranium-manganese precipitates are likely
to be formed potentially limiting manganese uptake and translocation in the
plant. As the uranyl ion (UO,?*) binds more strongly than Ca®* and Mg®* to their
corresponding binding sites (Boileau et al., 1985) competition can occur
resulting in a decrease of calcium and magnesium in uranium contaminated

plants. Replacement of Ca®* or Mg?* by UO,%* can inhibit enzyme activity and
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cause membrane damage. Because of its affinity for phosphate moieties and
sugar alcohol groups of nucleotides and phosphate groups of phospholipids, DNA
and membrane damage could also occur via this pathway (Nieboer &
Richardson, 1980; Boileau et al., 1985).

A significant increase was observed in lipid peroxidation products after uranium
treatment (figure 3.3) affecting membrane integrity and functionality. This is
supported by the observed potassium leakage (table 3.2), an indicator of
membrane instability. Several studies reported an increase of lipid peroxidation
after cadmium treatment (Cho & Seo, 2005; Smeets et al., 2005) or due to
other stresses as leaf senescence (Dhindsa et al., 1981). Smeets et al. (2005)
reported an increase in the level of lipid peroxidation in the primary leaves of

Phaseolus vulgaris after treatment with 2 yM CdSO,.

Apart from their role as toxic byproduct of aerobic metabolism, ROS are being
used for the control and regulation of biological processes such as growth,
programmed cell death, biotic and abiotic stress responses and development
(Mittler et al., 2004). ROS-signaling is controlled by production and scavenging.
Important enzymes generating ROS are NADPH-oxidases. In the reaction they
transform oxygen to a superoxide radical. NADPH-oxidases are located in the
membrane as this is the first cellular compartment affected by stressors.
Changes in transcript levels were analyzed and used as measure for the
importance of NADPH-oxidase in ROS-production after uranium stress. RbohC
expression was analyzed in roots and shoots of Arabidopsis thaliana exposed to
100 pM U and the results showed an increasing trend, although not significant,
for the leaves and a significant up-regulated expression for the roots (figure
3.6F). These results suggest an important role for NADPH-oxidases in signaling
under uranium stress as was also seen after cadmium stress (Cuypers, pers.
comm.). The difference between leaves (increase but not significant) and roots
(p < 0.01) can be explained by the low root to shoot transfer factor of uranium

resulting in about 1500-fold lower uranium concentration in the leaves.

Within a cell, the superoxide dismutases (SODs) constitute the first line of
defense against ROS, they transform O,* to H,0, (McCord & Fridovich, 1969).
SODs are present in different subcellular locations as 0," is produced at any

location where an electron transport chain is present. Based on the metal co-
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factor used by the enzymes, SODs can be classified into three groups: iron SOD
(FeSOD) located in the plastids, manganese SOD (MnSOD) located in the
mitochondria and peroxisomes, and copper-zinc SOD (CuzZnSOD) located in the
cytoplasm, chloroplast, peroxisomes and extracellular locations (Alscher et al.,
2002; Mittler et al., 2004). To investigate the role of SODs in the defense
against uranium stress, transcript levels of 3 genes (csdl, fsdl and msdl) were
analyzed. Csd1l (located in the cytoplasm) expression was significantly down-
regulated for leaves and roots under uranium stress (figure 3.6A). Transcript
levels of fsdl located in the plastids were significantly up-regulated for the roots
after uranium treatment (figure 3.6B) suggesting an increased protection
against oxidative stress located at the plastids. Gene expression of msd1l located
in the mitochondria was not affected by uranium stress (figure 3.6C). The
difference in response between the FeSODs, MnSODs and CuZnSODs, can be
correlated with their disparate subcellular locations and the sites of action of the
oxidative stress induced by uranium as was also stated by Alscher et al. (2002)
after treatment of Arabidopsis thaliana with different stresses and observation of
changes for SOD activities. In a metal sensitive cultivar of Phaseolus vulgaris
excess cadmium stimulated the Mn and/or FeSOD but inhibited CuzZnSOD
probably due to a cadmium-induced zinc-deficiency (Cardinaels et al., 1984;
Weckx & Clijsters, 1997). At the protein level no change in total SOD capacity
was observed after uranium application as was also reported by Vandenhove et
al. (2006) for Phaseolus vulgaris. Cho & Seo (2005) reported a decrease in SOD

capacity for Arabidopsis thaliana after cadmium application.

After conversion of superoxide radicals into hydrogen peroxide, several enzymes
regulate the transformation of H,0, into H,O. A down-regulated trend for CAT
located in the peroxisomes was observed at transcriptional (figure 3.6D) and
protein (figure 3.4A) level for leaves of Arabidopsis thaliana under uranium
stress. Also for roots a decrease in CAT capacity was observed (figure 3.4A).
These results suggest less H,0, will be detoxified by CAT under uranium stress.
Opposite results were reported by Ruley et al. (2004) for CAT activities after
lead treatment in Sesbania drummondii (an increasing trend was observed).
Zhang et al. (2007) reported increasing and decreasing results for CAT capacity
depending on the heavy metal concentration used and the plant species used.

Peroxidases as GPOD and syringaldazine peroxidase (SPOD) have been reported
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as H,0, detoxifying enzymes after heavy metal stress in several studies
(Clijsters et al., 1999; Cuypers et al., 2002; Smeets et al., 2005). Uranium
induced oxidative stress resulted in a significant enhancement of GPOD capacity
for leaves and roots of Arabidopsis thaliana (figure 3.4B). For SPOD capacities
no significant difference was observed yet an increasing trend was visible. These
results indicated an enhanced defense against uranium induced oxidative stress.
Similar results were observed in several studies with different heavy metals and
model plants. After copper and zinc application generally an increase of GPOD
and SPOD capacities was observed for primary leaves and roots of Phaseolus
vulgaris as reported by Cuypers et al. (2002). For cadmium toxicity the same
trends were observed for primary leaves of Phaseolus vulgaris as stated by
Smeets et al. (2005). Known results for uranium contamination showed
comparable results except for an inhibition of enzyme capacity at 1000 pM U for
Phaseolus vulgaris what is probably due to the severe toxicity of uranium at that

concentration (Vandenhove et al., 2006).

The ascorbate-glutathione cycle, comprising several metabolites and enzymes, is
an important pathway in detoxifying hydrogen peroxide as described by several
authors (Cuypers et al., 2000; Drazkiewicz et al., 2003). In this study two
enzymes of the ascorbate-glutathione cycle, APX and glutathione reductase
(GR), and the metabolite ascorbate were analyzed. Hydrogen peroxides are
detoxified by APX with ascorbate as substrate. The entire ascorbate-glutathione
pathway comprises several steps with GR as an important enzyme in one of its
steps. After 4 days exposure to 100 puM U, a significant increase in total
ascorbate (AsA + DHA) was observed for leaves of Arabidopsis thaliana (figure
3.5). This was due to an increase in AsA (reduced form) but a steady-state
situation in the amount of DHA (oxidized form). These results suggest an
activation of antioxidative defense via the ascorbate-glutathione pathway as an
increase in the AsA/DHA ratio is observed. This hypothesis can be confirmed by
the increasing trend (not significant) for the APX and GR capacities in the leaves
of Arabidopsis thaliana. At transcriptional level an increase in apxl expression
was observed for the roots (figure 3.6E) but no significant increase was found at
protein level. An increase of total ascorbate in leaves of Phaseolus vulgaris and
Arabidopsis thaliana after heavy metal treatment (Cu, Cd, Zn) was reported by
several authors (Cuypers et al., 2000, 2001; Drazkiewicz et al., 2003; Smeets et
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al., 2005). An increase of ascorbate in leaves of Arabidopsis thaliana after
copper treatment was reported by Drazkiewicz et al. (2003). Ascorbate
concentrations increased also in leaves of Phaseolus vulgaris as was reported by
Cuypers et al. (2000) after copper treatment and by Cuypers et al. (2001) after
zinc treatment. Comparable with our results, Cuypers et al. (2000) also reported
an increase of APX and GR capacities in leaves of Phaseolus vulgaris after copper
exposure for 4 days. Capacities of APX and GR also increased for Phaseolus
vulgaris treated with cadmium as was reported by Smeets et al. (2005). Apart
from its role as a primary cellular antioxidant in the ascorbate-glutathione cycle,
ascorbate has also a function as a secondary antioxidant because it represents a
cellular reservoir to regenerate a-tocopherol, a membrane bound antioxidant
that can scavenge lipid peroxide radicals. This latter function of ascorbate might
be very important in case of uranium toxicity since membrane stability is

strongly affected.

3.4.2 Phosphate influence

As previous results were obtained for Arabidopsis thaliana exposed to 100 uM U
using 25 uM P, the influence of the low phosphate concentration on oxidative
stress responses was analyzed. Plants were therefore exposed to 100 uM P or 25
UM P.

Phosphate fertilization had no effect on growth parameters (figure 3.1). Our
results also showed a small decrease of phosphorous concentration in the leaves
exposed to 25 pyM P compared to 100 uM P. When compared to the nutrient
profile of Arabidopsis thaliana (Columbia ecotype) shoots reported by Salt
(2004), the phosphorous concentration in the leaves of Arabidopsis thaliana
exposed to 25 pM P was sufficient for normal growth and development. Plants

exposed to 100 uM P probably over-consumed phosphorous.

The concentration of TBA-rc was significantly enhanced after low phosphate
treatment although compared with uranium application peroxidation of lipids
was minimal (figure 3.3). Our results show no evidence of potassium leakage

(table 3.2) suggesting the membrane structure is still intact.

For the ROS-signaling system, comprising ROS-producing NADPH-oxidases,
ROS-scavenging enzymes as SODs, CAT, GPOD and SPOD, and the ascorbate-
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glutathione pathway, minor alterations were observed following low phosphate
treatment. No effects on transcriptional level were observed for the genes
analyzed (figure 3.6). At protein level some enzymes showed a decrease in
capacity after low phosphate treatment for leaves (GR (results not shown),
GPOD (figure 3.4B)) and roots (SPOD (results not shown), SOD (results not
shown)). No effects were observed for AsA and DHA in the ascorbate-glutathione

cycle (figure 3.5).

3.4.3 Conclusions

Limited effects on the oxidative defense pathway are caused by decreased
phosphate levels therefore the use of a low phosphate concentration to

investigate uranium toxicity is justified.

Exposure of Arabidopsis thaliana to 100 pM U resulted in a decreased growth, an
unbalanced nutrient profile and membrane damage and affected the

antioxidative defense mechanism.

As oxidative stress related responses are triggered in Arabidopsis thaliana after
exposure to 100 uM U, further investigation is suggested to determine dose-

effect relations.
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Chapter 4

Uranium induced effects on development and
mineral nutrition of Arabidopsis thaliana

Vanhoudt N., Vandenhove H., Horemans N., Martinez Bello D., Van Hees M., Wannijn J.,
Carleer R., Vangronsveld J. & Cuypers A. (2009) Uranium induced effects on development
and mineral nutrition of Arabidopsis thaliana. In preparation.
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Abstract

This study aimed to investigate effects on growth and development and
alterations in the nutrient profiles for Arabidopsis thaliana seedlings following
uranium exposure. Seventeen-day-old Arabidopsis thaliana seedlings, grown on
hydroponics, were exposed to 0, 0.1, 1, 10 and 100 pM uranium for 1, 3 and 7
days. Fresh weight of leaves and roots decreased after exposure to 100 uM
uranium for 1 and 3 days and after exposure to 1, 10 and 100 yM uranium for 7
days. Root length decreased after exposure to the highest uranium
concentration but an increase in root length was observed for lower uranium
concentrations. Anthocyanous-colored leaves and stunted yellow roots were
observed after 3 and 7 days exposure to 100 uM uranium. The uranium content
of the roots increased with increasing uranium concentration added to the
nutrient solution but the root-to-shoot transfer of uranium was limited. Exposure
of Arabidopsis thaliana seedlings to a uranium concentration range resulted in
disturbed nutrient profiles, especially following exposure to 100 uM uranium. For
several macronutrients such as sulfur, magnesium and potassium, a decrease in
concentration for roots and leaves was observed. The calcium content on the
other hand increased in roots and decreased in leaves. The phosphorus content
in the roots remained stable while in the leaves, its content decreased. The
profiles of several micronutrients such as iron, sodium, copper, manganese and
zinc were also altered. This study indicates that elevated uranium concentrations
can cause important morphological and physiological effects and disturb the

nutrient profiles in Arabidopsis thaliana seedlings.
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4.1 Introduction

Uranium is a naturally occurring radionuclide and heavy metal present in the
continental crust. Industrial activities including uranium mining and milling,
metal mining and smelting and the phosphate industry, have caused radioactive
contamination of the environment surrounding these installations (Vandenhove,
2002). Considering environmental protection, risk assessment and the derivation
of clean-up standards, information on uranium toxicity effects for plants can be
of great importance. Unfortunately information on uranium induced biological
effects in plants is scant, especially when considering exposure of plants to low

uranium concentrations.

Exposure of plants to heavy metals can cause damage at physiological,
biochemical and molecular level. Physiological and morphological effects induced
by other heavy metals (e.g. cadmium, copper, zinc ...) are rather well studied.
General symptoms as inhibition of leaf growth and stunted roots can be
observed after exposure to heavy metals (Das et al., 1997; Van Belleghem et
al., 2007; Gopal & Rizvi, 2008). Cadmium has shown to cause chlorosis of the
leaves and at higher concentrations anthocyanous-colored leaves were observed
(Van Belleghem et al., 2007). Apart from these visible effects, heavy metals can
interfere with the uptake and translocation of nutrients in plants and disrupt the
plant metabolism. There can be a competition for specific binding sites between
the heavy metals and several nutrients sharing similar chemical properties.
Cadmium has been shown to interfere with the uptake, transport and use of
several elements (calcium, magnesium, phosphorus and potassium) and water
by plants (Das et al., 1997). Hernandez et al. (1996) reported a decrease in
potassium and manganese concentrations in roots and shoots of pea seedlings
exposed to cadmium. Cadmium exposure of Arabidopsis thaliana seedlings
resulted in a decrease of magnesium, phosphorus, sulfur, potassium, calcium
and manganese content in the leaves as shown by Smeets et al. (2008). Results
showing an increase of phosphorus in tops and roots of radish following lead
exposure were presented by Gopal & Rizvi (2008). In the same study,
alterations in sulfur and iron uptake by radish after lead exposure were

reported.
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Uranium uptake and toxicity effects are dependent on the plant species, uranium
speciation and soil characteristics. Uranium is present in the soil primarily in the
+6 oxidation state as the uranyl cation (UO,2%). The results reported by Ebbs et
al. (1998) indicated that the free UO,?*, which predominates at a pH of 5.0-5.5,
was the form of uranium most readily accumulated by plants. Differences in
uranium uptake by several plant species and the distribution between the roots,
stem and leaves were presented by Singh et al. (2005). Sheppard et al. (2005)
summarized data that showed toxicity effects in plants exposed to
concentrations of 0.5-5 mg uranium kg dry soil while other data reported no
toxicity effects in plants after exposure to 100-1000 mg uranium kg dry soil.
Vandenhove et al. (2006) reported that leaves of bean seedlings started to show
chlorosis and roots turned yellow after 4 days exposure to 1000 pM uranium.
Uranium can react with several plant nutrients, interfere with their uptake and
distribution and disturb their function in the plant cell. Cell membranes of plant
and animal cells are known to be stabilized by Ca?* (Nieboer et al., 1979). Since
UO,%* binds more strongly than Ca?" to Ca?'-type binding sites, it has the
potential to damage cell membranes and increase K* permeability (Nieboer &
Richardson, 1980).

Previous studies mainly focused on the uptake and distribution of uranium in
plants with the accent on soil composition and phytoremediation. But when
considering the influence of uranium on the uptake and distribution of nutrients

and effects on biochemical and molecular level, information is scant.

The first objective of this study was to analyze uranium toxicity effects on
growth and development of the model plant Arabidopsis thaliana for a uranium
concentration range and several exposure periods. Secondly, the influence of
uranium presence on the nutrient profile of Arabidopsis thaliana seedlings was

studied for different uranium concentrations and harvesting times.

4.2 Materials and methods

4.2.1 Plant culture and uranium exposure

Seeds of Arabidopsis thaliana (Columbia ecotype) were placed on moist filter

paper at 4 °C for 3 days to synchronize germination. Afterwards, seeds were
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sown on plugs from 1.5 ml polyethylene centrifuge tubes filled with 2 % agar
(Difco). The plugs were positioned in a PVC cover capable of holding 81 plugs.
The PVC cover was then placed on a container filled with 2.9 | of a modified
Hoagland solution (macro-elements without phosphate: 1/10 diluted, phosphate
solution: 1/20 diluted, micro-elements: 1/10 diluted and iron solution: 1/10
diluted). Plants were grown in a growth chamber (Microclima 1000E, Snijders
Scientific B.V.) under a 14 h photoperiod (photosynthetic photon flux density of
200 pmol m2 s at the leaf level, supplied by Sylvania BriteGro F36WT8/2084
and F36WT8/2023), with day/night temperatures of 22 °C/18 °C and 65 %
relative humidity. Roots were aerated during the entire course of the
experiment.

Subsequently, 17-day-old seedlings were exposed to 0, 0.1, 1, 10 and 100 uM
uranium for 1, 3 and 7 days. Uranium was added as UO,(NO3),.6H,0 (Sigma) to
the modified Hoagland solution and the pH was adjusted to + 5.5 with NaOH. As
previous experiments recommended the use of 25 uM phosphate in combination
with uranium, a 1/80 diluted phosphate solution was used (Vanhoudt et al.,
2008).

4.2.2 Plant sampling and biometric measurements

At harvest, fresh weight of leaves and roots was determined and the root length
was measured. Samples for nutrient and uranium analyses and for the
determination of the dry weight were dried at least for 1 week at 70 °C. For
these determinations, leaves were rinsed with distilled water and roots were
washed twice for 10 minutes with 10 mM Pb(NOs), at 4 °C to exchange surface-

bound uranium.

4.2.3 Uranium and nutrient analyses

After dry-ashing using a muffle furnace, dried plant material was digested in 0.1
M HCI for determination of 28U and several macro- and micronutrients. The 238U
concentration was determined by inductively coupled plasma mass spectrometry
(ICP-MS, Perkin-Elmer, Elan 5000 utilizing a cross flow nebulizer and a ryton
spray chamber). Calibration curves were obtained using uranium standard

solutions (0-10 pg I!) prepared from the elemental standard SPEX solution
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(SPEX Industries Inc.). The instrumental uranium detection limit was 10 ng It
Typical precision for the samples was below 5 % (relative standard deviation, 10
replicates). A specific activity of 12436 Bg g for 238U was considered (Joint
Evaluated File (JEF) version 2.2, OECD/NEA Data Bank, Paris, France). Different
elements (Ca, Cu, Fe, K, Mg, Mn, Na, P, S and Zn) were analyzed using

inductively coupled plasma - atomic emission spectrometry (ICP-AES).

4.2.4 Statistical analyses

The datasets for fresh weight, percentage dry weight, root length, uranium
content and nutrient content, were statistically analyzed. Data were analyzed by
day, evaluating the effect of uranium treatment, and also by treatment,
comparing the means observed at the different sampling times. Statistical
analyses were performed using an algorithm ensuring for each dataset a

statistical analysis best fitted for the data.

The datasets for percentage dry weight, uranium content and nutrient content
were analyzed according to the following algorithm. First, a parametric analysis
of variance was performed and the assumptions for normality and constancy of
variance were checked (Kutner et al., 2005). If the assumptions were fulfilled, a
pair wise comparison was applied with an adjustment of the p-values using
Tukey according to Kutner et al. (2005). If the assumptions were not fulfilled,
the data was transformed using the Box & Cox method (Box & Cox, 1964).
Subsequently, a parametric analysis of variance of the transformed response
variables was applied. Again the assumptions for normality and constancy of
variance were checked. If the assumptions were fulfilled, again a pair wise
comparison, with an adjustment of the p-values using Tukey, was applied. If
only the assumption for normality was fulfilled, a parametric analysis of variance
for heterocedastic variances was applied according to Westfall et al. (2000).
Subsequently, a pair wise comparison was carried out adjusting the p-values
using simulated p-values (Westfall et al., 2000). If both assumptions were not
fulfilled, a nonparametric analysis of variance was performed (Lehmann &
D'Abrera, 1998). Thereupon, a pair wise comparison was applied using Wilcoxon
Mann Whitney (Lehmann & D'Abrera, 1998) adjusting the p-values using
Benjamini Hochberg (Benjamini & Hochberg, 1995).

62



The datasets for fresh weight and root length were analyzed according to the
same algorithm as described above except for the last step. If after
transformation using the Box & Cox method, both assumptions for normality and
constancy of variance were not fulfilled, a parametric analysis of variance using
a gamma distribution was applied according to McCullagh & Nelder (1989). A
pair wise comparison was then applied adjusting the p-values using Benjamini
Hochberg (Benjamini & Hochberg, 1995).

4.3 Results and discussion

Exposure of plants to heavy metals can cause an induction of physiological and
morphological effects as was described by several authors (Das et al., 1997; Van
Belleghem et al., 2007; Gopal & Rizvi, 2008). Heavy metals can also interfere
with the uptake and translocation of several nutrients in plants and disrupt the
plant metabolism (Hernandez et al., 1996; Zhu et al., 2004; Gopal & Rizvi,
2008). While the induction of biological effects on growth and development and
alterations of the nutrient profile are well studied for other heavy metals and
plant species, the induction of biological effects following bioaccumulation of
uranium in Arabidopsis thaliana is understudied. First, this study shows that
uranium can cause important toxicity effects on growth and development of
Arabidopsis thaliana seedlings. Secondly, the results indicate that uranium can
interfere with the uptake and distribution of several nutrients resulting in

disturbed nutrient profiles for leaves and roots.

4.3.1 Biometric parameters

A significant decrease of fresh weight of leaves and roots was observed after
exposure to 100 uM uranium for 1 day (figure 4.1A) and 3 days (figure 4.1B)
and after exposure to 1, 10 and 100 uM uranium for 7 days (figure 4.1C). On
the other hand, the fresh weight of roots exposed to 1 and 10 pM uranium
significantly increased after 3 days (figure 4.1B). Dry weight followed a similar
trend (results not shown). A decrease of fresh weight of leaves and roots for
different plants following exposure to cadmium or other heavy metals was

shown by several authors. Arabidopsis thaliana seedlings exposed for 21 days to
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different cadmium concentrations ranging from 0.1 to 50 uM showed a reduced
leaf area starting at 5 yM cadmium and root growth was inhibited for 5 and 50
MM cadmium (Van Belleghem et al., 2007). Hernandez et al. (1996) reported a
reduction of the fresh weight of shoots and roots of pea seedlings with an
increasing accumulation of cadmium in the plant. A decrease in shoot and root
growth of Cucumis sativus after exposure for 5 days to different concentrations
of copper, cadmium and lead was shown by An et al. (2004). Ebbs et al. (1998)
reported a decrease in the dry weight of pea roots exposed to 5 uM uranium.

A
£
E
=
2
[
2
P
"
5} 3 Leaves
Lt 40 4
& Roots
60
opuM U ‘O.lpMU‘ 1pyM U ‘ opM U ‘100pMU
1day

B

Fresh weight [mg]

A A B ! @ Leaves
& Roots

0uM U ‘0.luMU‘ 1M U ‘lOpMU‘lOOuMU

3days
c 150
S 1004 2 a b
£ c
= 50
Ky
(=2
2 0
2
< 504
4 [ Leaves
T 100 4
* A C AC  mRoots
150
ouM U ‘0.1uM U‘ 1uM U ‘ 10uMU‘100uM U
7 days

Figure 4.1 - Fresh weight [mg] of leaves and roots of Arabidopsis thaliana seedlings exposed to 0, 0.1,
1, 10 and 100 pM uranium for 1 (A), 3 (B) and 7 (C) days. Values represent the mean + S.E. of at least
52 biological replicates. Data points with different letters are significantly different (p < 0.05).
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Vandenhove et al. (2006) on the other hand, reported an increasing trend in
growth parameters for Phaseolus vulgaris seedlings exposed to uranium
concentrations ranging from 0.1 to 10 yM. Similar to Vandenhove et al. (2006),
our study showed an increase in root fresh weight after exposure for 3 days to
lower uranium concentrations. As uranium is added to the plants as uranyl
nitrate it is conceivable to attribute this increased root fresh weight to a higher
nitrate concentration. However, the extra nitrate added as uranyl nitrate is
negligible in comparison to the nitrate present in the Hoagland nutrient solution.
The increase in fresh weight for lower uranium concentrations after 3 days
exposure seemed like a transient hormesis response as was also shown by
Straczek et al. (2009) for hairy roots of carrots exposed to uranium
concentrations between 2.5 and 5 mg I

For the fresh weight of leaves and roots, bioassay97 (Onofri, 2005) was used to
perform dose-response curve analysis and calculate effective concentration (EC)
levels. For leaves exposed during 7 days to a uranium concentration range,
EC10, EC30 and EC50 levels for leaf fresh weight reduction were 3.2 + 1.1, 10.3
+ 2.2 and 24.5 + 4.4 yM uranium. For 7 days exposed roots, similar values of
6.5+2.7,10.6 + 3.0 and 14.6 + 4.6 UM uranium as EC10, EC30 and EC50 levels
were found for root fresh weight reduction. Sheppard et al. (2005) reviewed that
uranium concentrations within the normal background values have been
reported as toxic for several terrestrial plants while in other studies no toxicity
effects were found at concentrations 100 to 1000 times higher. Compared with
the uranium benchmark value of 6 ug I'* (~0.025 yM) for freshwater organisms
(Jones et al., 2006), our data indicate that uranium toxicity effects on the fresh
weight of Arabidopsis thaliana leaves and roots are visible at higher uranium

concentrations.

The percentage dry weight (expressed as % of fresh weight) of leaves
significantly increased after exposure to 100 uM uranium at all harvesting times
(table 4.1). For the roots, the percentage dry weight significantly increased
following exposure to 10 and 100 uM uranium during 7 days (table 4.1). Thus
exposure to the highest uranium concentration caused a disturbed water balance
in leaves and roots and generally plants started to wilt. Similar results were
reported by Hernandez et al. (1996): the relative water content of shoot and
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root tissue of pea plants was reduced with increasing cadmium concentration
added to the nutrient solution, indicating those plants might be water stressed.

Table 4.1 - Percentage dry weight of leaves and roots of Arabidopsis thaliana seedlings exposed for 1, 3
and 7 days to 0, 0.1, 1, 10 and 100 pM uranium. Results present mean + S.E. of at least 3 biological
replicates.

Percentage dry weight [26]

1 day 3 days 7 days

oMU £10.2+0.2 A510.8 + 0.4° 11.8 £ 0.1

0.1umuU £9.8 £ 0.2° £10.7 + 0.3 127 £ 0.5°

2 lumu £9.5+0.3° 10.7 + 0.3° €13.5+0.2°
- oMU £9.7+0.3 A11.4+0.3° A14.8 + 0.1
100 uM U A11.4+0.3 516.4 + 0.4° €21.8+0.3

opmu £4.8 +0.3° A4.8 £ 0.6 A3.4+0.2°

0.1umMuU A4.1+0.3° AB3.5+ 0.1 3.0 +0.2°

é l1umu A3.8+0.3° A3.7£0.1% A3.5+0.1°
= oMU A4.8+0.3° 83,51 0.2° A4.2+0.1°
100 M U 5.0 +0.2° 5.9 £ 0.5° 89,0 +0.1°

Statistical analyses were done separately for leaves and roots. Different small letters indicate significant
differences between the treatments for day 1, day 3 and day 7 separately (p < 0.05). Different capital
letters indicate significant differences between the exposure days for the different treatments
separately (p < 0.05).
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Figure 4.2 - Length [mm] of Arabidopsis thaliana roots exposed for 3 and 7 days to 0, 0.1, 1, 10 and
100 pM uranium. Values represent the mean + S.E. of at least 115 biological replicates. Data points
with different small letters are significantly different at 3 days exposure (p < 0.05). Different capital
letters indicate a significant difference after 7 days exposure (p < 0.05).
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Root length significantly decreased after exposure to 100 pyM uranium for 3 days
and from here on roots stopped growing (figure 4.2). For roots exposed to the
lower uranium concentrations, a uranium dependent increase was observed for

root length at 3 days (figure 4.2).

After 7 days exposure, this increased root length was still visible for 1 uM
uranium, but exposure to 10 puM uranium caused a reduction in root length
(figure 4.2) suggesting that after 7 days exposure uranium toxicity effects are

also present in 10 yM uranium exposed roots.

Exposure of Arabidopsis thaliana seedlings to 100 pM uranium for 3 and 7 days
resulted in anthocyanous-colored leaves and roots were stunted and turned
yellow. Similar effects for the roots were reported by Vandenhove et al. (2006)
where yellowish roots of Phaseolus vulgaris were observed following exposure to
1000 pM uranium for 4 days. Leaves on the other hand started to show chlorosis
at a 1000 pM uranium concentration (Vandenhove et al., 2006). Similar results
were found for Arabidopsis thaliana leaves exposed to cadmium where,
depending on the concentration, chlorosis or anthocyanins production was
shown (Van Belleghem et al., 2007). Anthocyanins are water-soluble pigments
that can appear at specific developmental stages but may also be induced by a
number of environmental factors including light exposure, cold temperatures
and water stress as was reviewed by Chalker-Scott (1999). The production and
localization of anthocyanins in leaves, roots and stems may allow the plant to
develop resistance to a number of environmental stresses. Chalker-Scott (1999)
also reviewed the antioxidative ability of anthocyanins under oxidative stress
situations. As uranium was shown to induce oxidative stress related responses in
Arabidopsis thaliana (Vanhoudt et al., 2008), anthocyanins may contribute in

the defense against uranium induced oxidative stress.

4.3.2 Uranium uptake and distribution

The uranium concentrations in the roots increased with increasing uranium
concentrations added to the nutrient solution (table 4.2). For leaves, the
uranium concentrations also increased with the added concentration of uranium
but the root-to-shoot transfer of uranium was small (table 4.2). For example, +

2000 times more uranium was accumulated in the roots than in the leaves after
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exposure to 100 uM uranium for 7 days. Uptake and distribution of uranium in
plants is dependent on the plant species used and the age of the plant as was
presented by Singh et al. (2005). Uranium accumulates mainly in the roots
(Ramaswami et al., 2001) but toxicity effects also depend on the plant species
as was summarized by Shahandeh et al. (2001). Vandenhove et al. (2006) also
reported a limited root-to-shoot transfer of uranium. A 900-fold lower uranium
concentration was observed in the leaves as compared to the uranium
concentration in the roots of Phaseolus vulgaris exposed for 7 days to 1000 uM

uranium (Vandenhove et al., 2006).

Table 4.2 - Uranium concentration [ug g* DW] in leaves and roots of Arabidopsis thaliana seedlings
after exposure to 0, 0.1, 1, 10 and 100 pM uranium for 1, 3 and 7 days. Results present mean + S.E. of
at least 3 biological replicates.

Uranium concentration [ug g™ DW]

1 day 3 days 7 days
oMU A0.02 + 0.01° B1.13 +0.28% 51.05 +0.27°
0.1umMU A0.07 + 0.01° 80.74 £ 0.12%® 81.32+£0.22°
g 1uM U 20.57 £ 0.25° £0.64 £ 0.15° 20.87 + 0.09°
w
- 10 M U A1.73 + 0.69¢ A2.13 +0.71° A3.95+0.80°
100 M U A7.80 + 0.99° 510.24 + 2.39° AB 35,30 + 5.14°
oMU A1.11+0.32° 84.48 £ 0.35° €6.84 + 0.35°
0.1umu A243.95 + 14,22 5162.04 + 7.00° €82.98 + 4.12°
§ 1uMU £1699.91 + 51.33° 8914.72 + 243.58¢ 8778.21 + 54.08°
24
10pMU | agg57.47 + 1354.49¢ A8425.13 + 1645.68° B3728.26 + 578.47¢
100 MU | 267408.50 + 4202.90° A67582.33 + 3639.51° A72531.31 + 4134.71°

Statistical analyses were done separately for leaves and roots. Different small letters indicate significant
differences between the treatments for day 1, day 3 and day 7 separately (p < 0.05). Different capital
letters indicate significant differences between the exposure days for the different treatments
separately (p < 0.05).

4.3.3 Nutrient profiles

Mineral nutrients are essential for plant growth and development. They are
directly involved in plant metabolism where they have specific and essential

functions. Mineral nutrients can for example serve as constituents of important
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organic structures as proteins and nucleic acids. They are also required in
distinct metabolic steps as enzymatic reactions without being an integral
component of an enzymatic structure. Depending on the amount necessary for
normal growth and development, nutrients are classified as macro- or
micronutrients. In this study, the influence of uranium presence on the uptake
and distribution of several macronutrients (phosphorous, sulfur, magnesium,
calcium, and potassium) and micronutrients (iron, manganese, copper and zinc)

was investigated.

Generally, a decrease in time was observed for most nutrient concentrations
(tables 4.3 & 4.4) which could be explained through the fact that the added
nutrients in the solution are insufficiently available after 7 days. Because of
senescence it could also be possible that the nutrient content of the leaves
decreased in time as was demonstrated by Himelblau & Amasino (2001) for 37-
day-old leaves of Arabidopsis thaliana seedlings. Exposure to 100 yM uranium
caused the most severe effects on the nutrient profiles for the roots. At this
uranium concentration, roots are dying and cells are damaged, resulting in the

leakage of several nutrients.

Phosphorous has important functions in macromolecular structures as it is a
component of nucleic acids and phospholipids of biomembranes. As part of the
energy-rich ATP (adenosine triphosphate), phosphorous also plays an important
role in the process of cellular respiration. Uranium binds to phosphate to form
uranylphosphate complexes which are very stable and which may form insoluble
precipitates such as autunite (Glnther et al., 2003). This may highly influence
uranium bioavailability. For the roots, little effects on phosphorous
concentrations were observed, also after exposure to 100 pM uranium (table
4.3). Laroche et al. (2005) showed that uranium was precipitated on the root
surface as phosphate-rich precipitates. In leaves, a significant decrease in
phosphorous concentration was observed after exposure to 100 yM uranium at
all harvesting times (table 4.4) possibly leading to membrane effects and
damage of nucleic acids. Membrane integrity and stability in Arabidopsis thaliana
leaves could indeed be affected by uranium presence as was shown by Vanhoudt
et al. (2008). The observed decrease in phosphorous concentration for the
leaves was in accordance with results reported by Smeets et al. (2008) for

leaves of Arabidopsis thaliana seedlings exposed to cadmium. Contrastingly,
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Gopal & Rizvi (2008) reported an increase in phosphorous content for leaves of
radish following lead exposure.

Exposure to 100 pM wuranium caused a significant decrease in sulfur
concentrations for roots (table 4.3) and leaves (table 4.4). Uranyl is known to
react with sulfate ions to form uranyl sulfate complex anions which may
decrease sulfate availability. Inconsistent results have been reported for sulfur
concentrations following cadmium exposure. Zhang et al. (2000) reported a
reduced sulfur concentration in wheat after cadmium addition while Zhu et al.
(2004) observed an increase of sulfur concentrations in roots and shoots of Bai
Cai following cadmium exposure. Smeets et al. (2008) reported, in accordance
with our results, a decrease in sulfur content for Arabidopsis thaliana leaves
following cadmium exposure. Since sulfur is an important component of amino
acids, proteins and coenzymes, deficiency in sulfur can result in damaged

biomolecules.

A significant decrease in potassium content was observed for roots (table 4.3)
and leaves (table 4.4) of Arabidopsis thaliana seedlings exposed to 100 uM
uranium at all harvesting times. This potassium leakage can be an indication of
membrane instability and damage caused by uranium presence, which was also
shown by Vanhoudt et al. (2008). Correspondingly, Hernandez et al. (1996)
reported a decrease of potassium content in roots and shoots of pea seedlings

exposed to cadmium.

As UO,%" seeks oxygen binding centers, it resembles Ca?* and Mg?*. Because
UO,%* forms complexes of higher stability than the other two ions, a competition
between the different ions will appear. Binding of UO,%* on Ca?* or Mg?* binding
sites can result in membrane instability and the inactivation of several enzymes
as was described by Boileau et al. (1985). In our study, magnesium
concentrations in roots and leaves decreased after exposure to 100 uM uranium
for 1 and 3 days and for 7 days exposure, a uranium dependent decrease in
magnesium concentrations was observed (tables 4.3 & 4.4). Similar effects for
the calcium concentrations were observed for the leaves (table 4.4) but in the
roots, calcium concentrations increased following exposure to 100 yM uranium
(table 4.3). Similar effects for leaves were reported by Smeets et al. (2008)

following cadmium exposure. Straczek et al. (2009) observed similar calcium
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concentrations in carrot roots exposed to 10 pM uranium, slightly increased
concentration at 40 pM uranium and 3-fold higher calcium levels at 80 pM

uranium.

Iron is a micronutrient that plays an important role in several cellular redox
systems. In several enzymes, iron can act as a metal component in redox
reactions or as a bridging element between enzyme and substrate. Under
conditions of iron deficiency, the activity of enzymes such as catalase and
peroxidases, enzymes of the antioxidative defense system, can decline and
cause changes in metabolic processes. In this study, a decrease in iron content
was observed for leaves following exposure to 100 M uranium for 1 and 3 days,
and following exposure to all uranium concentrations for 7 days (table 4.4)
suggesting that enzymatic activities may be affected. For roots, iron
concentrations decreased for 10 and 100 pM uranium at day 1, for 1, 10 and
100 uM uranium at day 3 but at day 7 iron concentrations increased for 100 uM
uranium (table 4.3). Gopal & Rizvi (2008) reported a decrease in tops but an
increase of iron content in roots of radish following lead exposure. Cadmium
exposure resulted in a decrease of the iron content in leaves but a steady state
level of the iron content in roots of pea seedlings as was reported by Hernandez
et al. (1996).

Manganese has important functions in metalloproteins, where it can act as a
structural component, an active binding site or as a redox system. The activity
of manganese superoxide dismutase, an isoenzyme of superoxide dismutase for
the protection against superoxide radicals, can be decreased in the case of a
manganese shortage. Presence of uranium may reduce manganese availability
due to the formation of uranium-manganese complexes (Han et al., 2007).
Results from geochemical speciation (Bethke, 2001) wusing the NEA
thermodynamic data review by Grenthe et al. (1992) showed that the presence
of 25 PM uranium in the hydroponic solution decreased the free manganese
concentration more that 10-fold. In our study, the manganese content
decreased in roots and leaves following exposure to 100 uM uranium (tables 4.3
and 4.4). These results are in accordance with results reported by Hernandez
and others (1996): manganese concentrations also decreased in leaves and
roots of pea seedlings following cadmium exposure. Manganese is also very

important in oxygenic photosynthesis. Photosynthetic water oxidation proceeds
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at a tetra-manganese complex bound to a cofactor-protein complex denoted as
photosystem II (Dau & others 2005). Decreased manganese content in uranium
exposed Arabidopsis thaliana seedlings and subsequent reduced photosynthesis
capacity may be at the basis of reduced growth. Ohki (1985) found that severe
manganese deficiency depressed dry weight, photosynthesis and chlorophyll
content of wheat. Studying the lichen Cladonia rangiferina, Boileau et al. (1985)
found that uranium induced a reduction in the total !*C-fixation rates and
decreased photosynthetic activity. Jain & Aery (1997) reported that chlorophyll

content of uranium exposed wheat decreased.

Enzymatically bound copper plays a role in redox reactions. The activity of
another isoenzyme of superoxide dismutase, copper-zinc superoxide dismutase,
can be affected by copper or zinc deficiency. In this study, the copper content
increased in the roots after exposure to 10 and 100 pM uranium at all harvesting
times (table 4.3). For the leaves on the other hand, copper concentrations
decreased after exposure to 10 and 100 uM uranium at 1 and 3 days, and after

exposure to all uranium concentrations at day 7 (table 4.4).

Zinc can act as a metal component of enzymes or as a functional, structural or
regulatory cofactor of several enzymes. A deficiency in zinc can cause therefore
changes in the metabolism. The zinc content decreased in roots and leaves
(tables 4.3 & 4.4) following exposure to the highest uranium concentration
suggesting possible metabolic disturbances.

Apart from the essential elements as macro- and micronutrients, some beneficial
elements can be defined. These elements can compensate for the toxic effects of
other elements or simply replace mineral nutrients in some of their less specific
functions. In this study, sodium concentrations in roots and leaves were
determined. For the roots, a decrease in sodium content was observed following
exposure to 100 pM uranium (table 4.3). In leaves, a uranium dependent
decrease was observed after 3 days exposure while after 7 days a significant
decrease was only visible for 100 yM uranium (table 4.4). As Na* can replace K*
functions in plants, Na* leakage can also indicate severe membrane damage and

instability.
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4.3.4 Conclusions

In conclusion, the highest uranium concentration of 100 uM induced the most
severe toxicity effects in Arabidopsis thaliana seedlings. Morphological effects on
growth and development were already visible at lower uranium concentrations.
Uranium presence influenced the uptake and distribution of several nutrients
resulting in a disturbed nutrient profile. For most nutrients a decreased
concentration was observed following exposure to 100 pM uranium suggesting
toxicity effects on enzyme capacity, membrane stability and photosynthetic

capacity are possible.
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Table 4.3 - Element concentrations [ug g DW] in roots of Arabidopsis thaliana seedlings after
exposure to 0, 0.1, 1, 10 and 100 pM uranium for 1, 3 and 7 days. Results represent mean + S.E. of at
least 3 biological replicates.

ouMU 0.1 uM U 1uMU 10 pM U 100 puM U
lday | AB1649+150° | 22020+ 191° | “82001 + 1822 A1489 + 70° A3734 + 300°
Ca | 3days | A1619+105%® | ~1808 + 78 A1661 + 26° 81970 + 32° A2945 + 153¢
7days | 82186+ 131> | A1904 + 36" B 2329 + 40° B 2055 + 37 A2881 + 77¢
1 day n.d. n.d. n.d. A40 + 10? A252 +17°
Cu | 3days n.d. n.d. n.d. A29 + 72 A259 + 15°
7 days n.d. n.d. 8 +0.5° A19+1° A275 + 13¢
lday | 21942+ 165° | ~1645+111° A1687 + 70° A1112 +81° A520 + 119¢
Fe 3 days B960 + 122 B847 + 35° B635 + 24° 8419 + 50° A475 + 19°
7 days €82 + 8% €90 + 12% €103+ 92 €63 +6° A356 + 16°
A AB A AB
Lday | e a1t Py 23ogn | 127574229
K | 3days * 234514772 £ | A25006 + 896° | ®24682 £ 9257 | 21%644; * 82012 + 125°
7 days g 21%888173 * ° iggi?ﬁ * igi;Zf 812533 +428° | 82582 + 74°
lday | A1691+127° | ~1844 + 139° A1902 + 86° A8 1547 + 83° A935 + 83°
Mg | 3days | AB1868+152° | ~2000 + 51° AB 1783 + 43° A1745 + 452 AB 831 + 46°
7 days 82464 + 194° A1751 +43° 1582 + 47 81486 + 44° B646 + 8¢
1 day A331 +20° A703 + 136" A595 + 96° A422 +42% A392 + 24
Mn | 3days 1006 + 55° A933 + 87° A767 + 712 A299 + 57° 59 4+ 5¢
7 days €91 +12° B88 + 10° 875+ 6° B63 + 52 847 +1°
1 day * 114220%% * ! 11%2&2 t | atgo7gs7s2e | 1142‘:5862 * 4622 + 548"
Na | 3days * 1327‘;‘:3 * 812700 + 618> | 9305 + 536° g ﬁgéazbi 83129 + 172°
7 days " 1150753273 * B13128 +316° | ©13131 + 966° | 11856 + 361® | B1662 + 38°
1 day ! e ! e | 166745967 | A13738 + 688° | 13222 + 955°
P | 3days | A10976 + 846° | P11524 + 292° | B10936 + 295° | 11257 + 550° | A12759 + 634°
7 days B5522 + 194° €4824 + 34° €5109 + 94 €4733 + 148" | 210467 +477°
lday | A12516+912° | 13210 +998° | 13822 + 788 | A11403 + 634° | "5312 + 613"
s | 3days " 11‘:)%2‘33 * A13281 +420° | 12286122 t | ®13286 +304° | ®2703 + 207
7days | A13717 + 519° ° 1f202§,5 * ° 1709227?,§ * €9118+305° | 2397 +24°
1 day A226 + 20° A205 +13° A219 + 18° A196 + 30° AQ4 + 2°
Zn | 3days B2 + 4° B74 + 4° B67 +4° B75+6° 862 +9°
7 days €22 + 5% €24+ 12 B42+11° €33 +3%® €26 + 2%

Different small letters indicate significant differences between the treatments for day 1, day 3 and day
7 separately (p < 0.05). Different capital letters indicate significant differences between the exposure
days for the different treatments separately (p < 0.05).
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Table 4.4 - Element concentrations [ug g

1

DW] in leaves of Arabidopsis thaliana seedlings after

exposure to 0, 0.1, 1, 10 and 100 pM uranium for 1, 3 and 7 days. Results represent mean + S.E. of at
least 3 biological replicates.

O uM U 0.1 uM U 1pM U 10 uM U 100 pM U
lday | A38948 +571% | 41927 + 8522 | 42300 + 880° | 42468 + 706 | A32815 + 649°
Ca | 3days ° 4153511783 * A43791 + 927 | A43898 + 854 | #42147 + 396 | 821190 + 686"
7days | A41091 +295° | B36911 + 985" | 232487 +491° | 29368 + 512¢ | ©14282 + 402°
1 day A13.0+1.2° A9.0 + 0.4° £9.0 +0.5° n.d. n.d.
Cu | 3days 87.6+0.3° AB8.0 +0.2° B7.7+0.2° A6.3+0.2° A3.6 £0.1°
7 days 89.6 + 0.1° B7.7+0.2° €6.6+0.2° B5.3+0.1¢ A3.3+0.1°
1 day AQ5 + 92 AQ4 + 22 A86 + 7° A8+ 3 A54 + 1°
Fe | 3days B65 + 3° 863 + 2° B57 + 42 B59 + 2° B36+1°
7 days B63 +1° €524+ 1P €47 + 1% €46+ 1° €23+ 1¢
lday | 420651 +495° | #19453 + 4307 | #19224 + 505° | 19392 + 563° | 13460 + 320°
K | 3days | roar3ssase | T2L182% | eyz03pp400 | T222155 | eggys 170
7 days ° 253184335 * ° 21%‘:3822 * ° 21‘:)57232 | 219981 +269° | ©5259 + 112¢
1 day A8123 + 152° Aaf;g:,f * A8939 + 199° | ~9021 + 156 | ~6972 + 109°
Mg | 3days | B9519+287° | £9337+198 | 49422+ 158° A9111 + 54° 84624 + 132°
7days | ABgQQg +100® | B8259 + 242° 87389 + 114° 86580 + 106° €3156 + 59¢
1 day A156 + 22 A181 +4° A185 + 4° A172 + 5% A133 +2°
Mn | 3days A166 + 62 B137+6° B138 +5° 8138+ 5° B78 + 1¢
7 days 8102 + 4° €99+ 6? €94 + 22 €102 + 22 €48 + 2°
1 day A2782+117% | A3479 +427°° | A3806 + 241° A4109 + 155° | #3206 + 181%
Na | 3days | 43499+ 145" | 82540 +209° | ©1938 +120° | B1478 +120° 1795 + 62°
7days | 22604 + 306 €1998 + 25° €2555 + 69° €2527 + 88° €1157 + 96°
lday | 410429 +151° | 10846 + 350% | #10753 + 264® | #10768 + 206° | 8992 + 178°
P 3days | Bg311+338% | 88501 +213% | B8328+177° B 7098 + 248° B 4895 + 36¢
7 days €3996 + 42° €3844 + 106® | ©3802 + 38 €3272+112° €2524 + 7¢
1 day A8641 + 87° A9091 +214* | ~9187+177% | 9262 + 157° | ~7162 + 102°
S 3days | Bgg4s5+295° | 10098 + 204° | 10275 +324° | 29592 + 151° | B4154 + 130°
7 days 89238 + 158° A8552 + 3027 | ©8155+223* | 87225+ 133° €2592 + 58°
1 day A73+2° AB4 + 32 AB6 + 17 A69 + 22 A4q7 +2°
Zn | 3days B55 + 22 55+ 12 B53+ 12 B54 + 12 827 +1°
7 days €33+1° €254+ 1° €26+ 1° €254+ 1° €18+ 0.4°

Different small letters indicate significant differences between the treatments for day 1, day 3 and day
7 separately (p < 0.05). Different capital letters indicate significant differences between the exposure
days for the different treatments separately (p < 0.05).
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Chapter 5

Importance of oxidative stress related
responses in Arabidopsis thaliana roots
following uranium exposure

Vanhoudt N., Vandenhove H., Horemans N., Remans T., Opdenakker K., Smeets K.,
Martinez Bello D., Wannijn J., Van Hees M., Vangronsveld J. & Cuypers A. (2009)
Importance of oxidative stress related responses in Arabidopsis thaliana roots following
uranium exposure. In preparation.
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Abstract

Information concerning uranium toxicity effects at molecular and biochemical
level in plants is scant. When aiming to evaluate the environmental impact of a
uranium contamination, it is important to unravel the mechanisms by which
plants respond to uranium stress. As oxidative stress seems an important
modulator under other heavy metal stress, this study aimed to investigate
oxidative stress related responses in Arabidopsis thaliana roots exposed to
uranium concentrations ranging from 0.1 to 100 uM for 1, 3 and 7 days. Besides
analyzing relevant reactive oxygen species (ROS) producing and scavenging
enzymes on protein and transcriptional level, the importance of the ascorbate-
glutathione cycle under uranium stress was investigated. Results indicated that
oxidative stress related responses were only triggered following exposure to the
highest uranium concentration of 100 uM. A fast oxidative burst was suggested
based on the observed enhancement of LOX1 and RBOHD transcript levels
already after 1 day. For the antioxidative defense system, the first line of
defense was attributed to SOD, also triggered from the first day. An enhanced
SOD capacity was observed on protein level which corresponded with an
enhanced expression of FSD1 located in the plastids. Gene expressions of other
SOD isoforms on the other hand were down-regulated (CSD1, CSD2) or
remained stable (MSD1). For the detoxification of hydrogen peroxide, an early
increase in CAT1 transcript levels was observed while SPX and GPX capacities
were enhanced at the later stage of 3 days. Although the APX capacity and APX1
gene expression increased, the AsA/DHA redox balance was completely
disrupted and shifted towards the oxidized form. This disrupted balance could
not be inverted by the glutathione part of the cycle although the glutathione
redox balance could be maintained and GR capacity and GR1 transcript levels

increased.
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5.1 Introduction

Environmental uranium contamination due to anthropogenic activities as
uranium mining and milling, metal mining and smelting and the phosphate
industry has occurred in many countries (Vandenhove, 2002). Uranium is a
naturally occurring radionuclide and heavy metal with a greater risk of chemical
toxicity than radiological toxicity because of its low specific activity (Sheppard et
al., 2005). When evaluating the environmental impact of uranium
contaminations, mechanisms by which plants respond to uranium stress should
be unraveled. But information concerning uranium induced stress response

mechanisms at molecular and biochemical level in plants is scant.

Induction of oxidative stress related responses in plants seems an important
stress response mechanism for other heavy metals as was reported by several
authors (Cuypers et al., 2001; Cuypers et al., 2002; Smeets et al., 2008). The
oxidative burst is one of the earliest responses of plant cells under various stress
conditions, possibly acting as an alarm signal to alert metabolism and gene
expression for possible modifications (Foyer et al., 1994). Plasma membrane
NADPH oxidases can be a source of reactive oxygen species (ROS) during the
oxidative burst and the transcriptional activation of certain NADPH oxidases is an
essential intermediate step in the activation or amplification of defense
responses (Dat et al., 2000; Mittler et al., 2004). Lipid peroxidation can be due
to an increase in lipoxygenase (LOX) activity, which initiates the formation of
oxylipins (Porta & Rocha-Sosa, 2002). LOXs are shown to play a role in cadmium

induced oxidative stress in Arabidopsis thaliana roots (Smeets et al., 2008).

ROS are also produced under normal circumstances and have a dual role as both
toxic byproducts of aerobic metabolism and key regulators of biological
processes as growth, cell cycle, biotic and abiotic stress responses (Mittler et al.,
2004). These ROS can cause cellular damage by oxidizing biological molecules
as DNA, proteins and lipids. To regulate the amount of ROS and thus to allow
signal transduction processes but limit oxidative damage under normal
circumstances and in stress situations, plants dispose of an antioxidative
defense system comprising ROS scavenging enzymes and metabolites located in

different plant cell compartments. Superoxide dismutase (SOD) constitutes the
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first line of defense against ROS as O," detoxifying enzyme while enzymes such
as catalase (CAT) and peroxidases (PX) have a role in the scavenging of
hydrogen peroxide, which can act as a signaling molecule. Alterations in enzyme
capacities of relevant enzymes of the antioxidative defense system in plant roots
following heavy metal stress have been reported by several authors (Cuypers et
al., 2001; Cuypers et al., 2002; Smeets et al., 2008). The ascorbate-glutathione
pathway also plays an important role in the antioxidative defense mechanism
against heavy metal stress as was reported by Cuypers et al. (2001) for

Phaseolus vulgaris roots exposed to zinc.

Previous studies already suggested a role for the cellular redox balance as a
modulator in uranium stress for Arabidopsis thaliana (Vanhoudt et al., 2008) and
Phaseolus vulgaris (Vandenhove et al., 2006) but information remains limited.
Vanhoudt et al. (2008) reported an induction of oxidative stress related
responses in Arabidopsis thaliana leaves and roots exposed to 100 yM uranium.
As in the latter study a single uranium concentration of 100 pM already
disrupted the cellular redox balance, a more profound research was suggested

to further unravel uranium stress response mechanisms.

The objective of this study was to further unravel uranium induced oxidative
stress related responses in Arabidopsis thaliana roots and achieve a better
understanding of the importance of the cellular redox balance as a modulator in
uranium stress. For this purpose, Arabidopsis thaliana seedlings were exposed to
uranium concentrations ranging from 0.1 to 100 uM for 1, 3 and 7 days. We
investigated which NADPH oxidases and LOXs contribute to an enhanced ROS
production while several ROS scavenging enzymes (SOD, CAT, PX) were
analyzed to unravel their role in the protection from and regulation of ROS under
uranium stress. In addition, different enzymes and metabolites contributing to
the ascorbate-glutathione cycle were analyzed to evaluate their importance

under uranium stress.
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5.2 Materials and methods

5.2.1 Plant culture and uranium exposure

Seeds of Arabidopsis thaliana (Columbia ecotype) were spread on moist filter
paper at 4 °C for 3 days in order to synchronize germination. Afterwards, the
seeds were sown on polyethylene plugs filled with 2 % agar (Difco). The plugs
were placed in a PVC cover capable of holding 81 plugs. Next, the PVC cover was
placed on a container filled with 2.9 | of a modified Hoagland solution (macro-
elements without phosphate: 1/10 diluted, phosphate solution: 1/20 diluted,
micro-elements: 1/10 diluted and iron solution: 1/10 diluted). Plants were grown
in a growth chamber (Microclima 1000E, Snijders Scientific B.V.) under a 14 h
photoperiod (photosynthetic photon flux density of 200 pmol m™? s at the leaf
level, supplied by Sylvania BriteGro F36WT8/2084 and F36WT8/2023 lamps),
with day/night temperatures of 22 °C/18 °C and 65 % relative humidity. Roots

were aerated during the entire experiment.

Subsequently, 17-day-old seedlings were exposed to 0, 0.1, 1, 10 and 100 pM
uranium. Uranium was added as UO,(NOs),.6H,0 (Sigma) to the modified
Hoagland solution and the pH was adjusted to + 5.5 with NaOH. As previous
experiments recommended the use of 25 pM phosphate in combination with

uranium, a 1/80 diluted phosphate solution was used (Vanhoudt et al., 2008).

Following 1, 3 and 7 days exposure, roots were harvested as + 100 mg samples,

snap frozen in liquid nitrogen and stored at -80 °C.

5.2.2 Analysis of enzyme capacities

Frozen root tissue (approximately 100 mg) was homogenized in ice-cold 0.1 M
Tris-HCI buffer (pH 7.8) containing 1 mM EDTA, 1 mM dithiotreitol and 4 %
insoluble polyvinylpyrrolidone (2 ml buffer for 100 mg FW), using a mortar and
pestle. The homogenate was squeezed through a nylon mesh and centrifuged at
20000 x g and 4 °C for 10 minutes. The enzyme capacities, i.e. potential activity
measured in vitro under non-limiting reaction conditions, were measured

spectrophotometrically in the supernatant at 25 °C.
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Guaiacol peroxidase and syringaldazine peroxidase capacities (GPX, SPX, EC
1.11.1.7) were measured at 436 nm and 530 nm according to Bergmeyer et al.
(1974) and Imberty et al. (1984), respectively. Ascorbate peroxidase capacity
(APX, EC 1.11.1.11) was measured at 298 nm following the method of Gerbling
et al. (1984). Analysis of superoxide dismutase capacity (SOD, EC 1.15.1.1) was
based on the inhibition of cytochrome c at 550 nm according to McCord &
Fridovich (1969). Analyses of the capacities of glutathione reductase (GR, EC
1.6.4.2) and catalase (CAT, EC 1.11.1.6) were performed as described by
Bergmeyer et al. (1974).

5.2.3 Gene expression analysis

Frozen root tissue (approximately 100 mg) was ground thoroughly in liquid
nitrogen using a mortar and pestle. RNA was extracted using the RNeasy Plant
Mini Kit (Qiagen). The RNA quantity was determined spectrophotometrically at
260 nm (Nanodrop, Isogen Life Science). The RNA quality was checked
electrophoretically using the Bioanalyzer (Agilent Technologies). Before cDNA
synthesis, the RNA sample was incubated during 2 minutes in gDNA wipeout
buffer at 42°C in order to effectively eliminate genomic DNA. First strand cDNA
synthesis was primed with a combination of oligo(dT)-primers and random
hexamers according to the manufacturer's instructions using the QuantiTect
Reverse Transcription Kit (Qiagen) and equal amounts of starting material were
used (1 pg). Quantitative Real-Time PCR was performed with the 7500 Fast
Real-Time PCR System (Applied Biosystems), using Sybr Green chemistry.
Primers used for gene expression analyses are given in table 5.1. PCR
amplifications were performed in a total volume of 10 pl containing 2.5 pl cDNA
sample, 5 pl Fast Sybr Green Master Mix (Applied Biosystems), 0.3 ul forward
primer, 0.3 pl reverse primer and 1.9 yl RNase-free H,0.

Gene expression data were normalized against multiple housekeeping genes
(At2g28390, At5g08290, At5g15710, UBQ10) according to Vandesompele et al.
(2002) and presented relative to the control treatment (untreated roots after 1
day).
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Table 5.1 - Sequences of forward and reverse primers used in gene expression analysis

Gene Forward primer Reverse primer

At2g28390 AACTCTATGCAGCATTTGATCCACT TGATTGCATATCTTTATCGCCATC
At5g08290 TTACTGTTTCGGTTGTTCTCCATTT CACTGAATCATGTTCGAAGCAAGT
At5g15710 TTTCGGCTGAGAGGTTCGAGT GATTCCAAGACGTAAAGCAGATCAA
APX1 TGCCACAAGGATAGGTCTGG CCTTCCTTCTCTCCGCTCAA

CAT1 AAGTGCTTCATCGGGAAGGA CTTCAACAAAACGCTTCACGA

CsD1 TCCATGCAGACCCTGATGAC CCTGGAGACCAATGATGCC

CsSD2 GAGCCTTTGTGGTTCACGAG CACACCACATGCCAATCTCC

FSD1 CTCCCAATGCTGTGAATCCC TGGTCTTCGGTTCTGGAAGTC

GR1 CTCAAGTGTGGAGCAACCAAAG ATGCGTCTGGTCACACTGC

MSD1 ATGTTTGGGAGCACGCCTAC AACCTCGCTTGCATATTTCCA

LOX1 TTGGCTAAGGCTTTTGTCGG GTGGCAATCACAAACGGTTC

LOX2 TTTGCTCGCCAGACACTTG GGGATCACCATAAACGGCC
RBOHC TCACCAGAGACTGGCACAATAAA GATGCTCGACCTGAATGCTC
RBOHD TATGCATCGGAGAGGCTGCT TAGAGACAACACGTTCCCGGG
RBOHF GGTGTCATGAACGAAGTTGCA AATGAGAGCAGAACGAGCATCA
UBQ10 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT

5.2.4 Metabolite analysis

Ascorbate and glutathione concentrations in Arabidopsis thaliana roots were
determined by HPLC analysis. Therefore approximately 100 mg tissue was
ground thoroughly in liquid nitrogen using a pre-cooled mortar and pestle. When
a homogenous powder was obtained, 1 ml of ice cold 6 % (w/v) meta-
phosphoric acid was added and the mixture was clarified by centrifugation at
20000 x g and 4 °C for 10 minutes. The resulting supernatant was kept frozen
until HPLC analysis. Antioxidants were separated on a 100 mm x 4.6 mm Polaris
C18-A reversed phase HPLC column (3 pm particle size, 30 °C, Varian, CA USA)
with an isocratic flow of 1 ml min™ of the elution buffer (25 mM K/PO,-buffer, pH
3.0). The components were quantified using a home-made electrochemical
detector with glassy carbon electrode and a Scott pt 62 reference electrode
(Mainz, Germany). The purity and identity of the peaks were confirmed using a
diode array detector (SPD-M10AVP, Shimadzu, Hertogenbosch, Netherlands)
which was placed on line with the electrochemical detector. The concentrations
of oxidized DHA (dehydroascorbate) or GSSG (glutathione disulphide) were
measured indirectly as the difference between the total concentration of

antioxidants in a DTT (dithiothreitol) reduced fraction and the concentration in a
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sample prior to reduction. Reduction of the sample was obtained by incubation
of an aliquot of the extract in 400 mM Tris and 200 mM DTT for 15 minutes in
the dark. The pH of this mixture was checked to be between 6.0 and 7.0. After
15 minutes, the pH was lowered again by 4-fold dilution in elution buffer prior to
HPLC analysis.

5.2.5 Statistical analysis

The datasets for enzyme capacities and metabolites were analyzed by day,
evaluating the effect of uranium treatment. Statistical analyses were done
following the algorithm described below, ensuring for each dataset a statistical
analysis best fitted for the data.

First, a parametric analysis of variance was performed and the assumptions for
normality and constancy of variance were checked (Kutner et al., 2005). If the
assumptions were fulfilled, a pair wise comparison was applied with an
adjustment of the p-values using Tukey multiple comparisons procedure
according to Kutner et al. (2005). If the assumptions were not fulfilled, the data
was transformed using the Box and Cox method (Box & Cox, 1964).
Subsequently, a parametric analysis of variance of the transformed response
variables was applied. Again the assumptions for normality and constancy of
variance were checked. If both assumptions were fulfilled, again a pair wise
comparison, with an adjustment of the p-values using Tukey multiple
comparisons procedure, was applied. If only the assumption for normality was
fulfilled, a parametric analysis of variance for heterocedastic variances was
applied according to Westfall et al. (2000). A pair wise comparison was then
carried out adjusting the p-values using simulated p-values (Westfall et al.,
2000). If neither assumption was fulfilled, a nonparametric analysis of variance
was applied (Lehmann & D'Abrera, 1998) adjusting the p-values using Benjamini
Hochberg False Discovery Rate (BH-FDR) adjustment (Benjamini & Hochberg,
1995).

The gene expression dataset was analyzed using global permutations with p-
value adjustment as it was presented by Lin et al. (2008), using the Benjamini
and Hochberg False Discovery Rate (BH-FDR) adjustment (Benjamini &
Hochberg, 1995).
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5.3 Results

5.3.1 Enzyme capacities

m

A

1600000 300

1400000 * 250

1200000 F
200 -

1000000 *
800000 -

600000 | 100 |

SOD [mU gt Fw]
CAT[mU g™ Fw]
e
3

400000
aga aga a2

200002 r IE% | | |

OopMU  01pMU  1uMU 10pMU 100 uM U opMu 0.1uMU 1pMU 0pMU  100pMU

50

(@]
w]

120000 80000
100000 + 70000 -
60000 -
80000 -

50000 -

60000 | aba 40000

40000 30000

SPX [mU gt Fw]
GPX [mU g Fw]

20000

20000
a

o L
OpMU  01pMU 1pMU  10pMU 100 pMU

10000

01pMU  1uMU  10pMU  100pMU

m
m

70000 800

a
60000 |- %b 700 -

50000 600 -

500 -
40000
400

30000
300 -

GR[mU g* FW]

20000

APX [mU g™ FwW]

200 -

10000 100 |

1yMU  10pMU 100 uM U OpMU  01pMU  1pMU  10uMU  100pMU

Figure 5.1 - Capacities [mU g FW] of ROS scavenging enzymes and enzymes related to the ascorbate-
glutathione pathway. Capacities of SOD (superoxide dismutase), CAT (catalase), SPX (syringaldazine
peroxidase), GPX (guaiacol peroxidase), APX (ascorbate peroxidase) and GR (glutathione reductase)
were measured in Arabidopsis thaliana roots exposed to 0, 0.1, 1, 10 and 100 yM uranium for 1 (white
bars), 3 (dotted bars) and 7 days (striped bars). Data represent the mean + S.E. of at least 3 biological
replicates. Different letters above the bars indicate significant differences in enzyme capacity between
the different uranium treatments for day 1 (normal), 3 (italic) and 7 (bold) (p < 0.05).

To evaluate the importance of the cellular redox balance in uranium stress
responses, relevant enzymes of the antioxidative defense system were analyzed

on protein level for roots of Arabidopsis thaliana seedlings (figure 5.1).
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For all enzymes studied, except CAT where uranium had hardly any effect on its
capacity, capacities increased significantly after exposure to the highest uranium
concentration. For SOD this increase was already observed 1 day after exposure

while for SPX, GPX, APX and GR this increase just started 3 days after exposure.

5.3.2 Gene expression

To evaluate the importance of oxidative stress related responses in roots of
Arabidopsis thaliana during uranium stress, transcript levels of relevant ROS
producing and scavenging enzymes were analyzed using quantitative Real-Time
PCR.
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Figure 5.2 - Gene expression of ROS producing enzymes following uranium exposure. Arabidopsis
thaliana seedlings were exposed for 1 (white bars), 3 (dotted bars) and 7 days (striped bars) to a
uranium concentration range. Transcript levels of LOX1 (lipoxygenase), LOX2, RBOHC (NADPH oxidase)
and RBOHD in roots were expressed relative to the control treatment of day 1 (dashed line). Data
represent the mean + S.E. of 3 biological replicates. Different letters above the bars indicate significant
differences in gene expression between the uranium treatments for day 1 (normal), 3 (italic) and 7
(bold) (p < 0.05).

First, transcript levels of several ROS producing enzymes were investigated.
LOX1 (lipoxygenase 1) transcript levels increased following exposure to 100 uM

uranium for 1 and 3 days (figure 5.2A). Expression levels of LOX2 (lipoxygenase
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2) remained stable following uranium exposure except for a significant increase
following exposure to 10 uM uranium for 3 days (figure 5.2B). Gene expression
of different isoforms of NADPH oxidases (RBOH), located in the plasma
membrane, was analyzed. A decreasing trend was observed for transcript levels
of RBOHC following exposure to 100 uM uranium, but this was only significant
for 3 days exposure (figure 5.2C). RBOHD expression levels on the other hand
significantly increased after exposure to 100 uM uranium for 3 days (figure
5.2D) while RBOHF transcript levels remained stable for all treatments (results

not shown).

Secondly, transcript levels of different isoforms of SOD, 0, scavenging

enzymes, were analyzed.

A 14 B 12
12 1
c a =4
T R s L At S = SEEER O o
7] v 08
1] [}
Q08 o
> S 06
O 06 F [}
— N
o Q 04
n 04 n
(@] O
02 02 r
0 R I I R I X R 0 R
OpMU  01pMU  1pMU  10uMU 100 pMU OpMU  01pMU  1pMU  10pMU  100pMU
C D s
a
12 - 1 F--meme e O
c =4
9 10 o
® ? 08t
e 8t s
o < 06 |
<o
3 6l 3
a D 04|
O 4r ]
w =
2l 02
0 : — 0 Sl ! !
OpMU  01pMU  1pMU  10pMU  100pMU OpMU  01pMU  1pMU  10pMU  100pMU

Figure 5.3 - Gene expression of O," scavenging enzymes following uranium exposure. Transcript levels
of different isozymes of SOD (superoxide dismutase) were measured for Arabidopsis thaliana roots
exposed for 1 (white bars), 3 (dotted bars) and 7 days (striped bars) to a uranium concentration range,
and expressed relative to the control treatment of day 1 (dashed line). Values give the mean + S.E. of 3
biological replicates. Different letters above the bars indicate significant differences in gene expression
between the uranium concentrations for day 1 (normal), 3 (italic) and 7 (bold) (p < 0.05).

Following 1 day of exposure, CSD1 (cytoplasmic copper/zinc SOD) and CSD2
(plastidic copper/zinc SOD) significantly decreased after exposure to 100 uM
uranium and 1, 10 and 100 pM uranium respectively (figure 5.3A-B). A
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significant increase in gene expression for FSD1 (plastidic iron SOD) was
observed following exposure to 100 pM uranium (figure 5.3C) while MSD1
(mitochondrial manganese SOD) transcript levels remained stable (figure 5.3D).
Similar effects were observed following 3 days of exposure. Transcript levels of
CSD1 and CSD2 were significantly decreased after exposure to 10 and 100 uM
uranium and 100 puM uranium respectively (figure 5.3A-B) while FSD1 transcript
levels showed a significant increase following exposure to 100 pM uranium
(figure 5.3C). A small increase in MSD1 expression was observed after exposure
to 100 pM uranium (figure 5.3D). Gene expression levels remained stable for all
SOD isoforms studied after 7 days of exposure to the uranium concentration

range (figure 5.3A-D).
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Figure 5.4 - Gene expression of H,O, scavenging enzymes and enzymes related to the ascorbate-
glutathione pathway after uranium exposure. Gene expression of CAT1 (catalase), APX1 (ascorbate
peroxidase) and GR1 (glutathione reductase) were measured in Arabidopsis thaliana roots exposed to a
uranium concentration range for 1 (white bars), 3 (dotted bars) and 7 days (striped bars). Transcript
levels were expressed relative to the control treatment of day 1 (dashed line). Values represent the
mean + S.E. of 3 biological replicates. Different letters above the bars indicate significant differences in
gene expression between the uranium treatments for day 1 (normal), 3 (italic) and 7 (bold) (p <
0.05).

Finally, gene expression of H,O,-scavenging enzymes and enzymes related to
the ascorbate-glutathione pathway was analyzed. In general, APX1 (cytoplasmic

APX) expression levels remained stable following uranium exposure except for a
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significant increase after exposure to 100 uM uranium for 3 days (figure 5.4A).
Transcript levels of CAT1 (peroxisomal CAT) and GR1 (cytosolic GR) significantly

increased after 1 day for roots exposed to 100 uM uranium (figure 5.4B-C).

5.3.3 Metabolites

To investigate the importance of the ascorbate-glutathione pathway in the
defense against uranium stress, ascorbate (table 5.2) and glutathione (table

5.3) concentrations were also determined.

Alterations in the ascorbate pool were visible following exposure to 100 uM
uranium for 3 and 7 days. While the total ascorbate concentration (AsA + DHA)
in roots exposed to 100 uM uranium remained stable, a decrease of ascorbate
(AsA) combined with an increase of dehydroascorbate (DHA) was observed for 3
and 7 days.

Table 5.2 - Ascorbate concentrations [nmol g* FW] in Arabidopsis thaliana roots following uranium
exposure.

OuM U 0.1 pM U 1umM U 10 pM U 100 pM U
< 1 day 791+74° 1025+107° 944+115° 922454° 1173454
I
? 3 days 839832 9744832 1029+48° 917+44° 9244+98°
é 7 days 723+18% 571+35° 665+75° 918479 1199+77¢
1 day 412+113% 614+176° 419+167° 429+1142 525+532
< 3 days 728+79° 809+502 898+422 7984432 153+8°
<
7 days 583+15% 426+31% 490+512 719+69° 228431°
1 day 3781922 4111742 5261782 4931762 648+10°
g 3 days 112492 165:44° 132+10° 119+11° 771+92P
o)
7 days 139+10° 145472 174+272 199+19° 971+49P

Ascorbate concentrations [nmol g FW] were determined in roots exposed for 1, 3 and 7 days to
uranium concentrations ranging from 0.1 to 100 pM. The total ascorbate concentration represents the
reduced and oxidized form (AsA: ascorbic acid = reduced form; DHA: dehydroascorbate = oxidized
form). Data represent the mean + S.E. of 6 biological replicates. Different small letters indicate
significant differences between the different treatments for day 1, 3 and 7 separately (p < 0.05).
Statistical analyses were done separately for AsA + DHA (normal), AsA (italic) and DHA (bold).
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Glutathione concentrations (glutathione (GSH), glutathione disulphide (GSSG)
and GSH + GSSG) generally decreased after 3 days exposure to 100 uM

uranium.

Table 5.3 - Glutathione concentrations [nmol g* FW] in Arabidopsis thaliana roots following uranium
exposure.

OumM U 0.1 pM U 1pMU 10 pM U 100 pM U

) 1 day 110+132 136+11% 171+14° 133+16%° 137+2%
% 3 days 193+35% 198+19% 3124367 302+27° 74+17°
é 7 days 46+2° 41+7° 52467 51+7° 67+5°

1 day 77+10% 91+112 107+102 83+11% 76+3%
% 3 days 99+14° 11248% 144+10° 142+10%° 37+6°
© 7 days 44+32 37+5° 42+6 52472 41+2°

1 day 33162 45+43° 64+8° 50+63° 60+33°
§ 3 days 944223 86+21° 168+272 160+192 37+11°
© 7 days 2422 4122 9+32 n.d. 26+5°

Glutathione concentrations [nmol g* FW] were determined in roots exposed for 1, 3 and 7 days to
uranium concentrations ranging from 0.1 to 100 puM. The total glutathione concentration represents the
reduced and oxidized forms (GSH: glutathione = reduced form; GSSG: glutathione disulphide =
oxidized form). Values are the mean + S.E. of 6 biological replicates. Different small letters indicate
significant differences between the treatments for day 1, day 3 and day 7 separately (p < 0.05).
Statistical analyses were done separately for GSH + GSSG (normal), GSH (italic) and GSSG (bold).

5.4 Discussion

Unraveling the mechanisms by which plants respond to uranium stress can be of
great importance when aiming to evaluate its environmental impact. As
Vanhoudt et al. (2008) indicated that oxidative stress related responses are
triggered in Arabidopsis thaliana after exposure to 100 yM uranium, this study
aimed to perform a more profound investigation of the ROS signature in roots
following uranium exposure. Seventeen-day-old Arabidopsis thaliana roots were
exposed to uranium concentrations ranging from 0.1 to 100 pM. Responses on
molecular and biochemical level were analyzed following 1, 3 and 7 days

exposure to the uranium concentration range.
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In general, toxicity effects in roots were only induced by 100 yM uranium,
therefore this discussion will mainly focus on these results. While results for the
lower uranium concentrations (0.1-10 pM) remained mostly unaltered, toxicity

effects will probably be manifested at a later stage.

The oxidative burst, during which ROS are generated, is one of the earliest
responses of plant cells under biotic and abiotic stress situations (Bhattacharjee,
2005). The oxidative burst can be due to elevated NADPH oxidases dependent
0, production and an increased activity of lipoxygenases or cell wall
peroxidases. Following 100 pM uranium exposure, the increase in transcript
levels of RBOHD (figure 5.2D) and LOX1 (figure 5.2A) is a fast uranium stress
response triggered already after 1 day. Diverse roles for NADPH oxidase
generated ROS in plant cells have been described including defense responses,
development and cellular signal transduction (Sagi & Fluhr, 2006).
Lipoxygenases are known to initiate the synthesis of oxylipins being signaling
molecules in stress situations (Porta & Rocha-Sosa, 2002). To determine the
signaling or damaging role of oxidative burst generated ROS under high uranium
stress, a more in depth determination of membrane damage, hydrogen peroxide
and other ROS concentrations is needed. As root growth was severely inhibited
under 100 pM uranium in combination with a measured potassium leakage,
roots are undoubtedly severely damaged and 100 yM uranium is highly toxic for
Arabidopsis thaliana seedlings (chapter 4).

During the oxidative burst, the production of O,* and its transformation to H,O,
are of great importance (Low & Merida, 1996). Besides inducing oxidative
damage to plant cells, ROS such as H,0, can also act as signaling molecules,
triggering various cellular responses (Bhattacharjee, 2005) including enzyme
activation, gene expression and programmed cell death (Neill et al., 2002). The
ROS presence in plant cells needs therefore be regulated by a highly efficient

antioxidative defense system (Halliwell, 2006).

As O, detoxifying system, SODs constitute the first line of defense against ROS
produced during the oxidative burst. The significant increase in SOD capacity at
100 pM uranium (figure 5.1A), was again a fast response to high uranium stress
already triggered after 1 day, indicating an enhanced detoxification of 0O,*

resulting in an elevated production of H,0,. Correspondingly, gene expression
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analyses showed a significant increase in FSD1 transcript levels following
exposure to 100 pM uranium (figure 5.3C) which was similar to the SOD
response on protein level (figure 5.1A). The increase in FSD1 transcript levels
probably compensates the reduction in gene expression levels observed for
CSD1 and CsSD2 (figure 5.3A-B). FSD1 and CSD1 transcript levels were
confirmed by results obtained by Vanhoudt et al. (2008) for Arabidopsis thaliana
roots under high uranium stress. The increase in FSD1 and decrease in CSD2
expression levels has also been reported by Smeets et al. (2008) for Arabidopsis
thaliana roots under cadmium stress. The difference in response between the
different isoforms could be explained by their disparate subcellular locations and
the site of action of uranium stress as was also suggested by Alscher et al.
(2002).

For the detoxification of hydrogen peroxide, a significant increase in CAT1
transcript levels was again a fast response under high uranium stress, already
triggered after 1 day (figure 5.4B). Although transcript levels were highly
increased, no alterations on protein level were observed (figure 5.1B) which
could probably be attributed to the presence of multiple allo- or isozymes. The
results could also indicate that uranium could promote posttranslational
modifications of the protein as was suggested by Romero-Puertas et al. (2007)

for pea leaves under cadmium stress.

Together with CAT, PXs are also responsible for the enzymatic removal of
hydrogen peroxide in plants and our results suggest again that hydrogen
peroxide is a key ROS present during high uranium stress. Peroxidases such as
SPX and GPX are found throughout the cell (Asada, 1992; Arora et al., 2002). In
addition to the early CAT responses, SPX and GPX responses start at the later
stage of 3 days. Our results show a significant increase in enzyme capacities of
SPX and GPX following exposure to 100 pyM uranium (figure 5.1C-E) indicating
again an enhanced defense against hydrogen peroxide. These results could also
point to an increased cell wall lignification, possibly giving rise to enhanced
extracellular uranium complexation. An increase in SPX and GPX capacities was
also reported by Cuypers et al. (2002) under copper stress for roots of
Phaseolus vulgaris, where it was shown that SPX are mainly located extracellular

and therefore are implicated in lignification processes.
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For the detoxification of hydrogen peroxide in plant cells, the ascorbate-
glutathione cycle is also an important pathway. Since ascorbate and glutathione
are involved in the regulation of gene expression, adjustment of the ratios of
their reduced and oxidized forms may be of regulatory significance (Noctor &
Foyer, 1998). Similar with SPX and GPX, this cycle was also triggered at the
later stage of 3 days. The APX capacity was enhanced after 3 and 7 days
exposure to the highest uranium concentration (figure 5.1E) indicating an
increased functioning of this enzyme in hydrogen peroxide detoxification. The
pattern observed on protein level partly corresponded with APX1 transcript
levels (figure 5.4A). As reduced ascorbate is the electron donor in this
conversion of hydrogen peroxide, the AsA/DHA redox balance completely shifted
towards the oxidized form under high uranium stress (table 5.2). The disruption
of the ascorbate redox balance could not be inverted by action of the glutathione
part of the cycle although the glutathione redox balance could be maintained
(table 5.3) and GR capacity (figure 5.1F) and GR1 transcript levels (figure 5.4C)
increased. In line with our results, Cuypers et al. (2001) reported that the
cellular redox balance of Phaseolus vulgaris roots was very sensitive to zinc
treatment as here also an overall increase of the ratio DHA/AsA was found after
heavy metal exposure. In general, heavy metal stress induced disturbances of
the ascorbate-glutathione cycle were reported by several authors (Cuypers et
al., 2001; Drazkiewicz et al., 2003; Smeets et al., 2005).

In conclusion, this study aimed to further unravel mechanisms by which
Arabidopsis thaliana roots respond to uranium stress. Results have shown that
oxidative stress related responses were only triggered in roots after exposure to
the highest uranium concentration (100 uM). Plasma membrane damage of the
root cells and an immediate ROS producing oxidative burst are the first
responses to high uranium stress. The first line of defense can be attributed to
SOD, detoxifying O," as a fast response. Hydrogen peroxide can be postulated
as a signaling molecule under uranium stress, triggering further responses.
Controlling hydrogen peroxide levels by APX seems to be important, but
regeneration of oxidized ascorbate by glutathione is hampered at this high
uranium concentration. Therefore further research on the importance and role of
ascorbate under uranium stress is necessary at intermediate concentrations
between 10 and 100 uM.
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Chapter 6

Importance of oxidative stress related
responses in Arabidopsis thaliana leaves
following uranium exposure

Vanhoudt N., Vandenhove H., Horemans N., Remans T., Opdenakker K., Smeets K.,
Martinez Bello D., Havaux M., Wannijn J., Van Hees M., Vangronsveld J. & Cuypers A.
(2009) Importance of oxidative stress related responses in Arabidopsis thaliana leaves
following uranium exposure. In preparation.
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Abstract

The cellular redox balance seems an important modulator under heavy metal
stress. While for other heavy metals these processes are well studied, oxidative
stress related responses are also known to be triggered under uranium stress
but information remains limited. This study aimed to further unravel the
mechanisms by which plant leaves respond to uranium stress. Seventeen-day-
old Arabidopsis thaliana seedlings, grown on a modified Hoagland solution under
controlled conditions, were exposed to 0, 0.1, 1, 10 and 100 pM uranium for 1,
3 and 7 days. As several responses were already visible following 1 day
exposure, when uranium concentrations in the leaves were negligible, a root-to-
shoot signaling system was suggested in which plastids could be important
sensing sites. While lipid peroxidation, based on the amount of TBA reactive
compounds, was observed after exposure to 100 pM uranium, affecting
membrane structure and function, a transient concentration dependent response
pattern was visible for lipoxygenase initiated lipid peroxidation. This transient
character of uranium stress responses in leaves was emphasized by results of
LOX2 and antioxidative enzyme transcript levels, enzyme capacities and
glutathione concentrations both in time as with concentration. The ascorbate
redox balance seemed an important modulator of uranium stress responses in
the leaves as in addition to the previous transient responses, the ascorbate
concentration and AsA/DHA redox balance increased in a concentration and time
dependent manner. This could represent either a slow transient response or a

stable increase with regard to plant acclimation to uranium stress.
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6.1 Introduction

Industrial activities as uranium mining and milling, metal mining and smelting
and the phosphate industry have caused radioactive contamination of the
environment in many countries (Vandenhove, 2002). While uranium toxicity
effects are predominantly studied on man and animal species, information on
plant toxicity effects is scant (Ribera et al., 1996). When evaluating the uranium
contamination impact on the environment, mechanisms by which plants respond
to uranium stress should be unraveled. Uranium can induce physiological and
metabolic effects and alter the nutrient profile of plants (chapter 4; Vandenhove
et al., 2006; Vanhoudt et al., 2008). Apart from these effects on growth and
development, uranium is known to induce oxidative stress related responses in
Arabidopsis thaliana (Vanhoudt et al., 2008) and Phaseolus vulgaris
(Vandenhove et al., 2006).

Reactive oxygen species (ROS) are produced under normal circumstances and
have a dual role as both toxic byproducts of aerobic metabolism and key
regulators of biological processes as growth, cell cycle, biotic and abiotic stress
responses (Mittler et al., 2004). ROS can be extremely reactive and have the
potential to oxidize biological molecules as DNA, proteins and lipids. To allow
signal transduction processes but limit oxidative damage, cellular levels of ROS
must be tightly controlled. Therefore, plants dispose of a well-equipped
antioxidative defense system comprising ROS-scavenging enzymes (e.g.
superoxide dismutase (SOD), catalase (CAT) peroxidases (PX)) and metabolites

(e.g. ascorbate, glutathione) located in different plant cell compartments.

Exposure of plants to stress situations (e.g. heavy metals, drought, radiation)
can disrupt the metabolic balance of cells, causing an enhanced production of
ROS (Mittler et al., 2004). Depending on the amount produced, ROS can
exacerbate the caused damage or act as signaling molecules, activating defense
responses (Dat et al., 2000).

ROS can be generated in plants at plasma membrane level or extracellulary in
the apoplast. A rise in H,O, (a signaling molecule) production can be related to
the plasma membrane associated NADPH-oxidase (O," -producing enzyme)

together with apoplastic SOD (O, -scavenging and H,0,-producing enzyme).
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Besides direct induction by ROS, lipid peroxidation can also be due to an
increase in lipoxygenase (LOX) activity. Lipoxygenases initiate the formation of
oxylipins, which are products of fatty acid oxidation and can function as
precursors for signaling molecules such as jasmonates (Porta & Rocha-Sosa,
2002).

Regulatory mechanisms function both at gene and protein level to coordinate
antioxidant responses (Bhattacharjee, 2005). Previous studies indicate the
importance of ROS-scavenging enzymes (SOD, CAT, PX) and the ascorbate-
glutathione pathway in the plant's defense against heavy metal stress (Cuypers
et al., 2000; Smeets et al., 2005; Semane et al., 2007). Only recent studies also
include analyses of ROS producing and scavenging enzymes at transcriptional
level (Smeets et al., 2008). For uranium stress, Vandenhove et al. (2006)
reported toxicity effects in Phaseolus vulgaris following exposure to 1000 pM
uranium. In roots and leaves of Arabidopsis thaliana seedlings, oxidative stress
related responses were already induced following exposure to 100 M uranium
as was reported by Vanhoudt et al. (2008). In the latter study, a single uranium
concentration (100 pM) was applied and a more profound research was

suggested to further unravel the uranium stress response mechanisms.

Therefore, this study will investigate the importance of the cellular redox balance
as a modulator in uranium stress. Relevant ROS producing and scavenging
enzymes will be analyzed on protein and transcriptional level and antioxidant
metabolite concentrations will be determined. Stress responses in Arabidopsis
thaliana leaves will be investigated following exposure to a uranium

concentration range and harvest after 1, 3 and 7 days.

6.2 Materials and methods

6.2.1 Plant culture and uranium exposure

Arabidopsis thaliana seeds (Columbia ecotype) were spread on moist filter paper
for 3 days at 4 °C in order to synchronize germination. Subsequently, seeds
were sown on polyethylene plugs filled with 2 % agar (Difco). These plugs were
positioned in a PVC cover capable of holding 81 plugs. The PVC cover was then

placed on a black container filled with 2.9 | of a modified Hoagland solution
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(macro-elements without phosphate: 1/10 diluted, phosphate solution: 1/20
diluted, micro-elements: 1/10 diluted and iron solution: 1/10 diluted). Plants
were grown in a growth chamber (Microclima 1000E, Snijders Scientific B.V.)
under a 14 h photoperiod (photosynthetic photon flux density: 200 pymol m2 st
at the leaf level, supplied by Sylvania BriteGro F36WT8/2084 and
F36WT8/2023), with day/night temperatures of 22 °C/18 °C and 65 % relative
humidity. Roots were aerated during the entire experiment.

Subsequently, 17-day-old seedlings were contaminated with 0, 0.1, 1, 10 and
100 pM uranium. Uranium was added as UO,(NOs),.6H,0O (Sigma) to the
modified Hoagland solution and the pH was adjusted to + 5.5 with NaOH. As
previous experiments recommended the use of 25 uM phosphate in combination
with uranium, a 1/80 diluted phosphate solution was used (Vanhoudt et al.,
2008).

Following 1, 3 and 7 days exposure, leaves were harvested as + 100 mg

samples, flash frozen in liquid nitrogen and stored at -80 °C.

6.2.2 Determination of lipid peroxidation

The level of lipid peroxidation was determined using two techniques. First, the
amount of TBA (thiobarbituric acid) reactive compounds (mainly
malondialdehyde) was used as a measure of lipid peroxidation in Arabidopsis
thaliana leaves. Plant tissue (approximately 100 mg) was homogenized with 2
ml 0.1 % TCA (trichloroacetic acid) using a mortar and pestle. After
centrifugation at 20000 x g for 10 minutes, 0.5 ml of the supernatant was added
to 2 ml 0.5 % TBA. This mixture was then heated at 95 °C for 30 minutes and
quickly cooled in an ice bath. After centrifugation at 20000 x g for 10 minutes,
the absorbance of the supernatant was measured spectrophotometrically at 532
nm corrected for unspecific absorbance at 600 nm according to Dhindsa et al.
(1981).

Secondly, lipids were extracted from 500 mg frozen leaf tissue by grinding with
2 x 1 ml CHCl; containing 1 mg ml? triphenyl phosphine and 0.05 % (w/v)
butylated hydroxytoluene, with 15-hydroxy-11,13(Z,E)-eicosadienoic acid as
internal standard. The organic phase was evaporated under a steam of N,. The
residue was recovered in 1.25 ml ethanol and 1.25 ml 3.5 M NaOH and
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hydrolyzed at 80 °C for 15 min. After addition of 2.2 ml 1 M citric acid, hydroxyl
fatty acids were extracted with 2 x 1 ml hexane/ether (50/50). An aliquot of the
organic phase (50 pl) was submitted to straight phase HPLC (Waters, Millipore,
St Quentin-Yvelines, France) using a Zorbax rx-SIL column (4.6 - 250 mm, 5 pm
particle size, Hewlett Packard, Les Ullis, France), isocratic elution with
70/30/0.25 (v/v/v) hexane/diethyl ether/acetic acid at a flow rate of 1.5 ml min~
1 and UV detection at 234 nm. ROS-induced lipid peroxidation was evaluated
from the levels of the different hydroxyoctadecatrienoic acid (HOTE) isomers as
previously described using 15-hydroxy-11,13(Z,E)-eicosadienoic acid as internal
standard (Montillet et al., 2004). LOX-induced lipid peroxidation was estimated
from the level of 13-HOTE after subtraction of racemic 13-HOTE (attributable to

ROS-mediated lipid peroxidation), as explained by Montillet et al. (2004).

6.2.3 Analysis of enzyme capacities

Frozen leaf tissue (approximately 100 mg) was homogenized in ice-cold 0.1 M
Tris-HCI buffer (pH 7.8) containing 1 mM EDTA, 1 mM dithiotreitol and 4 %
insoluble polyvinylpyrrolidone (2 ml buffer for 100 mg FW), using a mortar and
pestle. The homogenate was squeezed through a nylon mesh and centrifuged at
20000 x g and 4 °C for 10 minutes. The enzyme capacities, i.e. potential activity
measured in vitro under non-limiting reaction conditions, were measured

spectrophotometrically in the supernatant at 25 °C.

Guaiacol peroxidase and syringaldazine peroxidase capacities (GPX, SPX, EC
1.11.1.7) were measured at 436 nm and 530 nm according to Bergmeyer et al.
(1974) and Imberty et al. (1984), respectively. Ascorbate peroxidase capacity
(APX, EC 1.11.1.11) was measured at 298 nm following the method of Gerbling
et al. (1984). Analysis of superoxide dismutase capacity (SOD, EC 1.15.1.1) was
based on the inhibition of cytochrome c at 550 nm according to McCord &
Fridovich (1969). Analyses of the capacities of glutathione reductase (GR, EC
1.6.4.2) and catalase (CAT, EC 1.11.1.6) were performed as described by
Bergmeyer et al. (1974).
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6.2.4 Gene expression analysis

Frozen leaf tissue (approximately 100 mg) was ground thoroughly in liquid
nitrogen using a mortar and pestle. RNA was extracted using the RNeasy Plant
Mini Kit (Qiagen). The RNA quantity was determined spectrophotometrically at
260 nm (Nanodrop, Isogen Life Science). The RNA quality was checked
electrophoretically using the Bioanalyzer (Agilent Technologies). Before cDNA
synthesis, the RNA sample was incubated during 2 minutes in gDNA wipeout
buffer at 42 °C in order to effectively eliminate genomic DNA. First strand cDNA
synthesis was primed with a combination of oligo(dT)-primers and random
hexamers according to the manufacturer's instructions using the QuantiTect
Reverse Transcription Kit (Qiagen) and equal amounts of starting material were
used (1 pg). Quantitative real time PCR was performed with the 7500 Fast Real-
Time PCR System (Applied Biosystems), using Sybr Green chemistry. Primers
used for gene expression analyses are given in table 6.1. PCR amplifications
were performed in a total volume of 10 pl containing 2.5 pl cDNA sample, 5 pl
Fast Sybr Green Master Mix (Applied Biosystems), 0.3 pl forward primer, 0.3 pl

reverse primer and 1.9 pl RNase-free H,0.

Table 6.1 - Sequences of forward and reverse primers used in gene expression analysis

Gene Forward primer Reverse primer

At2g28390 AACTCTATGCAGCATTTGATCCACT TGATTGCATATCTTTATCGCCATC
At5g08290 TTACTGTTTCGGTTGTTCTCCATTT CACTGAATCATGTTCGAAGCAAGT
At5g15710 TTTCGGCTGAGAGGTTCGAGT GATTCCAAGACGTAAAGCAGATCAA
APX1 TGCCACAAGGATAGGTCTGG CCTTCCTTCTCTCCGCTCAA

CAT1 AAGTGCTTCATCGGGAAGGA CTTCAACAAAACGCTTCACGA

CAT2 AACTCCTCCATGACCGTTGGA TCCGTTCCCTGTCGAAATTG

CsSD1 TCCATGCAGACCCTGATGAC CCTGGAGACCAATGATGCC

CsD2 GAGCCTTTGTGGTTCACGAG CACACCACATGCCAATCTCC

CsD3 GTTGTTGTGCATGCGGATCC CACATCCAACTCTCGAGCCTG

FSD1 CTCCCAATGCTGTGAATCCC TGGTCTTCGGTTCTGGAAGTC

GR1 CTCAAGTGTGGAGCAACCAAAG ATGCGTCTGGTCACACTGC

MSD1 ATGTTTGGGAGCACGCCTAC AACCTCGCTTGCATATTTCCA

LOX1 TTGGCTAAGGCTTTTGTCGG GTGGCAATCACAAACGGTTC

LOX2 TTTGCTCGCCAGACACTTG GGGATCACCATAAACGGCC
RBOHC TCACCAGAGACTGGCACAATAAA GATGCTCGACCTGAATGCTC
RBOHD TATGCATCGGAGAGGCTGCT TAGAGACAACACGTTCCCGGG
RBOHF GGTGTCATGAACGAAGTTGCA AATGAGAGCAGAACGAGCATCA
UBQ10 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT




Gene expression data were normalized against multiple housekeeping genes
(At2g28390, At5g08290, At5g15710, UBQ10) according to Vandesompele et al.
(2002) and Remans et al. (2008) and represented relative to the control

treatment (untreated leaves after 1 day).

6.2.5 Metabolite analysis

Ascorbate and glutathione concentrations in Arabidopsis thaliana leaves were
determined by HPLC analysis. Therefore approximately 100 mg tissue was
ground thoroughly in liquid nitrogen using a pre-cooled mortar and pestle. When
a homogenous powder was obtained, 1 ml of ice cold 6 % (w/v) meta-
phosphoric acid was added and the mixture was clarified by centrifugation at
20000 x g and 4 °C for 10 minutes. The resulting supernatant was kept frozen
until HPLC analysis. Antioxidants were separated on a 100 mm x 4.6 mm Polaris
C18-A reversed phase HPLC column (3 pm particle size, 30 °C, Varian, CA USA)
with an isocratic flow of 1 ml min™ of the elution buffer (25 mM K/PO,-buffer, pH
3.0). The components were quantified using a home-made electrochemical
detector with glassy carbon electrode and a Scott pt 62 reference electrode
(Mainz, Germany). The purity and identity of the peaks were confirmed using a
diode array detector (SPD-M10AVP, Shimadzu, Hertogenbosch, Netherlands)
which was placed on line with the electrochemical detector. The concentrations
of oxidized DHA (dehydroascorbate) or GSSG (glutathione disulphide) were
measured indirectly as the difference between the total concentration of
antioxidants in a DTT (dithiothreitol) reduced fraction and the concentration in a
sample prior to reduction. Reduction of the sample was obtained by incubation
of an aliquot of the extract in 400 mM Tris and 200 mM DTT for 15 minutes in
the dark. The pH of this mixture was checked to be between 6.0 and 7.0. After
15 minutes, the pH was lowered again by 4-fold dilution in elution buffer prior to

HPLC analysis.

6.2.6 Statistical analysis

The datasets for lipid peroxidation, enzyme capacities and metabolites were
analyzed by day, evaluating the effect of uranium treatment. Statistical analyses
were done following the algorithm described below, ensuring for each dataset a

statistical analysis best fitted for the data.
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A parametric analysis of variance was performed and the assumptions for
normality and constancy of variance were checked (Kutner et al., 2005). This
was done on original data or after transformation of the data (Box & Cox, 1964).
Then, a pair wise comparison was applied with an adjustment of the p-values
using Tukey according to Kutner et al. (2005). If only the assumption for
normality was fulfilled, a parametric analysis of variance for heterocedastic
variances was applied according to Westfall et al. (2000). A pair wise
comparison was then carried out adjusting the p-values using simulated p-
values (Westfall et al., 2000). If neither assumption was fulfilled, a
nonparametric analysis of variance was applied (Lehmann & D'Abrera, 1998)
adjusting the p-values using Benjamini Hochberg (Benjamini & Hochberg, 1995).

The gene expression dataset was analyzed by day, evaluating the effect of
uranium treatment, using global permutations with p-value adjustment as it was
presented by Lin et al. (2008), using the Benjamini and Hochberg False
Discovery Rate (BH-FDR) adjustment (Benjamini et al., 1995).

6.3 Results

6.3.1 Lipid peroxidation

As a measure for the level of lipid peroxidation in Arabidopsis thaliana leaves
following uranium exposure, first the amount of TBA reactive compounds was
determined (figure 6.1). For all the harvesting times, a significant increase in
the amount of TBA reactive compounds was observed in leaves following
exposure to 100 pM uranium as compared to the other treatments and the
control. The amount of TBA reactive compounds also increased with increasing
exposure time for leaves exposed to 100 M uranium.

Secondly, a distinction was made between ROS induced lipid peroxidation (figure
6.2A) and LOX induced lipid peroxidation (figure 6.2B). Only leaves exposed for
7 days to the uranium concentration range were analyzed. For both types of lipid
peroxidation a bell-shaped curve was observed, meaning hydroxyl-
octadecatrienoic acid levels significantly increased following exposure to 1 uM
uranium but did not change significantly for the other uranium concentrations
applied.
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Figure 6.1 - Amount of TBA (thiobarbituric acid) reactive compounds in leaves following uranium
exposure. Lipid peroxidation measurement was based on the amount of TBA reactive compounds [nmol
g FW]. Arabidopsis thaliana seedlings were exposed to a uranium concentration range for 1 (white
bars), 3 (dotted bars) and 7 days (striped bars). Data represent the mean + S.E. of 3 biological
replicates. Different letters above the bars indicate significant differences in lipid peroxidation between
the different treatments for day 1 (normal), 3 (italic) and 7 (bold) (p < 0.05).
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Figure 6.2 - Lipid peroxidation analysis in Arabidopsis thaliana leaves following uranium exposure
during 7 days. A difference was made between ROS induced (A) and LOX induced (B) lipid peroxidation
by analyzing the levels of the corresponding HOTE (hydroxyoctadecatrienoic acid) isomers [nmol g
FW]. Data represent the mean + S.E. of 3 biological replicates. Different letters above the bars indicate
significant difference in lipid peroxidation levels between the different treatments.

6.3.2 Enzyme capacities

To investigate the influence of uranium contamination on oxidative stress
responses at protein level, enzyme capacities of relevant enzymes of the

antioxidative defense system were determined in Arabidopsis thaliana leaves.

Generally, following 1 day of exposure, no alterations in enzyme capacities were
observed for the enzymes studied, only a slight significant increase was
observed in GR capacity for leaves exposed to 100 M uranium as compared to

the control treatment (figure 6.3F).
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Figure 6.3 - Capacities [mU g FW] of ROS (reactive oxygen species)-scavenging enzymes and
enzymes related to the ascorbate-glutathione pathway. Enzyme capacities were determined in leaves of
Arabidopsis thaliana seedlings exposed to a uranium concentration range for 1 (white bars), 3 (dotted
bars) and 7 days (striped bars). Values are the mean + S.E. of at least 3 biological replicates. Different
letters above the bars indicate significant differences in enzyme capacity between the different
treatments for day 1 (normal), 3 (italic) and 7 (bold) (p < 0.05).

After 3 days of exposure, significant alterations were visible for the capacities of
several enzymes. Capacities of SOD and SPX increased significantly after
exposure to 10 and 100 pM uranium (figure 6.3A & C). APX capacities
significantly increased with increasing uranium concentration added to the
nutrient solution (figure 6.3E). Fluctuations in capacities of CAT and GPX were
observed but no clear pattern was visible (figures 6.3B & D). GR capacities

remained stable for all uranium concentrations (figure 6.3F).
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Following 7 days of exposure, all enzyme capacities remained stable, except the
CAT capacity significantly decreased following exposure to the highest uranium

concentration (figure 6.3B).

6.3.3 Gene expression

To evaluate the importance of the ROS signature during uranium stress,
important ROS producing and scavenging enzymes were analyzed at

transcriptional level using quantitative real time PCR.

First, gene expression of several ROS producing enzymes was analyzed.
Important alterations in transcript levels were observed for LOX2 (lipoxygenase
2 located in the chloroplasts) as they already increased significantly after 1 day
exposure to 100 uM uranium (figure 6.4B) with an increasing trend for 10 uM
uranium after 3 days and 1 pM uranium after 7 days. LOX1 (lipoxygenase 1
located in the cytoplasm) gene expression was significantly decreased after 3
days exposure to 100 pM uranium (figure 6.4A). Transcript levels for different
isoforms of NADPH oxidase (RBOHC, RBOHD and RBOHF) were also analyzed on

transcriptional level but no alterations were observed (results not shown).
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Figure 6.4 — Alterations in gene expression of lipoxygenases following uranium exposure. Arabidopsis
thaliana seedlings were exposed for 1 (white bars), 3 (dotted bars) and 7 days (striped bars) to
uranium concentrations ranging from 0.1 to 100 pM. Gene expression of lox1 and lox2 in leaves was
expressed relative to the control treatment of day 1 (dashed line). Values represent the mean + S.E. of
3 biological replicates. Different letters above the bars indicate significant differences in gene
expression between the uranium concentrations for day 1 (normal), 3 (italic) and 7 (bold) (p < 0.05).

Secondly, to investigate gene expression of O," scavenging enzymes, different
isoenzymes of SOD were analyzed. No alterations in transcript levels were
observed for CSD3 (peroxisomal copper/zinc SOD) and MSD1 (mitochondrial

manganese SOD) between the uranium concentrations for the 3 harvesting

104



times (results not shown). Following 1 day exposure, a significant down
regulation in gene expression was observed for CSD1 (cytoplasmic copper/zinc
SOD) and CSD2 (chloroplastic copper/zinc SOD) after exposure to 100 uM
uranium (figure 6.5A-B). Transcript levels of FSD1 (plastidic iron SOD) remained
stable (results not shown). Three days exposure resulted in a significant down
regulated gene expression of CSD1 when exposed to 10 and 100 yM uranium
(figure 6.5A), of CSD2 when exposed to 1, 10 and 100 puM uranium (figure 6.5B)
and of FSD1 when exposed to 100 pM uranium as compared to the control
(results not shown). An exposure time of 7 days resulted in a decreased
expression of CSD2 (figure 6.5B) and FSD1 when exposed to 100 pM uranium
(results not shown). Transcript levels of CSD1 remained stable for all uranium

concentrations (figure 6.5A).

Finally, gene expression of several H,0, scavenging enzymes was analyzed.
Following 1 day exposure, transcript levels of CAT1 (peroxisomal CAT), CAT2
(peroxisomal CAT) and APX1 (cytoplasmic APX) remained stable for all
treatments (figure 6.5C-E). A significant down regulated gene expression of GR1
(cytosolic GR) was observed after exposure to 10 and 100 pM uranium (figure
6.5F). After 3 days of exposure, a significant up regulation in CAT1 expression
was observed following exposure to 1 and 10 yM uranium (figure 6.5C). CAT2
transcript levels on the other hand were almost completely absent in leaves
exposed to 10 and 100 pM uranium (figure 6.5D). For APX1 expression, a
significant down regulation was observed in leaves exposed to 100 M uranium
(figure 6.5E) while GR1 transcript levels significantly decreased with increasing
uranium concentration added to the nutrient solution (figure 6.5F). Following 7
days exposure, the significant increase in gene expression for CAT1, observed
after 3 days, was still visible for 1 pM uranium (figure 6.5C) while CAT2 gene
expression decreased even further in leaves exposed to 10 and 100 pM uranium
(figure 6.5D). APX1 transcript levels remained stable (figure 6.5E) and a
significant decrease in gene expression for GR1 was observed for 1, 10 and 100
MM uranium (figure 6.5F).
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Figure 6.5 - Gene expression of several O,* and H,0, scavenging enzymes following uranium exposure.
Gene expression of csdl, csd2, catl, cat2, apxl and grl in leaves of Arabidopsis thaliana seedlings
exposed to a uranium concentration range for 1 (white bars), 3 (dotted bars) and 7 days (striped bars),
was expressed relative to the control treatment of day 1 (dashed line). Data represent the mean + S.E.
of 3 biological replicates. Different letters above the bars indicate significant differences in gene
expression between the uranium concentrations for day 1 (normal), 3 (italic) and 7 (bold) (p < 0.05).

6.3.4 Metabolites

To evaluate the importance of the ascorbate-glutathione pathway in H,0,
detoxification in response to uranium stress, the concentrations of the

antioxidants ascorbate (table 6.2) and glutathione (table 6.3) were determined.
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Table 6.2 - Ascorbate concentrations [nmol g FW] in Arabidopsis thaliana leaves following uranium
exposure.

OuMU 0.1 pM U 1umM U 10 pM U 100 pM U
< 1 day 3066+116° 3186+155° 3501+1997 3248+188° 4749+228°
§ 3 days 4847+167° 4929+138° 5556+601% 6511+269° 9938+198°¢
é 7 days 6400+82° 5512+325° 7707+174° 8477+186° 12866+1034¢
1 day 2162+131° 2122+178° 2232+295° 2362+219° 3503+247°
< 3 days 4511+149° 4636+115° 4826+216° 6143+296° 9605+171°
A 7 days 569442252 4534+408° 6778+213° 7716+150° 12228+1037¢
1 day 904+242 1064+2072 1270+1862 886+562 1246+632
g 3 days 3361602 2944512 73044502 368+712 3334742
- 7 days 7064822 97841772 929+159% 761+111° 6384832

Seventeen-day-old Arabidopsis thaliana seedlings were exposed to uranium concentrations ranging
from 0.1 to 100 uM for 1, 3 and 7 days. The total ascorbate concentration represents the reduced and
oxidized forms (AsA: ascorbic acid = reduced form; DHA: dehydroascorbate = oxidized form). Values
represent the mean + S.E. of 6 biological replicates. Different small letters indicate significant
differences between the treatments for day 1, day 3 and day 7 separately (p < 0.05). Statistical
analyses were done separately for AsA + DHA (normal), AsA (italic) and DHA (bold).

Table 6.3 - Glutathione concentrations [nmol g FW] in Arabidopsis thaliana leaves following uranium
exposure.

ouM U 0.1 puM U 1uM U 10 uM U 100 uM U
o 1 day 227+8° 26746 313+9° 331+14° 297+12%
% 3 days 284+12° 408421 517+51° 529+25° 357+20%
§ 7 days 268425 213+27° 387+28° 334+23% 262+43°
1 day 152452 166+72 184+16® 222+11° 184+10°
z 3 days 263+7° 371+14° 407+25° 500+20° 365+19°
° 7 days 271+19% 2194272 403+35° 368+19 223+36°
1 day 75+52 101+10%° 129+11° 109+92° 112+6°
§ 3 days 21182 37+14%° 110+44° 29242 n.d.*
© 7 days n.d.” n.d.” n.d.” n.d.” 38+132

Seventeen-day-old Arabidopsis thaliana seedlings were exposed to uranium concentrations ranging
from 0.1 uM to 100 uM for 1, 3 and 7 days. The total glutathione concentration represents the reduced
and oxidized forms (GSH: glutathione = reduced form; GSSG: glutathione disulphide = oxidized form).
Data represent the mean + S.E. of 6 biological replicates. Different small letters indicate significant
differences between the treatments for day 1, day 3 and day 7 separately (p < 0.05). Statistical
analyses were done separately for GSH + GSSG (normal), GSH (italic) and GSSG (bold). "n.d. = not
detectable.
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After 1, 3 and 7 days exposure, the total ascorbate concentration (AsA + DHA)
significantly increased after exposure to 100 pM uranium, 10 and 100 puM
uranium and 1, 10 and 100 puM uranium respectively. This increase was due to a
significant increase of ascorbic acid (AsA) while the level of dehydroascorbate
(DHA) remained unaffected.

Following 1 day exposure, the total glutathione concentration (GSH + GSSG)
significantly increased after exposure to 1, 10 and 100 pM uranium.
Correspondingly, a significant increase in glutathione (GSH) and glutathione
disulphide (GSSG) concentrations was observed following exposure to 10 and
100 pM uranium and 1 and 100 uM uranium respectively. After 3 days exposure,
the GSH + GSSG concentration significantly increased after exposure to 0.1, 1
and 10 pM uranium with correspondingly a significant increase in the GSH
concentration after exposure to 0.1, 1, 10 and 100 uM uranium. The GSSG
concentration significantly increased after exposure to 1 pM uranium. Seven
days exposure did not affect the total glutathione concentration but did cause a
significant increase in GSH concentration after exposure to 1 and 10 pgM uranium

and in GSSG concentration after exposure to 100 uM uranium.

6.4 Discussion

When considering evaluating the environmental impact of uranium, which can be
present in elevated levels due to several anthropogenic activities, or when
intending to establish crops or vegetation on uranium contaminated land, an
investigation of the cellular mechanisms triggered in response to uranium stress
in plants should be performed. Previous studies have indicated an important role
for the ROS signature as a modulator in heavy metal stress (Smeets et al.,
2005; Semane et al., 2007; Smeets et al., 2008). Uranium exposure can also
disrupt the cellular redox balance and induce oxidative stress related responses
in leaves of Arabidopsis thaliana plants (Vanhoudt et al., 2008) but information
remains limited. This study aimed to further unravel the mechanisms by which
plant cells respond to uranium induced oxidative stress. Therefore, seventeen-
day-old Arabidopsis thaliana seedlings were exposed for 1, 3 and 7 days to
uranium concentrations ranging from 0.1 to 100 uM.
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Generally, the oxidative burst, during which ROS are rapidly generated and
accumulated, is one of the earliest responses of plant cells under various biotic
and abiotic stresses (Low & Merida, 1996). An important source of ROS
production, such as 0,", is at the plasma membrane level by NADPH oxidase
(Bhattacharjee, 2005). Our data indicate that a NADPH oxidase mediated
oxidative burst is not an important ROS generating pathway in the leaves under
uranium stress as gene expression levels of several isoforms of NADPH oxidase
(RBOHC/D/F) remained unchanged for all uranium treatments. Oxidative stress
in the leaves is probably generated via other mechanisms such as root-to-shoot
signaling, as almost no uranium translocation to the leaves is observed (chapter
4). The heavy metal induced ROS production can cause lipid peroxidation in
plant cells resulting in membrane damage. Exposure of Arabidopsis thaliana
plants to 100 pM uranium resulted in a significant increase in the amount of TBA
reactive compounds in the leaves for all the harvesting times (figure 6.1)
affecting membrane integrity and functionality. This corresponds with previous
results obtained by Vanhoudt et al. (2008) in Arabidopsis thaliana leaves
exposed to 100 pM uranium for 4 days. An increased level of TBA reactive
compounds in plant leaves under cadmium toxicity was reported by Smeets et
al. (2005) for Phaseolus vulgaris and by Razinger et al. (2008) for Lemna minor.
In our study, the seriousness of the membrane damage seems to increase with
increasing exposure time (figure 6.1) which corresponds with an increased
amount of uranium in the leaves (chapter 4). The enhanced membrane damage
can also be linked with the increase in potassium leakage at 100 yM uranium as
was shown in chapter 4. Besides being initiated by a number of ROS, lipid
peroxidation in plant cells can also be initiated by the enzyme lipoxygenase,
inducing damage but also increasing precursors for signaling molecules such as
jasmonates and other oxylipins (Porta & Rocha-Sosa, 2002). While in the roots
an important role was attributed to LOX1 (cytoplasmic lipoxygenase) under
uranium stress (chapter 5), the LOX enzyme located in the cytoplasm seems
less important in response to uranium stress in leaves based on its gene
expression levels (figure 6.4A). Smeets et al. (2008) reported that LOX1
transcript levels in Arabidopsis thaliana leaves were not significantly affected
under cadmium stress. On the other hand, our results suggest that chloroplasts

could be an important sensing site in the leaves in response to uranium stress
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as a pattern for LOX2 (plastidic lipoxygenase) transcript levels could be
distinguished which could also be partly extended to the antioxidative defense
system. While after 1 day transcript levels were significantly induced for 100 uM
uranium, 3 days exposure resulted in an increasing trend for 10 yM uranium
which shifted to 1 pyM uranium after 7 days of exposure (figure 6.4B). The latter
observation is in agreement with the significant increase of LOX induced lipid

peroxidation for 1 yM uranium after 7 days of exposure (figure 6.2B).

ROS produced under environmental stress conditions can play a dual role in
plant cells: they can exacerbate damage or can act as signaling molecules
activating stress-response and defense pathways (Dat et al., 2000; Foyer &
Noctor, 2005). In order to regulate different ROS in various cellular
compartments, plants possess an antioxidative defense system comprising ROS
scavenging enzymes and metabolites (Dat et al., 2000). Within a cell, the SODs
constitute the first line of defense against stress induced O,* production. These
enzymes are likely to be central in the defense mechanism as their capacities
determine the concentrations of O," and H,0, (Bowler et al., 1992). As O,* can
be generated at various cellular locations such as the chloroplasts, mitochondria
and peroxisomes, different isoforms of SOD can be distinguished depending on
their site of action and metal cofactor used (Bowler et al., 1992; Alscher et al.,
2002). An increased defense against O," produced under uranium stress was
suggested as on protein level the total SOD capacity was significantly increased
in leaves exposed to 10 and 100 uM uranium for 3 days (figure 6.3A). To further
regulate the cellular redox balance in response to uranium stress, peroxidases
and catalases are present in plant cells in order to detoxify H,O, and regulate its
function as signaling molecule. Similar with SOD capacities, a significant
increase in SPX capacities was observed following exposure to 1, 10 and 100 yM
uranium for 3 days (figures 6.3C) while for APX this increase already started
with 0.1 pgM uranium but was most pronounced at 10 and 100 pM uranium for 3
days (figure 6.3E). These results indicate an enhanced detoxification of H,O, in
response to uranium stress. Elevated SPX and APX capacities in plant leaves
under heavy metal stress were also reported by several authors (Cuypers et al.,
2002; Cho & Seo, 2005; Smeets et al., 2008). In general, results on protein
level for enzymes of the antioxidative defense system indicate that responses

were mostly triggered after 3 days exposure to 10 and 100 yM uranium. This
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can probably be explained by the very low root-to-shoot transfer factor of
uranium. In time, the uranium concentration increased in the leaves and an
elevated root-to-shoot signaling system lead up to activation of the antioxidative
defense system at the protein level after 3 days. This induction of the capacities
of ROS scavenging enzymes seemed transient as after 7 days exposure, a new
balance was obtained and ROS scavenging enzyme capacities were again
comparable with the corresponding control values. This transient induction of the
antioxidative defense system was also reported by Jansen et al. (2008) under
UV-B stress.

In contrast to the increased or stable antioxidative capacities observed at
protein level, transcriptional levels of the corresponding genes generally
decreased following uranium exposure. For SOD, clear transient effects were
observed for CSD1 and CSD2 gene expression. Transcript levels for both genes
were already significantly decreased after 1 day exposure to 100 yM uranium
and after 3 days this down-regulation was significant for 10 and 100 yM uranium
for CSD1 (figure 6.5A) and 1, 10 and 100 yM uranium for CSD2 (figure 6.5B).
After 7 days exposure, expression levels were again more or less balanced for
both genes. A decrease in CuZnSOD transcript levels was also observed for pea
leaves under cadmium toxicity by Romero-Puertas et al. (2007). A decrease in
transcript levels for CSD2 was also observed in Arabidopsis thaliana leaves

under cadmium stress (Smeets et al., 2008).

Whereas CAT capacities showed no clear pattern, gene expression results
depended on the isoform studied. CAT1 expression levels significantly increased
after exposure to 1 and 10 pM uranium for 3 days and 1 pM uranium for 7 days
(figure 6.5C). These results are in correspondence with results reported by
Smeets et al. (2008) who also observed an increase in CAT1 transcription, but
no change in CAT activity in Arabidopsis thaliana leaves under cadmium stress.
As Smeets et al. (2008) suggested that these discrepancies could be due to the
presence of multiple allo- or isozymes, we also analyzed CAT2 expression levels.
In contrast to CAT1 expression, CAT2 transcript levels significantly decreased
after exposure to 10 and 100 pM uranium for 3 and 7 days (figure 6.5D).
Zimmermann et al. (2006) showed that the CAT2 down regulation was an initial

step in producing an elevated hydrogen peroxide level in the regulatory



mechanism during senescence, indicating cadmium can induce early senescence

as was suggested by Cuypers et al. (submitted).

As CAT is mostly present in the peroxisomes and not in the mitochondria and
chloroplasts and CAT has a rather low affinity for H,O,, thereby only removing
the bulk of H,0,, the ascorbate-glutathione cycle is another pathway present in
plant cells for the further detoxification of H,0, (Halliwell, 2006; Noctor & Foyer,
1998). Ascorbate and glutathione are also involved in the regulation of gene
expression in plant cells. The ratios of the reduced and oxidized forms of these
metabolites can be of regulatory significance (Noctor et al., 1998). Our results
indicate that ascorbate and glutathione respond immediately and more sensitive
to wuranium induced oxidative stress than enzyme capacities and gene
expression. The ascorbate redox balance seems an important modulator under
early uranium stress responses in the leaves. A concentration and time
dependent increase in the total amount of ascorbate (AsA + DHA) and its
reduced form (AsA) were observed in our study, while the concentrations of the
oxidized form (DHA) remained stable (table 6.2). These results indicate that by
increasing the amount of ascorbate in their leaves, Arabidopsis thaliana plants
increase the capacity to detoxify H,O, in response to uranium stress. These
results can also be linked with the increase in APX capacity with increasing
uranium concentration added to the nutrient solution for 3 days (figure 6.3E).
Furthermore, by maintaining ascorbate in its reduced form, the cell maintains its

redox balance, which is also important in signaling.

To evaluate the importance of glutathione in response to uranium stress,
concentrations of GSH and GSSG indicate that glutathione seems more sensitive
under uranium stress than ascorbate as alterations were already observed
following 1 day exposure to lower uranium concentrations (table 6.3), but it

should be highlighted that this increase is showing a transient course.

In conclusion, as several responses were already visible after 1 day, when
uranium concentrations in the leaves were negligible, a root-to-shoot signaling
system is suggested. Under these circumstances, plastids seem important
sensing sites in the leaves. A transient concentration dependent response
pattern was visible for lipoxygenase initiated lipid peroxidation. Results of LOX2

and antioxidative enzyme transcript levels, enzyme capacities and glutathione
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concentrations emphasized this transient character of the leaf response to
uranium stress both in time as in concentration. Within the time frame of this
study, ascorbate concentrations continuously increased in a concentration and
time dependent way. As no change in DHA concentrations was visible, this
suggests an increased ascorbate biosynthesis. In addition to the previous
transient responses, the ascorbate related responses point towards a stable
stress response. In plants acclimating to UV-B irradiation, fast and slow
transient responses or stable increases were shown depending on the effects
studied (Jansen et al., 2008). In our plants exposed to uranium stress we also
observed different phases in response. While several fast transient effects were
visible, the increase in ascorbate could represent either a slow transient
response or a stable increase with regard to plant acclimation to uranium.
However this can only be assumed for the lower uranium concentrations as 100

UM uranium toxicity effects in the roots are too severe to allow plant survival.
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Chapter 7

Induction of DNA damage in Arabidopsis
thaliana plants following uranium exposure

114



Abstract

DNA damage can be induced when plants are exposed to environmental stress
situations but also during normal metabolic actions. Several DNA repair
mechanisms work together to repair double strand breaks and hereby protecting
cells against the induction of chromosomal aberrations or incorrect genetic
information. To better evaluate the uranium impact on the environment, it is
important to further unravel uranium induced biological effects in plants on the
level of DNA damage and repair. Here fore, Arabidopsis thaliana seedlings,
grown on hydroponics under controlled conditions, were exposed for 1, 3 and 7
days to uranium concentrations ranging from 0.1 to 100 uM. While DNA damage
and transcript levels of DNA repair related genes were analyzed for leaves and
roots, effects were mostly visible for roots. By usage of the neutral comet assay
and analysis of the % tail DNA, it was shown that DNA damage in roots
generally increased in time and root DNA seemed completely dispersed following
exposure to 100 uyM uranium. Besides some alterations in expression levels after
exposure to 100 gM uranium, genes important for DNA repair and the cell cycle
remained mostly unaffected by lower uranium concentrations. It can therefore
be concluded that 100 uM uranium can induce DNA damage and alterations in
the repair machinery in Arabidopsis thaliana roots but further research is
necessary to unravel how the different pathways collaborate in the defense
against uranium stress. Complementary, a more in depth study of the time

dependence of the DNA repair system should be performed.
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7.1 Introduction

Exposure of plants to stress conditions can induce DNA damage and trigger the
DNA repair machinery. When aiming to evaluate the uranium impact on the
environment, it is important to further unravel uranium induced biological effects

in plants on the level of DNA damage and repair.

The single cell gel electrophoresis (SCGE) assay or comet assay is a suitable
technique to measure DNA strand breaks. When isolated nuclei, embedded in a
thin agarose layer, are subjected to electrophoresis, DNA fragments will migrate
out of the nuclei toward the anode, resulting in a comet-like shape. DNA damage
can be qualified by the percentage DNA that migrates out of the nuclei and
forms the tail of the comet. Different types of DNA damage can be visualized
depending on the protocol used. While exposure of DNA to high alkali prior to
electrophoresis allows for the preferential detection of single strand breaks, the
neutral comet assay is used primarily for the detection of double strand breaks
(Fairbairn et al., 1995). This technique has been used for several plant species
to study DNA damage and repair in normal plant developmental situations
(Koppen et al., 1999; Koppen & Verschaeve, 2001) but also under various stress
conditions (Koppen et al., 1998; Menke et al., 2001; Ptacek et al., 2002;
Mancini et al., 2006; Vandenhove et al., 2006).

While DNA damage can be generated by environmental stressors such as heat,
chemicals and ionizing radiation, it can also suffer spontaneous and
metabolically induced damage. To protect plants against genomic deficiencies,
various cellular DNA repair mechanisms work together. To investigate the
importance of the DNA repair machinery under uranium stress, several genes,
essential during DNA repair, were studied on transcriptional level. AtKkU80 and
AtLIG4 for example, are required for the initiation and completion of the non-
homologous end joining pathway for the repair of double strand breaks and are
sensitive to ionizing radiation as was reported by Friesner & Britt (2003). For the
homologous recombination pathway to repair double strand breaks, AtRAD51
and AtDMC1 are important genes of which AtRAD51 was shown to be sensitive
to ionizing radiation as reported by Doutriaux et al. (1998). Beside genes

directly related to double strand break repair, several genes are important in the
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regulation of the cell cycle and the induction of signaling pathways under normal
metabolic conditions and stress situations (De Veylder et al., 2001a, 2001b;
Pierrugues et al., 2001; Mori et al., 2005).

This study aimed to investigate the induction of DNA damage and the
importance of DNA damage and repair related gene expression following
exposure of Arabidopsis thaliana seedlings to 0, 0.1, 1, 10 and 100 yM uranium
for 1, 3 and 7 days.

7.2 Materials and methods

7.2.1 Plant culture and uranium exposure

Seeds of Arabidopsis thaliana (Columbia ecotype) were placed on moist filter
paper at 4 °C for 3 days to synchronize germination. Afterwards, seeds were
sown on plugs from 1.5 ml polyethylene centrifuge tubes filled with 2 % agar
(Difco). The plugs were positioned in a PVC cover capable of holding 81 plugs.
The PVC cover was then placed on a container filled with 2.9 | of a modified
Hoagland solution (macro-elements without phosphate: 1/10 diluted, phosphate
solution: 1/20 diluted, micro-elements: 1/10 diluted and iron solution: 1/10
diluted). Plants were grown in a growth chamber (Microclima 1000E, Snijders
Scientific B.V.) under a 14 h photoperiod (photosynthetic photon flux density of
200 pmol m2 s at the leaf level, supplied by Sylvania BriteGro F36WT8/2084
and F36WT8/2023), with day/night temperatures of 22 °C/18 °C and 65 %
relative humidity. Roots were aerated during the entire course of the
experiment.

Subsequently, 17-day-old seedlings were exposed to 0, 0.1, 1, 10 and 100 pM
uranium for 1, 3 and 7 days. Uranium was added as UO,(NO3),.6H,0 (Sigma) to
the modified Hoagland solution and the pH was adjusted to + 5.5 with NaOH. As
previous experiments recommended the use of 25 UM phosphate in combination
with uranium, a 1/80 diluted phosphate solution was used (Vanhoudt et al.,
2008).

At harvest, + 100 mg samples of leaves and roots were snap frozen in liquid

nitrogen and stored at -80 °C.
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7.2.2 Neutral comet assay

The neutral comet assay was carried out on the isolated nuclei of Arabidopsis
thaliana leaves and roots. Therefore, each sample of + 100 mg was chopped in
300 ul of ice cold PBS extraction buffer, containing 10 ml PBS10x (Dulbecco's
Phosphate Buffered Saline 10x solution Sigma), 0.5 ml 200 mM Na,EDTA and
89.5 ml water, using a razor blade and a small petri dish on ice. After filtration
through an 80 um nylon sieve, 20 ul of the filtrate was mixed with 300 pl 0.8 %
low-melting-point (LMP) agarose (Sigma) in phosphate buffered saline at 40 °C.
The mixture was layered on a microscope slide, pre-coated with 100 ul of 0.5 %
LMP agarose in phosphate buffered saline, by using a cover slip, and put on ice
for 20 min to allow solidification. After removing the cover slips, the slides were
put for at least 30 min in a lysis solution containing 100 ml of the TBE working
solution and 2.5 g sodium dodecyl sulfate (SDS) (Sigma). The TBE working
solution contains 5.40 g TRIS, 2.75 g boric acid and 1,85 g Na,EDTA for 1 I.
Subsequently, the slides were rinsed in ice cold TBE solution for at least 5 min
for the removal of soap. Then the slides were placed in a horizontal
electrophoresis chamber filled with the TBE solution followed by electrophoresis
for 2 min at 1 V/cm. After electrophoresis, the slides were rinsed in cold distilled
water for at least 10 min an allowed to air dry. All steps were performed under
yellow light. The slides were then stained for 5 min with 100 pl of 10 pg/ml
propidium iodide using a cover slide to spread the solution evenly. The slides
were then washed again by adding 100 ul water and spreading with a cover
slide. The comets were viewed with a Leitz BM-RBE fluorescence microscope
(200x or 400x) using an excitation filter of 515-560 nm. Measurements of the
comets were done with equipped image analysis system Komet 3.1 (Kinetic
Imaging, Liverpool, England). Fifty comets per biological replicate were analyzed
and for each treatment 3 biological replicates were used. The percentage of
migrated DNA in the tail was used as an indicator for DNA damage.

7.2.3 Gene expression analysis

Frozen plant tissue (£ 100 mg) was ground thoroughly in liquid nitrogen using a
mortar and pestle. RNA was extracted using the RNeasy Plant Mini Kit (Qiagen).
The RNA quantity was determined spectrophotometrically at 260 nm (Nanodrop,
Isogen Life Science). The RNA quality was checked electrophoretically using the
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Bioanalyzer (Agilent Technologies). Before cDNA synthesis, the RNA sample was
incubated during 2 minutes in gDNA wipeout buffer at 42 °C in order to
effectively eliminate genomic DNA. First strand cDNA synthesis was primed with
a combination of oligo(dT)-primers and random hexamers according to the
manufacturer's instructions using the QuantiTect Reverse Transcription Kit
(Qiagen) and equal amounts of starting material were used (1 ug). Quantitative
real time PCR was performed with the 7500 Fast Real-Time PCR System (Applied
Biosystems), using Sybr Green® chemistry. Primers used for gene expression
analyses were designed using Primer Express® (Applied Biosystems) and are
given in table 7.1. PCR amplifications were performed in a total volume of 10 pl
containing 2.5 pl cDNA sample, 5 ul Fast Sybr Green® Master Mix (Applied
Biosystems), 0.3 ul forward primer, 0.3 ul reverse primer and 1.9 pyl RNase-free
H,O0.

Table 7.1 - Forward and reverse primers used in gene expression analysis

Gene Forward primer Reverse primer

At2g28390 AACTCTATGCAGCATTTGATCCACT TGATTGCATATCTTTATCGCCATC
At5g08290 TTACTGTTTCGGTTGTTCTCCATTT CACTGAATCATGTTCGAAGCAAGT
At5g15710 TTTCGGCTGAGAGGTTCGAGT GATTCCAAGACGTAAAGCAGATCAA
CKS1 CACGTCGTTCTTCCTCCTGAAG TCCTATCGCTCGCCATTCG

DMC1 ATGAAGACGAAGATCTATTTGAGATGATT CTTGTAGCTTTTTCACATCTCCTGC
GAR1 CTAAGATGGTTGGTGATGCAAGAGA CGCTAAGCTCATCCAAACCCTT

KRP2 GGAATAAGTTGTTGGAATGTTCTATGAAGT | AACCCACTCGTATCTTCCTCCAC

KU80 CTTCTTCCAGCACAACTCCTCAA CTACGCATCGCAGGACCTACAT

LIG4 TGATGTATCGG ATATCAAGGGCA GAATGGGACCGAGGCACG

LPP1 TCACTTTCTGATGACAATAGGGTCG CCTCTCTGCGCCTCCTGG

MND1 GAACGAGATGGTACAATTTGCTGA CCGACTGGTGAGCAACTTCAAT

PARP1 TGCATTGGGAGAAATACATGAGC CCGAGCCCTTTGGTCGAG

PARP2 ATCGGAGGTGATTGATCGGTATG AAATCATGAGGTATCACTGTGTAGAACTCT
POLG1 GAAACTGGACGCTTATCGGCTAG CTGACGGATTTTGTACCGATCTTT
RAD51 GTCCAACAACAAGACGATGAAGAA AACAGAAGCAATACCTGCTGCC

UBQ10 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT

Gene expression data were normalized against multiple housekeeping genes
(At2g28390, At5g08290, At5g15710, UBQ10) according to Vandesompele et al.
(2002) and represented relative to the control treatment (untreated leaves or
roots after 1 day).
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7.2.4 Statistical analysis

Statistical analyses on the data obtained by the comet test were performed
using a linear mixed model with pair wise comparisons adjusted by the Tukey

procedure.

For gene expression, statistical analyses were performed using an ANOVA test in
SAS 9.1 (Neter et al., 1996). The ANOVA test was carried out separately for
leaves and roots. Mean values of treatments were compared using Tukey's
multiple comparison test and transformations were applied when necessary to

approximate the assumptions of normality and same error variance.

7.3 Results and discussion

7.3.1 Neutral single cell gel electrophoresis assay or comet assay

The neutral comet assay was used to visualize and determine uranium induced
DNA double strand breaks in Arabidopsis thaliana leaves and roots. Here fore,
the percentage DNA that migrated out of the nuclei, forming the comets tail,
was used to quantify DNA damage. For leaves no significant differences were
observed in the % tail DNA (figure 7.1A), indicating uranium, or ROS produced
under uranium stress, did not cause an increase in DNA double strand breaks in
the leaves. This could probably be explained by the low root-to-shoot transfer
factor for uranium, resulting in only a small amount of uranium in the leaves as
was reported in chapter 4. For the roots on the other hand, the % tail DNA was
significantly lower at day 1 than at day 3 and day 7 for all the uranium
concentrations combined (figure 7.1B), indicating an increase in double strand
breaks with increasing time. The % tail DNA was also significantly lower after
exposure to 100 pM uranium for all the harvesting times combined in
comparison with the other uranium concentrations (figure 7.1B). After exposure
to the highest uranium concentration, DNA was completely dispersed, explaining
the decrease in % tail DNA. The DNA damage in the roots could be induced
directly by uranium presence, but also indirectly by ROS produced as response

mechanism under uranium stress.
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Figure 7.1 - DNA integrity (% tail DNA) of leaves (A) and roots (B) of Arabidopsis thaliana seedlings
exposed for 1, 3 and 7 days to a uranium concentration range was analyzed with the neutral comet

assay. Each data point represents the mean of 3 biological replicates + S.E. and for each biological
replicate 50 comets were analyzed, giving an average of 150 comets per data point.

These results are in accordance with Vandenhove et al. (2006), who also
reported no effects on Phaseolus vulgaris shoots after exposure to 0.1-1000 pM
uranium and for roots no increased DNA migration was observed up to 100 uM
uranium while after exposure to 1000 pM uranium, DNA was also completely

dispersed.

7.3.2 Gene expression of DNA damage and repair related genes

To study uranium induced DNA damage and the induction of the DNA repair
cycle, expression levels of several genes related to DNA damage and repair were

investigated.

While damage of the cellular genetic material can arise from exposure to DNA
damaging agents such as ROS, ionizing radiation or chemicals, it can also be
induced from normal cell metabolism during DNA replication and repair. One or
both strands of the DNA double helix can be damaged but while a single strand
break can be repaired using the complementary strand, no template is available
for the repair of a double strand break. The failure to repair a double strand
break can cause chromosomal aberrations. Therefore all organisms possess

multiple pathways to repair DNA breaks.

Double strand breaks can be repaired by 2 distinct pathways being non-
homologous recombination and homologous recombination. Non-homologous
recombination is a straightforward and simple pathway that rejoins the ends of
the break. Consequently it is an inaccurate process in which a DNA sequence is
often deleted or inserted resulting in a loss of genetic information. Within double
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strand repair by non-homologous recombination, the non-homologous end
joining is the most dominant pathway in plants in contrast to the micro-
homology mediated end joining. This process generally involves rejoining of
blunt end or ends with short overhangs and begins with recognition of the
juxtaposition of the broken ends. In mammalian cells, this step is promoted by
the DNA dependent protein kinase (DNA-PK), a complex composed of the KU
heterodimer, which in turn is composed of 70-86 kDa subunits (Ku70 and Ku80),
and the DNA-PK catalytic subunit. It is suggested that KU is involved in the
recognition and protection of double strand break ends and that it can form a
bridge between the two ends of a break contributing to their juxtaposition.
Subsequently the Artemis protein is involved in the maturation of the double
strand break ends and the Xrcc4/DNA ligase IV complex catalyses the ligation of
the broken ends (Bleuyard et al., 2006). Bleuyard et al. (2006) reviewed that
inactivation of AtKU70, AtKUB0 or AtLIG4 in Arabidopsis thaliana plants results
in hypersensitivity to double strand breaks inducing reagents, furthermore the
absence of the AtKu80 protein strongly reduces the efficiency of non-
homologous end joining in an in vivo plasmid based end joining assay. As also
Friesner & Britt (2003) reported an important role for AtKU80 and AtLIG4
required for the initiation and completion of the non-homologous end joining
pathway in the repair of double strand breaks under ionizing radiation stress,
AtKU80 and AtLIG4 gene expression was analyzed in this study to evaluate their
importance under uranium stress (tables 7.2 & 7.3). For KU80, no alterations
were observed in leaves or roots following uranium exposure. LIG4 on the other
hand was significantly down regulated in roots after exposure for 3 days to 100

UM uranium but no alterations were observed in leaves.

Homologous recombination involves extensive DNA sequence homology between
the interacting molecules and due to this homologous template, homologous
recombination is generally a more accurate pathway that ensures the repair of
double strand breaks without any loss of genetic information in most cases.
After double strand breaks are formed, single strand DNA is generated by
nucleases near the breaks. Recombinases such as RAD51 then form a
Rad51/ssDNA nucleofilament which can invade a homologous DNA double strand
molecule to serve as template to repair double strand breaks making it a
conservative pathway. While AtRAD51 can be induced both by ionizing radiation
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and in meiosis, DMC1 is a meiotic-specific protein related to RAD51. Although
expression of the AtDMC1 gene is specific to tissues undergoing meiosis, it is
also expressed in Arabidopsis cell culture in a cell cycle related manner as was
reviewed by Bleuyard et al. (2006). Doutriaux et al. (1998) reported an
expression of AtRAD51 and AtDMC1 in Arabidopsis thaliana flower buds and
mitotically active cells from a suspension culture but only transcript levels of
AtRAD51 were increased after gamma irradiation of the cells. While only minor
effects were observed for AtRAD51 expression levels following uranium exposure
in our study (tables 7.2 & 7.3), AtDMC1 expression was significantly up-
regulated in roots following 3 days exposure to 100 uM uranium (table 7.3).

To further unravel the mechanisms of double strand break repair in plants,
Domenichini et al. (2006) characterized the function of the Arabidopsis Mndl
homologue (AtMnd1) which is required for meiotic DNA repair and it may also
function in double strand break repair in somatic cells as its expression levels
are strongly induced by gamma radiation. Only minor alterations were observed
in AtMND1 gene expression in Arabidopsis thaliana leaves (table 7.2) and roots
(table 7.3) following uranium exposure except for a significant up-regulation in

the leaves following 7 days exposure to 100 uM uranium.

Mori et al. (2005) reported that AtPoll-like B expression, a DNA polymerase
located in the plastids and mitochondria, could be induced by exposure to
hydrogen peroxide. This suggested that AtPoll-like B has a role in the repair of
oxidation induced DNA damage in the plastids. We identified this gene as the
AtPOLG1 (polymerase gamma 1) in the Arabidopsis thaliana database but no
alterations were observed in expression levels in uranium exposed leaves or
roots (tables 7.2 & 7.3).

Doucet-Chabeaud et al. (2001) isolated AtPARP1, a protein that is highly
homologous to the vertebrate poly(ADP-ribose) polymerase (PARP1). PARP1 has
an important function in cell recovery from DNA damage induced by ionizing
radiation due to its role in base excision repair (BER). PARP1 is a nuclear protein
which, when bound to DNA strand breaks, catalyses the formation of branched
polymers of poly(ADP-ribose) using NAD* as substrate which are transferred to
a limited number of protein acceptors involved in modulating chromatin

architecture or in DNA metabolism. Besides the AtPARP1 protein, Doucet-
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Chabeaud et al. (2001) also identified the AtPARP2 gene. They reported that
ionizing radiation induced DNA strand breaks caused an accumulation of
AtPARP1 and AtPARP2 transcript levels, whereas dehydration and cadmium
exposure induced the accumulation of AtPARP2 transcript levels indicating a
general role for plant PARP2 in the response to oxidative stress, while the
AtPARP1 gene is more specifically activated by DNA strand breaks. This also
suggests that the quality of damage is important for specific PARP gene
induction in Arabidopsis thaliana and that AtPARP2 rather than AtPARP1 may be
implicated in additional signaling processes that are independent of DNA
damage. Analyses of gene expression levels of AtPARP1 and AtPARP2 in
Arabidopsis thaliana following uranium exposure showed only minor alterations
in AtPARP1 expression in roots (table 7.3) and no differences in leaves (table
7.2). While AtPARP2 fluctuated for leaves (table 7.2), a significant increased was

observed in roots (table 7.3) exposed for 3 days to 0.1, 1 and 10 yM uranium.

Pierrugues et al. (2001) isolated an Arabidopsis thaliana gene AtLPP1, encoding
for a lipid phosphate phosphatase enzyme, that was transiently induced by
ionizing radiation and other stress responses. Phospholipids are major structural
components of cell membranes and can serve as reservoir for several lipid-
signaling molecules. Molecules such as phosphatidate, diacylglycerol and
diacylglycerol pyrophosphate are products of lipid metabolism that serve roles as
second messengers in several signal transduction pathways. These signaling
pathways may be partly regulated by lipid phosphate phosphatase enzymes
under stress situations. While in our study no alterations were observed in
AtLPP1 expression levels in leaves (table 7.2), AtLPP1 transcript levels were
significantly up-regulated in roots after exposure to 100 yM uranium for 1 day

(table 7.3) indicating an early signaling pathway could have been triggered.

Besides genes directly related to double strand break repair, this study also
investigated different genes related to the cell cycle which could be affected in
order to allow DNA repair. De Veylder et al. (2001a) reported that over-
expression of AtCKS1 in Arabidopsis thaliana is shown to reduce leaf size and
root growth rates. The reduction in root growth was due to an increase in the
cell-cycle duration that was associated by extension of both G1 and G2 phases.
Deveaux et al. (2000) isolated the AtGAR1l (Arabidopsis thaliana gamma
response 1) gene that is expressed in mitotically active tissues and
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endoreduplicating tissues from unstressed plants and that is similar in some
respects to the expression profile of AtCKS1. They also indicated a potential role
for AtGARL1 in the response to genotoxic stress by blocking mitotic cell division in
irradiated cells and thus preventing premature entry into mitosis before
completion of DNA repair. De Veylder et al. (2001b) reported that KRP2, a cyclin
dependent kinase inhibitor, exerts a plant growth inhibitory activity by reducing
cell proliferation in leaves but it may not control the timing of cell cycle exit and
differentiation. In our study, AtCKS1 expression levels were significantly up-
regulated in Arabidopsis thaliana leaves after exposure for 7 days to 100 pyM
uranium (table 7.2) while for the roots transcript levels were already
significantly increased after 3 and 7 days exposure to 100 pM uranium (table
7.3). Only minor alterations were observed in AtGAR1 gene expression in
Arabidopsis thaliana leaves and roots after uranium exposure (tables 7.2 & 7.3).
AtKRP2 expression levels decreased significantly for leaves and roots exposed
for 3 days to 10 and 100 pM uranium (tables 7.2 & 7.3).

7.3.3 Conclusions

As uranium was applied to the roots and due to the very small root-to-shoot
transfer factor, effects were mostly visible in the roots. By usage of the neutral
comet assay and analysis of the % tail DNA, it was shown that DNA damage
generally increased in time. After exposure to 100 puM uranium DNA seemed
completely dispersed in roots. Besides some alterations in expression levels after
100 pM uranium, genes important for DNA repair and the cell cycle remained
mostly unaffected by lower uranium concentrations. It can therefore be
concluded that 100 uM uranium can induce DNA damage and alterations in the
repair machinery but further research is necessary to unravel how the different

pathways collaborate in the defense against uranium stress.
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Table 7.2 - Gene expression of DNA damage and repair related genes in leaves of Arabidopsis thaliana
seedlings exposed for 1, 3 and 7 days to 0.1, 1, 10 and 100 pyM U.

OuM U 0.1 uM U 1pM U 10 uM U 100 pM U

1d 1.00+0.34° 1.05+0.50° 0.42+0.26° 2.90+0.832 1.54+0.63°
Kuso | 3d 0.76+0.23? 1.63£0.16° 1.28+0.42° 1.07+0.10° 0.80+0.262
7d  0.82:0.50° 0.62+0.282 0.80+0.182 0.82+0.40° 1.39+0.28°

1d 1.00+0.33° 1.17+0.27° 1.06+0.43° 1.66+0.07° 1.51+0.31°
LIG4 | 3d 1.66+0.29° 2.07+0.062 1.52+0.41° 2.23+0.112 1.57+0.22°
7d 1.64+0.46° 1.28+0.50° 2.42+0.08° 1.26+0.61° 1.73:0.26°

Non-homologous
recombination

1d  1.00:0.36®  0.98£0.42% 0.3620.19° 2.2410.59°  0.5610.25%
RADS1 | 3d 0.65+0.17° 0.97+0.052 0.76+0.282 0.65+0.10° 0.41%0.112
7d  0.28:0.13° 0.21+0.08? 0.37+0.08° 0.37+0.182 0.34+0.09?

1d  1.00+0.25° 0.77+0.20° 0.4120.21° 1.970.64° 0.81+0.35°
DMC1 | 3d 0.50+0.07? 0.73+0.07° 0.77+0.212 0.63%0.05° 0.47+0.10°
7d  0.31:0.13° 0.28+0.07° 0.39+0.09° 0.38+0.18° 0.39+0.03°

Homologous
recombination

ld 1.00+0.07%° 0.57+0.07% 0.36+0.10° 1.30+0.37° 0.58+0.18%

§ qg) MND1 | 3d 0.47+0.08? 0.42+0.03? 0.51+0.03? 0.47+0.062 0.62+0.12°
- 7d  0.36+0.09% 0.23+0.03? 0.32+0.07% 0.60+0.07° 1.05+0.08¢
e 1d 1.00+0.20° 1.19+0.20° 0.83+0.26° 1.26+0.06° 0.75+0.16°
= § POLG1 | 3d 1.25+0.05° 1.53+0.21° 0.85+0.18° 1.21+0.04° 1.04£0.19°
- 7d 1.27+0.08° 0.60+0.19? 1.07+0.01° 0.79+0.37° 1.31+0.24°
1d 1.00+0.03° 0.80+0.16° 0.38+0.06° 1.29+0.34° 0.68+0.19°

§ PARP1 | 3d 0.42+0.05° 0.59+0.06° 0.43+0.10° 0.33+0.04° 0.26+0.09?
7d  0.30+0.06° 0.33+0.03? 0.24+0.05° 0.35+0.06° 0.37+0.09?

1d 1.00+0.11%° 0.76+0.14% 0.41+0.14° 1.86+0.44° 0.62+0.22°

o PARPZ | 3d 0.37+0.05? 0.72+0.07? 0.70+0.172 0.52+0.05? 0.36+0.10°
}—Eu 7d  0.24:0.08° 0.21+0.05? 0.31+0.10° 0.37+0.14° 0.31+0.012
5 1d 1.00+0.29° 1.43+0.34° 1.52+0.70° 2.34+0.312 2.00+0.37°
2 LPP1 | 3d 3.46+1.012 3.29+0.39° 3.07+1.21° 1.92+0.09° 1.16+0.32°
7d  12.10+4.82° 1.83+0.52°  21.12+9.41° 1.83+0.82° 3.90+2.69°

1d 1.00+0.09° 0.92+0.14° 0.85+0.19° 1.14+0.07° 0.94+0.06°

CKS1 | 3d 1.31+0.02° 1.05+0.10° 1.35+0.27° 1.57+0.07° 1.69+0.08°

-§ 7d 1.01+0.16° 0.69+0.23? 1.21+0.07° 0.91+0.29° 2.39+0.19°
% 1d 1.00+0.25%° 0.75+0.21% 0.37+0.16° 1.82+0.52° 0.47+0.20%
g GARL | 3d  0,57:0.12°®  0.62:+0.02% 0.70+0.14° 0.55+0.09% 0.18+0.06°
> 7d  0.39:0.212 0.19+0.06? 0.24+0.06° 0.26+0.12° 0.24+0.06°
@ 1d 1.00+0.09° 0.71+0.15? 0.32+0.07° 1.18+0.31° 0.69+0.24°

KRPZ | 3d 0.67+0.06° 0.59+0.04%®  0.48:0.10% 0.35+0.05° 0.34+0.06°
7d  0.57:0.20° 0.54+0.05° 0.31+0.10° 0.49+0.11° 0.59+0.08°

Data are expressed relative to the control treatment and represent the mean of 3 biological replicates +
S.E. Different small letters indicate significant differences between the treatments for day 1, day 3 and
day 7 separately (p < 0.05).
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Table 7.3 - Gene expression of DNA damage and repair related genes in roots of Arabidopsis thaliana
seedlings exposed for 1, 3 and 7 days to 0.1, 1, 10 and 100 pM U.

OuM U 0.1 uM U 1pM U 10 uM U 100 pM U

1d 1.00+0.11* 0.92+0.23% 0.57+0.18* 2.64+1.80% 1.23+0.39%
Kuso | 3d  1,33:0.18% 2.05+0.23% 1.34:0.22"%  1.50+0.04%® 1.15:0.078
7d  0.43:0.03* 1.00£0.35% 0.90+0.08* 0.39:0.15% 0.71"

1d 1.00£0.04* 0.92+0.16% 0.72+0.03% 0.68+0.30% 0.68+0.13%
LIG4 | 3d 1.08+0.04* 1.15+0.08* 1.1340.114 1.21+0.03* 0.53+0.07°
7d  0.60:0.01% 0.66:0.34% 0.64+0.07* 0.47+0.20% 0.27+0.12%

Non-homologous
recombination

1d 1.00£0.08* 0.93+0.19% 0.70£0.217 2.80+1.79% 0.62+0.17%
RADS1 | 3d 1.67+0.14* 1.90+0.18* 1.430.16* 2.14+0.117 1.82+0.15*
7d  0.40:0.04* 0.92+0.29% 1.27+0.27° 0.50+0.06" 0.89"

1d 1.00£0.12% 0.76:0.10% 0.63+0.20% 1.70£1.017 0.41+0.144
DMC1 | 3d  1.26:0.14*®  1.20+0.13*®  0.96:0.12*8  1.10:0.06*®  1.66+0.088
7d  0.50+0.06" 0.63+0.12% 0.93+0.214 0.36+0.15% 0.64"

Homologous
recombination

ld 1.00£0.10* 0.83+0.07% 0.65+0.21* 1.96+0.88* 0.63+0.12%

§ qg) MND1 | 3d  1,03:0.10%®  1.12+0.07*® 0.95+0.03* 1.27+0.17%® 1.67+0.238
- 7d  0.79+0.06"® 0.56+0.20* 1.37+0.188 0.92+0.14%® 1.217

e 1d  1,00+0.11% 1.07+0.14* 0.92+0.03* 0.86:+0.26" 0.66+0.03*

= § POLG1 | 3d  0.97:0.08* 1.03:0.11% 0.96+0.06" 0.97+0.05" 1.27+0.06*

- 7d  0.47+0.09* 0.62+0.09* 0.62:+0.09* 0.43+0.20% 0.88+0.40%

1d 1.00+0.15* 0.86+0.08* 0.63+0.20% 1.81+0.72* 0.47+0.06"

§ PARP1 | 3d  0.94+0.03" 1.20+0.08% 0.90+0.05* 1.06+0.06"®  1.01+0.03*®
7d  0.49+0.05* 0.44+0.20" 0.92+0.10% 0.40+0.10% 0.73"

1d  1,00+0.14* 0.80+0.14% 0.83+0.23% 2.47+1.30% 0.14+0.03*

o PARPZ | 3d  0,85+0.09% 1.34+0.078 1.33+0.09° 1.70+0.03¢ 0.59+0.04%
}—Eu 7d  0.71:0.05* 0.61+0.30% 1.43+0.12% 0.63+0.22% 0.46"

5 1d  1,00+0.13* 1.20+0.28* 0.95+0.03* 1.00+0.37% 2.24+0.04°

2 LPP1 | 3d 1.19+0.14* 1.10+0.24* 1.55+0.23* 1.59+0.10% 1.55+0.20%

7d  0.91:0.18 1.86+0.65" 1.04+0.19* 0.78+0.25% 0.87+0.44%

1d  1,00+0.05* 0.99+0.13% 1.01+0.10"®  1.06+0.24*® 1.75+0.218

CKS1 | 3d 1.01+0.03* 1.16+0.04"®  1.22+0.09"®  1.22+0.08"® 1.36+0.028

-§ 7d  0.7610.06" 0.76+0.35" 0.90+0.14% 0.64:+0.30% 0.74+0.20%

% 1d  1,00+0.11% 0.93+0.15% 0.73+0.20% 2.59+1.68% 0.54+0.18"

g GARL | 3d 1.34+0.10* 1.44+0.08" 1.04+0.04* 1.29+0.06* 1.30+0.14*
> 7d  0.42+0.05* 0.39+0.18" 0.89+0.14* 1.00+0.52* 0.74"

@ 1d  1,00+0.14* 0.68+0.04% 0.65+0.19% 1.43+0.56* 0.22+0.02*

KRPZ2 | 3d  (.82+0.03* 0.85+0.08" 0.62+0.09%8 0.49+0.03° 0.36+0.01°8
7d  0.40:0.074 0.32+0.02% 0.56+0.07% 0.27+0.12% 0.26"

Data are expressed relative to the control treatment and represent the mean of 3 biological replicates +
S.E. Different capital letters indicate significant differences between the treatments for day 1, day 3 and
day 7 separately (p < 0.05). * One biological replicate.
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Chapter 8

Biological effects and oxidative stress related
responses induced in Arabidopsis thaliana
following exposure to uranium and cadmium

Vanhoudt N., Vandenhove H., Horemans N., Wannijn J., Bujanic A., Vangronsveld J. &
Cuypers A. (2009) Biological effects and oxidative stress related responses induced in
Arabidopsis thaliana following exposure to uranium and cadmium. In preparation.
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Abstract

At contaminated sites, uranium always occurs in combination with other
stressors such as heavy metals or radionuclides. Previous studies have already
indicated that toxicity effects in a multiple stressor situation can differ from the
individually induced effects. When aiming to better evaluate the environmental
uranium impact, this multiple stressor context should not be neglected. In this
study, toxicity effects in plants of uranium in a binary pollution condition were
investigated by studying biological responses and unraveling oxidative stress
related mechanisms in Arabidopsis thaliana seedlings, grown on hydroponics and
exposed for 3 days to 10 gM uranium in combination with 5 yM cadmium. While
uranium mostly accumulated in the roots with very low root-to-shoot transport,
cadmium was less taken up by the roots but with higher translocation to the
shoots. Under mixed exposure, cadmium highly influenced uranium uptake but
not the other way round resulting in a doubled uranium concentration in the
roots. Under our mixed exposure conditions, it is clear that micronutrient
concentrations in the roots are strongly influenced by addition of cadmium as a
second stressor, while leaf macronutrient concentrations are mostly influenced
by uranium. Oxidative stress related responses on the other hand are highly
affected by cadmium while uranium influence is more limited. Hereby, an
important role was attributed to the ascorbate redox balance together with
glutathione as both metabolites, but more explicitly for ascorbate, increased
their reduced form, indicating an important defense and regulatory function.
While for roots, based on an increase in FSD1 gene expression, oxidative stress
was suggested to be superoxide induced, in leaves on the other hand, hydrogen
peroxide related genes were mostly altered.
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8.1 Introduction

As primordial radionuclide and heavy metal, uranium can be found naturally in
all environmental matrices with soil concentrations of 0.3-11.7 mg kg! and
ground and surface water concentrations of 3x1073-2 ug I’ (Bleise et al., 2003).
Uranium can be redistributed due to various anthropogenic activities such as the
mining, processing and waste storage of uranium containing ores and minerals
and as an important waste product in the phosphate industry, causing uranium
contamination at several industrial sites throughout the world (Vandenhove,
2002). At these polluted areas uranium always occurs in combination with other
radioactive elements such as 23*Th and ?**Ra and non-radioactive contaminants
such as cadmium, zinc and copper. Information on uranium toxicity effects in
plants is rather scant but previous studies already described important uranium
toxicity effects on growth, development and plant nutrition and suggested an
important role for the cellular redox balance as a modulator under uranium
stress (Charles et al., 2006; Vandenhove et al., 2006; Vanhoudt et al., 2008).
But as previous studies already indicated that effects induced in a multiple
stressor situation can markedly deviate from the individually induced effects
(Chaoui et al., 1997; Charles et al., 2006; Mittler, 2006) and when aiming to
evaluate uranium toxicity effects in an environmentally more relevant situation,
this multiple pollution context should not be neglected and uranium induced
effects also need to be studied in a multiple stressor situation.

Cadmium is a heavy metal omnipresent in the environment with an average
concentration of 0.2 mg kg™ in the earth's crust and < 0.1 ug I'! in river water.
It is an element associated with several ores and it can occur as an impurity in
phosphate minerals. Cadmium induced effects in plants are well documented
and besides studies reporting cadmium induced morphological and physiological
alterations, oxidative stress is also suggested as an important modulator under
cadmium stress (Semane et al., 2007; Van Belleghem et al., 2007; Smeets et
al., 2008; Hasan et al., 2009).

An early oxidative burst, characterized by an elevated ROS production, can be
one of the first stress response mechanisms in plant cells, potentially being an
alarm signal to alert plant metabolism and gene expression for possible
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modifications (Foyer et al., 1994). Herewith, plasma membrane related NADPH
oxidases, together with apoplastic superoxide dismutase (SOD), are an
important source of oxidative burst related superoxide and hydrogen peroxide
production (Dat et al., 2000; Bhattacharjee, 2005). Reactive oxygen species
(ROS) can interact with various macromolecules causing important cellular
damage such as lipid peroxidation and interfere with normal cell metabolism.
Besides being directly induced by ROS, lipid peroxidation can also be initiated by
lipoxygenases (LOX) which are known to initiate the formation of oxylipins that
can function as signaling molecules under stress situations (Porta & Rocha-Sosa,
2002). In addition, although ROS are toxic byproducts of aerobic metabolism
and hence produced under normal circumstances, a role as signaling molecules
has been ascribed to ROS. They are involved in the regulation of biological
processes such as development and defense pathways and multiple studies
demonstrate their enhanced production under stress conditions (Dat et al.,
2000; Mittler et al., 2004).

To protect plant cells against ROS induced damage but to allow signaling
functions, plants dispose of several enzymes and metabolites making up the
antioxidative defense system. SOD's, catalyzing the conversion of superoxide
into hydrogen peroxide, together with hydrogen peroxide scavenging enzymes
such as catalases (CAT) and peroxidases (PX) and the ascorbate-glutathione
pathway with its specific enzymes and metabolites, are known to hold important
functions under uranium, cadmium and other heavy metal stress (Weckx &
Clijsters, 1996; Cuypers et al., 2001; Smeets et al., 2005; Razinger et al.,
2008; Vanhoudt et al., 2008).

This study aimed to further evaluate the impact of uranium on the environment
in a binary pollution situation by studying biological responses and unraveling
oxidative stress related mechanisms in Arabidopsis thaliana plants exposed to

uranium in combination with cadmium.
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8.2 Materials and methods

8.2.1 Plant culture and uranium-cadmium contamination

Arabidopsis thaliana seeds (Columbia ecotype) were spread on moist filter paper
at 4 °C for 3 days to synchronize germination. Subsequently, the seeds were
sown on plugs from 1.5 ml polyethylene centrifuge tubes filled with 2 % agar
(Difco). The plugs were positioned in a PVC cover capable of holding 36 plugs.
Next, the cover was placed on a container filled with 1.35 | of a modified
Hoagland solution (macro elements without phosphate: 1/10 diluted, phosphate
solution: 1/20 diluted, micro elements: 1/10 diluted and iron solution: 1/10
diluted). Plants were grown in a growth chamber (Microclima 1000E, Snijders
Scientific B.V.) under a 14 h photoperiod (photosynthetic photon flux density of
200 pmol m2 s at the leaf level, supplied by Sylvania BriteGro F36WT8/2084
and F36WT8/2023), with day/night temperatures of 22 °C/18 °C and 65 %
relative humidity.

Subsequently, 17-day-old plants were exposed for 3 days to 10 yM uranium, 5
MM cadmium or a combination of 10 pM uranium with 5 pM cadmium. These
concentrations were chosen to induce moderate effects on growth, nutrition and
oxidative stress related responses as identified from previous studies (chapter 4-
6; Smeets et al., 2008). Uranium was added to the nutrient solution as
UO,(NO3),.6H,0 (Sigma) and cadmium as 3CdS04.8H,0 (Merck). For all the
treatments, a modified Hoagland solution was used with 1/80 phosphate

solution as suggested by Vanhoudt et al. (2008).

8.2.2 Plant sampling and biometric measurements

Leaves and roots were harvested separately as £+ 100 mg samples, snap frozen
in liquid nitrogen and stored at -80 °C. Fresh weight of leaves and roots was

determined for at least 20 biological replicates.

Samples for nutrient and heavy metal analyses were dried for 1 week at 70 °C.
Leaves were rinsed with distilled water and roots were washed twice for 10 min
with 1 mM Pb(NOs), at 4 °C and once for 10 min with distilled water. At least 5

biological replicates were harvested for element determinations.
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8.2.3 Nutrient, uranium and cadmium concentrations

After dry-ashing using a muffle furnace, dried plant material was digested in 0.1
M HCI for determination of several nutrients, uranium and cadmium. Copper,
iron, manganese, zinc, uranium and cadmium concentrations were determined
using inductively coupled plasma mass spectrometry (ICP-MS, Perkin-Elmer,
Elan 5000 using a cross flow nebulizer and a ryton spray chamber). Standards
for copper, iron, manganese, zinc and cadmium were prepared shortly before
analysis from 1000 g I elemental standards (Spex Certiprep) by sequential
dilution with 18.2 MQ water from a water purification system (MilliQ water from
Millipore) and nitric acid (65 %, pro analyse grade, VWR). Calibration curves for
uranium were obtained using uranium standard solutions (0-10 ug I'!) prepared
from the elemental standard SPEX solution (SPEX Industries Inc.). A specific
activity of 12436 Bg g for 2°8U was considered (Joint Evaluated File (JEF)
version 2.2, OECD/NEA Data Bank, Paris, France). The concentrations of
calcium, potassium and magnesium were determined using suppressed ion
chromatography (HPIC, Dionex, ICS-2500 using a CS12-A cation exchange
column with guard column, a CSRS-Ultrall self-regenerating suppressor and an
ED50A electrochemical detector). Standards for the elements were prepared
shortly before analysis from 1000 g I'! ion chromatography standards (Fluka) by
sequential dilution with 18.2 MQ water (MilliQ water from Millipore).

8.2.4 Lipid peroxidation

Thiobarbituric acid (TBA) reactive compounds (mainly malondialdehyde) were
used as measure of lipid peroxidation in Arabidopsis thaliana leaves. Leaf tissue
(£ 100 mg) was homogenized with 2 ml 0.1 % TCA (trichloroacetic acid) using a
mortar and pestle. After centrifugation for 10 min at 20000 x g, 0.5 ml of the
supernatant was added to 2 ml 0.5 % TBA. This mixture was heated for 30 min
at 95 °C and quickly cooled in an ice bath. After centrifugation for 10 min at
20000 x g, the absorbance of the supernatant was measured spectro-
photometrically at 532 nm and corrected for unspecific absorbance at 600 nm
according to Dhindsa et al. (1981).
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8.2.5 Enzyme capacities

Frozen leaf or root tissue (+ 100 mg) was homogenized in ice cold 0.1 M Tris-HClI
buffer (pH 7.8) containing 1 mM EDTA, 1 mM dithiotreitol and 4 % insoluble
polyvinylpyrrolidone (2 ml buffer 100 mg™? FW) using a mortar and pestle. The
homogenate was squeezed through a nylon mesh and centrifuged at 20000 x g
and 4 °C for 10 min. The enzyme capacities, i.e. potential activity measured in
vitro under non-limiting reaction conditions, were measured

spectrophotometrically in the supernatant at 25 °C.

Guaiacol peroxidase (GPX) and syringaldazine peroxidase (SPX) capacities were
measured at 436 nm and 530 nm according to Bergmeyer et al. (1974) and
Imberty et al. (1984) respectively. Ascorbate peroxidase (APX) capacity was
measured at 298 nm following the method of Gerbling et al. (1984). Analysis of
superoxide dismutase (SOD) capacity was based on the inhibition of cytochrome
c at 550 nm according to McCord & Fridovich (1969). Analysis of the capacities
of glutathione reductase (GR) and catalase (CAT) were performed as described
by Bergmeyer et al. (1974).

8.2.6 Gene expression analyses

Frozen leaf or root tissue (+ 100 mg) was ground thoroughly in liquid nitrogen
using a mortar and pestle. RNA was extracted using the RNeasy Plant Mini Kit
(Qiagen). The RNA quantity was determined spectrophotometrically at 260 nm
(Nanodrop, Isogen Life Science). The RNA quality was checked
electrophoretically using the Bioanalyzer (Agilent Technologies). Before cDNA
synthesis, the RNA sample was incubated during 2 minutes in gDNA wipeout
buffer at 42 °C in order to effectively eliminate genomic DNA. First strand cDNA
synthesis was primed with a combination of oligo(dT)-primers and random
hexamers according to the manufacturer's instructions using the QuantiTect
Reverse Transcription Kit (Qiagen) and equal amounts of starting material were
used (1 pg). Quantitative Real-Time PCR was performed with the 7500 Fast
Real-Time PCR System (Applied Biosystems), using Sybr Green® chemistry.
Primers used for gene expression analyses are given in table 8.1. PCR

amplifications were performed in a total volume of 10 ul containing 2.5 pyl cDNA
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sample, 5 ul Fast Sybr Green® Master Mix (Applied Biosystems), 0.3 ul forward

primer, 0.3 pl reverse primer and 1.9 yl RNase-free H,0.

Gene expression data were normalized against multiple housekeeping genes
(At2g28390, At5g08290, At5g15710, UBQ10) according to Vandesompele et al.

(2002) and presented relative to the control treatment.

Table 8.1 - Forward and reverse primers used in gene expression analysis

Gene Forward primer Reverse primer

At2g28390 AACTCTATGCAGCATTTGATCCACT TGATTGCATATCTTTATCGCCATC
At5g08290 TTACTGTTTCGGTTGTTCTCCATTT CACTGAATCATGTTCGAAGCAAGT
At5g15710 TTTCGGCTGAGAGGTTCGAGT GATTCCAAGACGTAAAGCAGATCAA
APX1 TGCCACAAGGATAGGTCTGG CCTTCCTTCTCTCCGCTCAA

CAT1 AAGTGCTTCATCGGGAAGGA CTTCAACAAAACGCTTCACGA
CAT2 AACTCCTCCATGACCGTTGGA TCCGTTCCCTGTCGAAATTG

CAT3 TCTCCAACAACATCTCTTCCCTCA GTGAAATTAGCAACCTTCTCGATCA
CsD1 TCCATGCAGACCCTGATGAC CCTGGAGACCAATGATGCC

CsD2 GAGCCTTTGTGGTTCACGAG CACACCACATGCCAATCTCC

CsSD3 GTTGTTGTGCATGCGGATCC CACATCCAACTCTCGAGCCTG
FSD1 CTCCCAATGCTGTGAATCCC TGGTCTTCGGTTCTGGAAGTC
FSD2 TTGGAAAGGTTCAAGTCGGCT CATTTGCAACGTCAAGTCTATTCG
FSD3 AACGGGAATCCTTTACCCGA TGTCTCCACCACCAGGTTGC

GR1 CTCAAGTGTGGAGCAACCAAAG ATGCGTCTGGTCACACTGC

MSD1 ATGTTTGGGAGCACGCCTAC AACCTCGCTTGCATATTTCCA
LOX1 TTGGCTAAGGCTTTTGTCGG GTGGCAATCACAAACGGTTC

LOX2 TTTGCTCGCCAGACACTTG GGGATCACCATAAACGGCC
RBOHC TCACCAGAGACTGGCACAATAAA GATGCTCGACCTGAATGCTC
RBOHD TATGCATCGGAGAGGCTGCT TAGAGACAACACGTTCCCGGG
RBOHF GGTGTCATGAACGAAGTTGCA AATGAGAGCAGAACGAGCATCA
UBQ10 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT

8.2.7 Metabolite concentrations

Ascorbate and glutathione concentrations in Arabidopsis thaliana roots were
determined by HPLC analysis. Therefore approximately 100 mg tissue was
ground thoroughly in liquid nitrogen using a pre-cooled mortar and pestle. When
a homogenous powder was obtained, 1 ml of ice cold 6 % (w/v) meta-
phosphoric acid was added and the mixture was clarified by centrifugation at
20000 x g and 4 °C for 10 minutes. The resulting supernatant was kept frozen

until HPLC analysis. Antioxidants were separated on a 100 mm x 4.6 mm Polaris
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C18-A reversed phase HPLC column (3 um particle size, 30 °C, Varian, CA USA)
with an isocratic flow of 1 ml min™ of the elution buffer (25 mM K/PO,-buffer, pH
3.0). The components were quantified using a home-made electrochemical
detector with glassy carbon electrode and a Scott pt 62 reference electrode
(Mainz, Germany). The purity and identity of the peaks were confirmed using a
diode array detector (SPD-M10AVP, Shimadzu, Hertogenbosch, Netherlands)
which was placed on line with the electrochemical detector. The concentrations
of oxidized DHA (dehydroascorbate) or GSSG (glutathione disulphide) were
measured indirectly as the difference between the total concentration of
antioxidants in a DTT (dithiothreitol) reduced fraction and the concentration in a
sample prior to reduction. Reduction of the sample was obtained by incubation
of an aliquot of the extract in 400 mM Tris and 200 mM DTT for 15 minutes in
the dark. The pH of this mixture was checked to be between 6.0 and 7.0. After
15 minutes, the pH was lowered again by 4-fold dilution in elution buffer prior to

HPLC analysis.

8.2.8 Statistical analyses

Statistical analyses were performed using an ANOVA test in SAS 9.1 (Neter et
al., 1996). The ANOVA test was performed separately for leaves and roots. Mean
values for the different treatments were compared using Tukey's multiple
comparison tests. Transformations were applied when necessary to approximate
the assumptions of normality and same error variance. Data presented are

mean values + standard error (S.E.).

8.3 Results and discussion

As previous studies indicated that effects induced by single stressors can differ
markedly with those induced under mixed exposure conditions (Charles et al.,
2006; Mittler, 2006), the influence of a second contaminant on uranium induced
toxicity effects and response mechanisms in plants was investigated in this
study. Therefore, 17-day-old Arabidopsis thaliana seedlings were exposed for 3
days to 10 pM uranium, 5 gM cadmium or simultaneously to both stressors.
While in general toxicity effects were visible under both heavy metals applied, a
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distinction can be made between nutrient composition induced effects and

oxidative stress related responses for the metal inducing the effects.

8.3.1 Growth responses and nutrient profile

At the concentrations applied and exposure time studied, leaf growth remained
unaffected by heavy metal exposure while in roots very small alterations were
already visible. While the single stressors did not reduce root growth, root fresh
weight was significantly decreased for plants exposed to both stressors in
comparison with the uranium exposed plants (figure 8.1).
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Figure 8.1 - Fresh weight of leaves and roots of Arabidopsis thaliana seedlings exposed for 3 days to 10
MM uranium, 5 gM cadmium or a combination of both. Data represent the mean + S.E. of 20 biological
replicates. Different letters indicate significant differences in fresh weight between the treatments for
leaves and roots separate (p < 0.05).

As a measure for membrane damage induced directly by heavy metal presence
or indirectly by ROS, the amount of TBA reactive compounds was determined in
Arabidopsis thaliana leaves but no alterations were observed between the
different treatments (results not shown). Previously described results indicate
that heavy metal exposed Arabidopsis thaliana leaves remain unaffected at
morphological level and seem to cope well these first 3 days following exposure
to the applied heavy metal concentrations. Roots are directly exposed to high
concentrations of the heavy metals applied and hence toxicity effects are already
seen in roots after 3 days of exposure to a combination of uranium and
cadmium. Although we assumed to see already minor root growth reduction
effects for the applied single stressor concentrations (chapter 4-6; Van
Belleghem et al., 2007; Smeets et al., 2008), 10 pgM uranium and 5 pM
cadmium were probably borderline to induce any macroscopic effects after 3
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days. Three days exposure to both stressors simultaneously on the other hand
showed a discrete start of growth reduction (figure 8.1).

When applied as a single stressor, uranium was readily taken up from the
nutrient solution but mostly retained in the roots as the root-to-shoot transfer
factor was very low (table 8.2 & 8.3). This was in general agreement with
previous studies which reported that uranium mainly accumulates in the roots
with limited transfer to the shoots even though differences in uranium uptake
and distribution are plant species and age dependent (Shahandeh & Hossner,
2002; Singh et al., 2005; Vandenhove et al., 2006; Vanhoudt et al., 2008). Ebbs
et al. (1998) reported that the uranyl ion, generally among the most abundant
uranium species around pH 5.5, is the form most readily taken up and
transferred to the shoots by plants and can compete with Ca?* and Mg?* for
their binding sites (Nieboer & Richardson, 1980). Cadmium as a single stressor
on the other hand was less taken up by the roots than uranium, but was, due to
a higher root-to-shoot transfer factor, more present in the shoots than uranium
(table 8.2 & 8.3). Cadmium also accumulated more in the roots as compared to
the shoots which is in general agreement with other studies (Hernandez et al.,
1996; Zhu et al., 2004; Smeets et al., 2008). Cadmium is known to be easily
transported within plants in the form of metallo-organic complexes but the
mechanisms are complex as was reviewed by Hasan et al. (2009). When
uranium exposed plants were simultaneously exposed to cadmium, a boost in
uranium uptake by the roots was observed as its concentration almost doubled
which was also observed in the leaves (table 8.2 & 8.3). Cadmium
concentrations in the mixed exposed plants remained unchanged as compared
to the single stressor exposed plants (table 8.2 & 8.3). An et al. (2004) reported
that the bioaccumulation of a single metal (cadmium, copper or lead) in
Cucumus sativus was influenced by the presence of other metals resulting in
inhibited or enhanced bioaccumulation of one metal in the mixture, but the
bioaccumulation pattern in mixtures was not always consistent with plant growth
responses. In our study it is shown that cadmium influences uranium uptake but
not the other way round. Although the mechanism by which these heavy metals
interfere is unknown, we hypothesized that this interesting observation could be
due to an alteration in uranium speciation, following application of cadmium. It

was found that addition of cadmiumsulfate may induce subtle increases in the
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pH of the nutrient medium (Horemans & Raeymaekers, personal
communication). We hypothesize that a subtle increase in cadmium induced pH
can enhance the uranium concentration in the roots as previously shown by
Ebbs et al. (1998).

Table 8.2 - Nutrient, uranium and cadmium concentrations in roots of 17-day-old Arabidopsis thaliana
seedlings exposed for 3 days to 10 M uranium, 5 gM cadmium or a combination of both (U + Cd).

ROOTS
Control Uranium Cadmium U+ Cd

B Ca 0.65+0.22* 1.64+0.29° 1.32+0.14° 1.79+0.278
'3 E K 6.48+0.58" 6.24+0.51% 5.52+0.83" 8.29+1.10%
E ° Mg 1.48+0.174 1.35+0.05* 1.41+0.06* 1.21+0.04*

Cu 7.05+0.47% 9.46+0.24° 20.22+1.17¢ 14.55+0.33P
— Fe 1368.0+66.0* 1480.7+46.3* 1937.1+86.9° 1823.6+26.2°
% Mn 289.16+13.10" 315.74+18.86" 15.47+1.07" 32.09+1.41¢
o Zn 97.63+4.34" 109.67+4.998 125.13+6.51° 91.80+3.24*
g U n.d. 5950.0+136.8* 1.00+0.05° 10679.1+705.9¢

Cd 19.05+9.30% n.d. 937.8+41.28 855.4+19.78

Data represent the mean + S.E. of 5 biological replicates. Different letters indicate significant
differences between the treatments (p < 0.05).

Table 8.3 - Nutrient, uranium and cadmium concentrations in leaves of 17-day-old Arabidopsis thaliana
seedlings exposed for 3 days to 10 yM uranium, 5 uM cadmium or a combination of both (U + Cd).

LEAVES
Control Uranium Cadmium U+ Cd
. Ca 25.01+1.10° 29.24+1.05° 25.29+0.772 31.01+1.09°
g 3 K 27.17+1.04° 30.99+0.61° 31.32+0.85° 33.58+0.24°
[a]

E Mg 6.36+0.24° 7.25+0.21°¢ 6.66+0.27%° 8.07+0.26°

Cu 6.10+0.15% 5.26+0.27° 6.12+0.27° 6.08+0.46°

g Mn 56.94+2.922 50.61+1.37%° 47.07+0.78° 49.83+1.20°

- Zn 32.74+2.87° 30.32+0.997 29.13+0.43° 33.53+0.94°
o

g U n.d. 1.11+0.18° n.d. 2.99+0.14°

- cd n.d. n.d. 138.2417.9° 253.7+47.22

Data represent the mean + S.E. of 5 biological replicates. Different letters indicate significant
differences between the treatments (p < 0.05).

Uranium, cadmium and other heavy metals are known to compete with the
uptake via transmembrane carriers and transport of essential nutrients in plants
thereby disturbing their mineral nutrition (Hernandez et al. 1996; Das et al.,
1997; di Toppi & Gabbrielli, 1999). Therefore concentrations of several macro-
and micronutrients were determined for all treatments. Although no alterations
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in potassium and magnesium concentrations in Arabidopsis thaliana roots were
noticed, calcium uptake seemed to be stimulated by single heavy metal
presence as all treatments caused a significant enhancement in calcium
concentrations (table 8.2). The latter observation was in agreement with a
previous study for uranium by Sela et al. (1988), showing an increased calcium
concentration in uranium exposed Azolla roots and a cadmium study by Smeets
et al. (2008) reporting a cadmium induced calcium increase in Arabidopsis
thaliana roots. When uranium exposed roots were simultaneously exposed to
cadmium, the enhanced calcium concentration was similar with the one
observed for uranium or cadmium as single stressors (table 8.2). Minor
alterations in the root micronutrients were observed for zinc- and iron
concentrations that increased following cadmium exposure, which was found
again for iron in the mixed stressor exposed roots (table 8.2). Copper was
already significantly increased after uranium exposure but was much more
elevated following cadmium exposure. The rise in uranium induced copper
content was further stimulated by simultaneous exposure to cadmium, although
the level of increase caused by the latter contaminant applied as a single
stressor could not be reached (table 8.2). While no alterations were observed in
manganese concentrations following uranium exposure, cadmium presence
caused a large fall back in manganese content which could be found again under
the mixed exposure condition (table 8.2). The latter observation was in
agreement with Hernandez et al. (1996) who observed a cadmium induced
manganese decrease in Pisum sativum roots exposed for 15 days to 1.5-6.0 mg
It cadmium. In general in the roots, at the level of macronutrients, the mixed
exposure used in this study did not influence their contents in comparison with
exposure to the single stressors. Concerning the micronutrient concentrations,
they are strongly influenced by the addition of cadmium as a second stressor,

especially manganese or even uranium itself.

The alterations observed in nutrient concentrations in the leaves are only minor
and although uranium is less represented than cadmium in the leaves,
responses are mostly influenced by uranium. This can be illustrated by an
observed increase in calcium and magnesium concentrations following uranium
exposure that was again found under mixed exposure conditions (table 8.3). The

increase in calcium concentrations can be correlated with the observed increase
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in the roots. Despite the large decrease observed in manganese concentrations
in the roots following cadmium and mixed exposure, only a minor decrease in
manganese content was observed for the leaves (table 8.3). While Smeets et al.
(2008) reported significant decreases in nutrient concentrations in Arabidopsis
thaliana leaves following exposure to 20 pM cadmium for 1 day, possibly
indicating that cadmium affects xylem loading and 20 pyM cadmium is highly
toxic, exposure to lower cadmium concentrations did not affect the nutrient

profile in Arabidopsis thaliana leaves as is in correspondence with our results.

8.3.2 Oxidative stress related responses

Capacities of several enzymes related to the antioxidative defense system in
plant cells were analyzed to investigate their importance under binary heavy
metal stress. In general, almost no alterations were observed in enzyme
capacities for SOD, CAT, SPX, GPX and GR in uranium and cadmium exposed
Arabidopsis thaliana leaves and roots (table 8.4). Therefore, it can be concluded
that at the metal concentrations applied and exposure time used, plants cope
well under heavy metal presence and do not show signs of oxidative stress on

the protein level of the enzymatic antioxidative defense mechanism.

Table 8.4 - Antioxidative enzyme capacities [U g* FW] in leaves and roots of 17-day-old Arabidopsis
thaliana seedlings exposed for 3 days to 10 pM uranium, 5 M cadmium or a combination of both
stressors (U + Cd)

Enzyme capacity [U g* FW]

APX CAT GPX GR SOD SPX

Control | 23.0:2.1° 0.70£0.04® 1.85:0.16° 1.99:0.08° 66.5:5.9° 2.90:0.49°
8 Uranium | 28.7+1.2°  0.770.04° 1.55:0.13° 2.27:0.15° 64.8t6.5° 2.02:0.30°
E Cadmium | 26.4+1.5° 0.58+0.04° 1.94:0.35° 1.68+0.23° 92.1:5.4° 3.46:0.60°
- U+cCd | 23.8£1.3'  0.58+0.02° 1.54:0.15° 2.03%0.13° 76.7+9.3°  2.86+0.52°
Control | 3.4:0.4%  0.14+0.02"  22.6:2.6* 0.48:0.07" 66.8+4.1% 12.2+1.2°
0 Uranium | 3.9:0.6*  0.160.01"  26.2:+2.1* 0.55:0.08" 73.5:7.4"  12.9:2.8"
§ Cadmium | 14.7+2.0° 0.17+0.01*  30.0:+3.5* 0.64+0.10° 69.2:9.7%  11.6:3.2"
U+cCd | 7.5:2.4"®  0.18:0.01*  32.6:3.5° 0.72:0.07* 74.9:9.3* 14.2:2.7*

Data represent the mean + S.E. of 5 biological replicates. Different letters indicate significant
differences between the treatments for leaves (small letters) and roots (capital letters) (p < 0.05).

The only indication to assume a moderate distress is the observed significant

enhancement in APX capacity in the roots following cadmium exposure that also
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causes a small, yet not significant, increase in APX capacity in the roots after
mixed exposure (table 8.4). In addition, ascorbate and glutathione
concentrations were determined to further unravel the role of the ascorbate-
glutathione pathway under mixed contamination. These results are in
accordance with the APX capacities as in roots the total ascorbate concentration
significantly increased after cadmium and mixed exposure conditions. This
increase was due to a significant increase of reduced ascorbate and a steady
state level of the oxidized form (table 8.5). These results show that the
ascorbate redox balance can be maintained and increased in roots under
cadmium stress indicating that roots are fully able to react and defend
themselves against cadmium induced oxidative stress. Cadmium, applied in a
single or mixed exposure context, caused also in the leaves a significant
increase in reduced ascorbate, together with a significant decrease in the
oxidized form, but with no alterations in the total ascorbate pool (table 8.5). As
also here the ascorbate redox balance can be maintained or increased, these
results also support a positive situation in which leaves are able to activate the

antioxidative defense system in response to cadmium stress.

Table 8.5 - Ascorbate and glutathione concentrations [nmol g FW] in leaves and roots of Arabidopsis
thaliana seedlings exposed for 3 days to 10 uyM uranium, 5 yM cadmium or a combination of both

Control Uranium Cadmium U+ Cd
AsA + DHA 4211+317° 4819+407° 4109+187° 4925+169°
AsA 1210+115° 1636+107° 2951+75° 3760+141°¢
a DHA 3001+260° 3068+470° 1158+199° 1164+70°
E GSH + GSSG 431+16° 615+60° 396+16° 497+15%
- GSH 318+9%° 385+25° 272+11° 365+20°
GSSG 1134232 230+72° 1234242 133+14°
AsA + DHA 638+44* 558+674 1018+37" 983+66°
AsA 539+36* 398+54* 885+45° 815+62°
ol DHA 99+23% 160+16* 1324234 168+10%
g GSH + GSSG 85+10* 65+94 62+5" 73+6%
GSH 24+6"8 14434 294418 37+18
GSSG 61+10" 51+8% 33+3% 37+6"

The total ascorbate concentration represents the reduced and oxidized forms (AsA: ascorbic acid =
reduced form; DHA: dehydroascorbate = oxidized form). The total glutathione concentration also
represents the reduced and oxidized forms (GSH: glutathione = reduced form; GSSG: glutathione
disulphide = oxidized form). Data represent the mean + S.E. of 5 biological replicates and different
letters indicate significant differences between the treatments for each metabolite separately (p <
0.05).
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While for glutathione concentrations no alterations were observed in the roots, a
decrease in GSH concentration was observed in cadmium exposed leaves
probably used for the complexation of cadmium (table 8.5) as was also
suggested by Semane et al. (2007). As uranium exposure caused an
enhancement in the total glutathione concentration, the glutathione pool was
probably sufficient for cadmium complexation under mixed conditions,
explaining GSH concentrations under mixed exposure remained unaltered (table
8.5). Results for the metabolite concentrations are in accordance with various
previous studies that also attribute an important role for the ascorbate-
glutathione pathway under cadmium and other heavy metal stress. Cuypers et
al. (2000) for instance also reported an increase of the ascorbate pool and
maintenance in its reduced form in Phaseolus vulgaris leaves at the beginning of
the 50 uM copper treatment. For Phaseolus vulgaris seedlings exposed to 50 uM
zinc, Cuypers et al. (2001) reported an increase in the total ascorbate pool in
leaves while in roots an overall oxidation of ascorbate occurred immediately
after zinc treatment. Although previous studies already indicated an important
role for the ascorbate redox balance in Arabidopsis thaliana leaves under
uranium exposure (chapter 6), results indicate that during mixed exposure
conditions used in our study, cadmium is the most important activator of the
ascorbate-glutathione pathway as cellular regulatory and defense mechanism.

Besides analyzing the importance of the antioxidative defense system on protein
level, we were interested in unraveling alterations occurring at transcriptional
level. Therefore, gene expression levels of some ROS producing enzymes
(lipoxygenases LOX1/2 and NADPH oxidases RBOHC/D/F), together with several
SOD and CAT isoforms (copper zinc SODs CSD1/2/3, iron SODs FSD1/2/3,
manganese SOD MSD1 and catalases CAT1/2/3) and enzymes of the ascorbate-
glutathione cycle (ascorbate peroxidase APX1 and glutathione reductase GR1),
were analyzed in roots (figure 8.2) and leaves (figure 8.3). In general, on
transcriptional level, and in accordance with protein and metabolite levels,
toxicity effects under mixed exposure conditions used in our study were again

mostly influenced by cadmium.
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Figure 8.2 - Gene expression levels for Arabidopsis thaliana roots exposed for 3 days to 10 uM uranium,
5 UM cadmium or a combination of both. Transcript levels were determined for ROS-producing enzymes
(A), 0, scavenging enzymes (SOD isoforms) (B) and H,0, scavenging enzymes and enzymes related
to the ascorbate-glutathione pathway (C). Transcript levels are expressed relative to the control
treatment and represent the mean + S.E. of 4 biological replicates. Different letters indicate significant
differences between the treatments for each gene separately (p < 0.05). "The statistical identification
letter for the control treatment of LOX2 is AB.

In Arabidopsis thaliana roots, LOX1 transcript levels were significantly up-
regulated under uranium and cadmium mixed exposure (figure 8.2A). This could
indicate that an increase in lipid peroxidation can be expected, resulting in
membrane damage but also resulting in more precursors for signaling molecules
such as jasmonates. A strong increase in LOX1 transcript levels in 1 day
cadmium exposed Arabidopsis thaliana roots was reported by Smeets et al.
(2008). When investigating gene expression of several SOD isoforms, located at
various cellular compartments, a decrease in CSD2 transcript levels in the roots
was present under cadmium and mixed exposure which was again in accordance
with Smeets et al. (2008) and other previous cadmium experiments (Cuypers,
personal communication). For SOD isoforms in general, a significant decrease
was observed for CSD1, CSD2 and FSD2 transcript levels after mixed exposure

while a significant increase for FSD1 transcript levels was present following
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mixed exposure (figure 8.2B). The latter observation was also in accordance
with Smeets et al. (2008) who reported a significant up regulation of FSD1
transcript levels in cadmium exposed Arabidopsis thaliana roots. The increase in
FSD1 expression can, as superoxide scavenger, indicate an enhanced superoxide
induced oxidative stress level in the roots. As in enzyme activity no change in
total SOD capacity was observed, the increase in FSD1 could compensate for the
decrease in CSD1, CSD2 and FSD2 transcript levels. While a significant decrease
in CAT1 following cadmium exposure and CAT2 following cadmium and mixed
exposure was observed, gene expression of CAT3, APX1 and GR1 remained
unaltered in heavy metal exposed roots (figure 8.2C). The CAT2 down regulation
was shown to be an initial step in producing an elevated hydrogen peroxide level
in the regulatory mechanism during senescence (Zimmermann et al., 2006)
indicating cadmium can induce early senescence as was suggested by Cuypers
et al. (submitted).

For Arabidopsis thaliana leaves in general, transcript levels for all genes studied
and most treatments were down regulated (figure 8.3). When considering the
ROS producing enzymes, lipoxygenases (LOX1/2), initiating lipid peroxidation
and forming precursors of signaling molecules, were down regulated for all
treatments and for different NADPH oxidase isoforms (RBOHC/D/F), related to
an early oxidative burst, transcript levels of RBOHD were significantly decreased
following all treatments (figure 8.3A). In contrast to the present results, an early
oxidative burst was seen in Arabidopsis thaliana seedlings exposed to cadmium
for 24 hours (Smeets et al., 2008). The significantly down-regulation of CSD1
and CSD2 transcript levels in leaves after uranium and cadmium exposure
(figure 8.3B) was also observed in previous experiments (chapter 6; Smeets et
al., 2008). This decrease was even more pronounced after exposure to the
combination of uranium and cadmium (figure 8.3B). These results together with
the decrease in expression levels for other SOD isoforms suggest oxidative
stress caused by cadmium or uranium is probably not due to superoxide in the
leaves. Concerning the gene expression of hydrogen peroxide scavenging
enzymes (figure 8.3C), the transcript levels were all down-regulated under
cadmium and binary exposure. This observation is in accordance with the

decrease in the DHA/AsSA ratio under cadmium and binary exposure (table 8.5).
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Under these circumstances, the antioxidative capacity of the leaves is sufficient
to cope with the induced stress.
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Figure 8.3 - Transcript levels for Arabidopsis thaliana leaves exposed for 3 days to 10 uM uranium, 5
MM cadmium or a combination of both. Gene expression levels were determined for ROS-producing
enzymes (A), O, scavenging enzymes (SOD isoforms) (B) and H,0, scavenging enzymes and enzymes
related to the ascorbate-glutathione pathway (C) and expressed relative to the control treatment.

Values represent the mean + S.E. of 4 biological replicates. Different letters indicate significant
differences between the treatments for each gene separately (p < 0.05).

8.3.3 Conclusions

When both stressors, uranium and cadmium, are simultaneously applied,
cadmium highly influences uranium uptake but not the other way round. Under
the mixed exposure conditions used in this study, it is clear that micronutrient
concentrations in the roots are strongly influenced by addition of cadmium as a
second stressor, while leaf macronutrient concentrations are mostly influenced

by uranium.

Oxidative stress related responses under our mixed exposure conditions, are
highly affected by cadmium while uranium influence is more limited. The
decrease in the DHA/AsA ratio, similar as under cadmium presence, indicated

that Arabidopsis thaliana seedlings were able to maintain their cellular redox
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balance and defend themselves against the induced stress. While for roots,
oxidative stress was suggested to be superoxide induced, in leaves on the other

hand, hydrogen peroxide related genes were mostly altered.

The observed effects suggest that heavy metals influence each other on an
additive, antagonistic or synergetic manner, but further research is needed to

identify these responses.
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Chapter 9

The combined effect of uranium and gamma
radiation on biological responses and
oxidative stress induced in Arabidopsis
thaliana

Vanhoudt N., Vandenhove H., Horemans N., Wannijn J., Van Hees M., Vangronsveld J. &
Cuypers A. (2009) The combined effect of uranium and gamma radiation on biological
responses and oxidative stress induced in Arabidopsis thaliana. In preparation.
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Abstract

To evaluate the combined effect of uranium and gamma radiation on growth,
nutrient uptake and oxidative stress, 18-day-old Arabidopsis thaliana seedlings
were exposed for 3 days to 10 yM uranium and ~3.5 Gy gamma radiation as
single stressors and in combination. Gamma radiation interfered with uranium
uptake and translocation, resulting in a decreased uranium concentration in the
roots, but with higher transport to the leaves. This decreased uranium root
concentration resulted in a better root growth while the increased leaf lipid
peroxidation under mixed exposure could be correlated with the higher uranium
concentration in the shoots. For the roots, uranium and gamma radiation worked
together to cause nutrient decreases under mixed exposure. Nutrient alterations
in the leaves on the other hand were mostly induced by uranium under mixed
exposure. For the oxidative stress related responses in the roots, alterations on
gene expression level under uranium stress were mostly reinforced by gamma
radiation. For leaves, gene expression effects under uranium stress were either
reinforced or counteracted by simultaneous gamma irradiation. Furthermore, an
important role is suggested for CAT1/2/3 gene expression under uranium and

mixed stress conditions in the leaves.
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9.1 Introduction

Uranium is a naturally occurring radionuclide and heavy metal present in
minerals and sedimentary rocks but due to anthropogenic activities such as
uranium and metal mining and the phosphate industry, elevated uranium levels
can be found at various environmental sites (Vandenhove, 2002). Previous
studies have shown that uranium causes important alterations on plant growth
and development and oxidative stress seems an important response mechanism
under uranium stress (Vandenhove et al., 2006; Vanhoudt et al., 2008).
However uranium never occurs as a single pollutant in the environment, but
always in combination with other stressors such as ionizing radiation. As
previous studies already indicated that mixed contaminant effects can markedly
differ from the effects induced by the stressors individually (An et al., 2004;
Geras'kin et al., 2005; Mittler et al., 2006), this multiple pollution context should

not be neglected when evaluating the impact of uranium on the environment.

Besides the natural presence of ionizing radiation in the environment due to
cosmic radiation or naturally occurring radionuclides, previously described
anthropogenic activities can also enhance the environmental level of ionizing
radiation (Van der Stricht & Kirchmann, 2001). Gamma radiation, composed of
high energy photons, is an important type of ionizing radiation capable of
penetrating and interacting with plant or animal tissue. Although gamma
radiation can cause a decreased growth rate and reproduction capacity and
induce DNA damage and morphological changes in plants as reported by several
authors (Daly & Thompson, 1975; Kovalchuk et al., 1999; Zaka et al., 2004;
Kovalchuk et al., 2007; Wi et al., 2007), irradiation with low doses on the other
hand can stimulate growth as was reviewed by Sax (1954). These studies have
also indicated that the radiosensitivity of plants is dependent on the plant
species used and growth stage in which they are irradiated as younger plants
seem to be more sensitive due to their high proliferation rate. It has also been
assumed that the radiosensitivity is proportional with the size of the genome
indicating that plants with a very small genome are more radioresistant than
plants with a larger genome (Sparrow & Miksche, 1961).
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By energy transfer from the radiation field to plant tissue, ionizing radiation can
directly induce DNA strand breaks, lipid oxidation or enzyme denaturation.
Besides directly damaging macromolecules, reactive oxygen species (ROS) can
be generated during radiolysis of water, indirectly inducing cellular damage. As
ROS are also produced under natural metabolism, being toxic molecules, but
also functioning as signaling molecules regulating normal growth, development
and stress responses, plants possess an antioxidative defense system
comprising enzymes (e.g. superoxide dismutase (SOD) and catalase (CAT)) and
metabolites (e.g. ascorbate and glutathione) to regulate the amount of ROS in
cells (Mittler et al., 2004).

Previous studies already indicated an important role for the antioxidative
defense system under uranium and other heavy metal stress (Cuypers et al.,
2002; Vandenhove et al., 2006; Smeets et al., 2008; Vanhoudt et al., 2008)
and it could also be an important pathway under gamma radiation stress as was
suggested by several other authors (Wada et al., 1998; Zaka et al., 2002; Kim
et al., 2005; Nagata et al., 2005). Also for other types of non-ionizing radiation
(e.g. UV radiation, radiofrequency radiation), oxidative stress seems an
important modulator under radiation stress (Tkalec et al., 2007; Agrawal &
Mishra, 2009).

This study first aimed to investigate the combined effect of uranium and gamma
radiation on biological effects such as growth, development and the nutrient
profile in Arabidopsis thaliana leaves and roots. As previous studies indicated an
important role for oxidative stress as a response mechanism under both
stressors separately, secondly this study aimed to unravel oxidative stress
related responses under a combination of uranium and gamma radiation stress
in Arabidopsis thaliana leaves and roots. Whereas uranium is present in the
nutrient solution, readily taken up by plant roots and transported to the leaves,
complete Arabidopsis thaliana plants are exposed to a homogenous distributed
external gamma radiation field. Uranium and gamma radiation will consequently
differ in their site of action and probably also in their induced biological effects.
To investigate combined effects, 18-day-old Arabidopsis thaliana seedlings were
exposed for 3 days to 10 pM uranium, ~3.5 Gy gamma radiation or a
combination of both stressors and several endpoints such as growth, nutrient

profile, lipid peroxidation, antioxidative metabolite concentrations and protein
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and transcriptional levels of ROS producing and scavenging enzymes were

analyzed.

9.2 Materials and methods

9.2.1 Plant culture, uranium contamination and gamma irradiation

Arabidopsis thaliana seeds (Columbia ecotype) were spread on moist filter paper
at 4 °C for 3 days to synchronize germination. Subsequently, the seeds were
sown on plugs from 1.5 ml polyethylene centrifuge tubes filled with 2 % agar
(Difco). The plugs were positioned in a PVC cover capable of holding 36 plugs.
Next, the cover was placed on a container filled with 1.35 | of a modified
Hoagland solution (macro elements without phosphate: 1/10 diluted, phosphate
solution: 1/20 diluted, micro elements: 1/10 diluted and iron solution: 1/10
diluted). Plants were grown in a growth chamber (Microclima 1000E, Snijders
Scientific B.V.) under a 14 h photoperiod (photosynthetic photon flux density of
200 pmol m2 s at the leaf level, supplied by Sylvania BriteGro F36WT8/2084
and F36WT8/2023), with day/night temperatures of 22 °C/18 °C and 65 %

relative humidity.

Subsequently, 18-day-old plants were transferred to the irradiation unit of
SCKeCEN where they were divided into 4 groups, each receiving a different
treatment but all within environmental conditions similar as during the pre-
culture. The first group was exposed for 3 days to 10 uM uranium added to the
nutrient solution as UO,(NO3),.6H,0 (Sigma). This uranium concentration was
based on a previous experiment inducing 30 % root growth reduction for
Arabidopsis thaliana for 7 days (chapter 5). The second group of plants was
irradiated with gamma radiation from a !*’Cs source (1.25 x 102 Bq) during 3
days, receiving a total dose of ~3.5 Gy with an average dose rate of ~50 mGy h”
!, The selection of this dose was based on a previous experiment where 3 Gy
induced 30 % growth reduction for Arabidopsis thaliana when applied over a 7
week period (Vandenhove et al., in preparation). The third group was exposed to
10 pM uranium while irradiated with gamma radiation, also receiving a total
dose of ~3.5 Gy over a 3 days period. The fourth group was the unexposed
control group. For all groups, a modified Hoagland nutrient solution with a 1/80

152



diluted phosphate solution was used during the 3 days exposure as
recommended by Vanhoudt et al. (2008) to minimize uranium precipitation.

9.2.2 Plant sampling and biometric measurements

Leaves and roots were harvested separately as + 100 mg samples, snap frozen
in liquid nitrogen and stored at -80 °C. Fresh weight of leaves and roots was

determined for at least 20 biological replicates.

Samples for nutrient analyses were dried for 1 week at 70 °C. Leaves were
rinsed with distilled water and roots were washed twice for 10 min with 1 mM
Pb(NOs), at 4 °C and once for 10 min with distilled water. At least 5 biological

replicates were harvested for element determinations.

9.2.3 Uranium and nutrient concentrations

After dry-ashing using a muffle furnace, dried plant material was digested in 0.1
M HCI for determination of several nutrients and uranium. Copper, iron,
manganese, zinc and uranium concentrations were determined using inductively
coupled plasma mass spectrometry (ICP-MS, Perkin-Elmer, Elan 5000 using a
cross flow nebulizer and a ryton spray chamber). Standards for the nutrients
were prepared shortly before analysis from 1000 g I'! elemental standards (Spex
Certiprep) by sequential dilution with 18.2 MQ water from a water purification
system (MilliQ water from Millipore) and nitric acid (65 %, pro analyse grade,
VWR). Calibration curves for uranium were obtained using uranium standard
solutions (0-10 pg I!) prepared from the elemental standard SPEX solution
(SPEX Industries Inc.). A specific activity of 12436 Bg g for U was
considered (Joint Evaluated File (JEF) version 2.2, OECD/NEA Data Bank, Paris,
France). The concentrations of calcium, potassium and magnesium were
determined using suppressed ion chromatography (HPIC, Dionex, ICS-2500
using a CS12-A cation exchange column with guard column, a CSRS-Ultrall self-
regenerating suppressor and an ED50A electrochemical detector). Standards for
the elements were prepared shortly before analysis from 1000 g I ion
chromatography standards (Fluka) by sequential dilution with 18.2 MQ water

(MilliQ water from Millipore).
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9.2.4 Lipid peroxidation

Thiobarbituric acid (TBA) reactive compounds (mainly malondialdehyde) were
used as measure of lipid peroxidation in Arabidopsis thaliana leaves. Leaf tissue
(+ 100 mg) was homogenized with 2 ml 0.1 % TCA (trichloroacetic acid) using a
mortar and pestle. After centrifugation for 10 min at 20000 x g, 0.5 ml of the
supernatant was added to 2 ml 0.5 % TBA. This mixture was heated for 30 min
at 95 °C and quickly cooled in an ice bath. After centrifugation for 10 min at
20000 x g, the absorbance of the supernatant was measured spectro-
photometrically at 532 nm corrected for unspecific absorbance at 600 nm
according to Dhindsa et al. (1981).

9.2.5 Enzyme capacities

Frozen leaf or root tissue (+ 100 mg) was homogenized in ice cold 0.1 M Tris-HCI
buffer (pH 7.8) containing 1 mM EDTA, 1 mM dithiotreitol and 4 % insoluble
polyvinylpyrrolidone (2 ml buffer 100 mg™* FW) using a mortar and pestle. The
homogenate was squeezed through a nylon mesh and centrifuged at 20 000 x g
and 4 °C for 10 min. The enzyme capacities, i.e. potential activity measured in
vitro under non-limiting reaction conditions, were measured

spectrophotometrically in the supernatant at 25 °C.

Guaiacol peroxidase (GPX) and syringaldazine peroxidase (SPX) capacities were
measured at 436 nm and 530 nm according to Bergmeyer et al. (1974) and
Imberty et al. (1984) respectively. Ascorbate peroxidase (APX) capacity was
measured at 298 nm following the method of Gerbling et al. (1984). Analysis of
superoxide dismutase (SOD) capacity was based on the inhibition of cytochrome
c at 550 nm according to McCord and Fridovich (1969). Analysis of the
capacities of glutathione reductase (GR) and catalase (CAT) were performed as

described by Bergmeyer et al. (1974).

9.2.6 Gene expression analyses

Frozen leaf or root tissue (+ 100 mg) was ground thoroughly in liquid nitrogen
using a mortar and pestle. RNA was extracted using the RNeasy Plant Mini Kit
(Qiagen). The RNA quantity was determined spectrophotometrically at 260 nm
(Nanodrop, Isogen Life Science). The RNA quality was checked
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electrophoretically using the Bioanalyzer (Agilent Technologies). Before cDNA
synthesis, the RNA sample was incubated during 2 minutes in gDNA wipeout
buffer at 42 °C in order to effectively eliminate genomic DNA. First strand cDNA
synthesis was primed with a combination of oligo(dT)-primers and random
hexamers according to the manufacturer's instructions using the QuantiTect
Reverse Transcription Kit (Qiagen) and equal amounts of starting material were
used (1 pg). Quantitative Real-Time PCR was performed with the 7500 Fast
Real-Time PCR System (Applied Biosystems), using Sybr Green® chemistry.
Primers used for gene expression analyses are given in table 9.1. PCR
amplifications were performed in a total volume of 10 pl containing 2.5 pl cDNA
sample, 5 pl Fast Sybr Green® Master Mix (Applied Biosystems), 0.3 ul forward

primer, 0.3 pl reverse primer and 1.9 yl RNase-free H,0.

Gene expression data were normalized against multiple housekeeping genes
(At2g28390, At5g08290, At5g15710, UBQ10) according to Vandesompele et al.

(2002) and presented relative to the control treatment.

Table 9.1 - Forward and reverse primers used in gene expression analysis

Gene Forward primer Reverse primer

At2g28390 AACTCTATGCAGCATTTGATCCACT TGATTGCATATCTTTATCGCCATC
At5g08290 TTACTGTTTCGGTTGTTCTCCATTT CACTGAATCATGTTCGAAGCAAGT
At5g15710 TTTCGGCTGAGAGGTTCGAGT GATTCCAAGACGTAAAGCAGATCAA
CAT1 AAGTGCTTCATCGGGAAGGA CTTCAACAAAACGCTTCACGA

CAT2 AACTCCTCCATGACCGTTGGA TCCGTTCCCTGTCGAAATTG

CAT3 TCTCCAACAACATCTCTTCCCTCA GTGAAATTAGCAACCTTCTCGATCA
CsD1 TCCATGCAGACCCTGATGAC CCTGGAGACCAATGATGCC

CsSD2 GAGCCTTTGTGGTTCACGAG CACACCACATGCCAATCTCC

CSD3 GTTGTTGTGCATGCGGATCC CACATCCAACTCTCGAGCCTG

FSD1 CTCCCAATGCTGTGAATCCC TGGTCTTCGGTTCTGGAAGTC

FSD2 TTGGAAAGGTTCAAGTCGGCT CATTTGCAACGTCAAGTCTATTCG
FSD3 AACGGGAATCCTTTACCCGA TGTCTCCACCACCAGGTTGC

MSD1 ATGTTTGGGAGCACGCCTAC AACCTCGCTTGCATATTTCCA

LOX1 TTGGCTAAGGCTTTTGTCGG GTGGCAATCACAAACGGTTC

LOX2 TTTGCTCGCCAGACACTTG GGGATCACCATAAACGGCC
RBOHC TCACCAGAGACTGGCACAATAAA GATGCTCGACCTGAATGCTC
RBOHD TATGCATCGGAGAGGCTGCT TAGAGACAACACGTTCCCGGG
RBOHF GGTGTCATGAACGAAGTTGCA AATGAGAGCAGAACGAGCATCA
UBQ10 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT
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9.2.7 Metabolite concentrations

Ascorbate and glutathione concentrations in Arabidopsis thaliana roots were
determined by HPLC analysis. Therefore approximately 100 mg tissue was
ground thoroughly in liquid nitrogen using a pre-cooled mortar and pestle. When
a homogenous powder was obtained, 1 ml of ice cold 6 % (w/v) meta-
phosphoric acid was added and the mixture was clarified by centrifugation at
20000 x g and 4 °C for 10 minutes. The resulting supernatant was kept frozen
until HPLC analysis. Antioxidants were separated on a 100 mm x 4.6 mm Polaris
C18-A reversed phase HPLC column (3 um particle size, 30 °C, Varian, CA USA)
with an isocratic flow of 1 ml min™ of the elution buffer (25 mM K/PO,-buffer, pH
3.0). The components were quantified using a home-made electrochemical
detector with glassy carbon electrode and a Scott pt 62 reference electrode
(Mainz, Germany). The purity and identity of the peaks were confirmed using a
diode array detector (SPD-M10AVP, Shimadzu, Hertogenbosch, Netherlands)
which was placed on line with the electrochemical detector. The concentrations
of oxidized DHA (dehydroascorbate) or GSSG (glutathione disulphide) were
measured indirectly as the difference between the total concentration of
antioxidants in a DTT (dithiothreitol) reduced fraction and the concentration in a
sample prior to reduction. Reduction of the sample was obtained by incubation
of an aliquot of the extract in 400 mM Tris and 200 mM DTT for 15 minutes in
the dark. The pH of this mixture was checked to be between 6.0 and 7.0. After
15 minutes, the pH was lowered again by 4-fold dilution in elution buffer prior to

HPLC analysis.

9.2.8 Statistical analyses

Statistical analyses were performed using an ANOVA test in SAS 9.1 (Neter et
al., 1996). The ANOVA test was performed separately for leaves and roots. Mean
values for the different treatments were compared using Tukey's multiple
comparison tests. Transformations were applied when necessary to approximate
the assumptions of normality and same error variance. Data presented are

mean values + standard error (S.E.).
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9.3 Results

9.3.1 Growth responses

A significant reduction in root fresh weight was observed following exposure of
Arabidopsis thaliana seedlings to 10 pM uranium while exposure to external
gamma radiation did not affect root growth (figure 9.1). Although exposure of
Arabidopsis thaliana seedlings to a combination of both stressors showed an
unaltered root biomass production as compared to the control treatment, the
root fresh weight was significantly increased as compared to the uranium
treatment but the fresh weight was still significantly lower in comparison with

roots exposed to gamma radiation (figure 9.1).

The fresh weight of Arabidopsis thaliana leaves remained unaltered for all the
different treatments (figure 9.1).
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Figure 9.1 - Fresh weight of leaves and roots of 18-day-old Arabidopsis thaliana seedlings exposed for
3 days to 10 gM uranium, ~3.5 Gy gamma radiation or a combination of both stressors (U + G). Values
represent the mean + S.E. of 20 biological replicates and data points with different letters are
significantly different (p < 0.05).

9.3.2 Uranium content and nutrient profile

The uranium concentrations measured in the control and gamma irradiated roots
were very small. Nevertheless, the uranium uptake in plant roots under
irradiation was significantly lower than for non irradiated plants (table 9.2). The
root-to-shoot transfer of uranium is always very limited, but seemed to be
increased under gamma irradiation as the uranium concentration in Arabidopsis
thaliana leaves was significantly higher for uranium treated plants under gamma

radiation than for non irradiated plants (table 9.3).
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Table 9.2 - Nutrient and uranium concentrations in roots of 18-day-old Arabidopsis thaliana seedlings
exposed for 3 days to 10 M uranium, ~3.5 Gy gamma radiation or a combination of both (U + G).

ROOTS
Control Uranium Gamma U+G

. Ca 7.0+1.5% 8.1+0.7% 5.1+0.2% 7.240.5%
'3 %' K 12.9+4.6" 4.6+0.6" 15.4+1.8% 18.8+4.4%
£ Mg 2.2+0.24 2.0+0.03" 1.8+0.1* 2.9+0.6*

Cu 14.5+3.6% 9.6+0.3" 15.9+3.5% 10.5+3.2%
z Fe 1127.4454.4* 1092.6+57.3% 997.0+30.6* 682.2+79.98
3 Mn 217.2+8.4% 177.6+4.0"8 223.6+24.0* 109.6+10.1°
; Zn 77.4+4.4* 93.0+1.3" 80.9+1.5" 137.2+36.1%
- U 10.7+1.9% 7270.4+543.08 12.2+1.14 4509.4+270.5¢

Data represent the mean + S.E. of 5 biological replicates.

differences between the treatments (p < 0.05).

Different letters indicate significant

Table 9.3 - Nutrient and uranium concentrations in leaves of 18-day-old Arabidopsis thaliana seedlings
exposed for 3 days to 10 yM uranium, ~3.5 Gy gamma radiation or a combination of both (U + G).

LEAVES
Control Uranium Gamma U+G

. Ca 41.6+1.5° 37.440.3° 40.2+0.3% 37.9+0.4°
'3 z K 30.7+2.0° 31.9+0.22 33.1+0.4° 31.0+1.3°
E®° Mg 9.1+0.3° 8.5+0.1%° 8.8+0.1%° 8.4+0.1°
Cu 10.0+1.0° 4.8+0.2° 7.7+0.8% 6.5+0.2°

- Mn 135.2+3.0° 114.3+1.3° 118.0+2.7° 116.443.5°
g E zZn 31.1+1.7° 25.620.6° 28.5+1.2% 25.1+0.4°
u n.d. 2.0+0.3° n.d. 3.4+0.4°

Data represent the mean + S.E. of 5 biological replicates. Different letters indicate significant
differences between the treatments (p < 0.05).

To investigate stress induced effects on the uptake and root-to-shoot
distribution of nutrients, concentrations of several important macronutrients
(calcium, potassium and magnesium) and micronutrients (copper, iron,
manganese and zinc) were determined under uranium and gamma stress and a
combination of both. While for the roots no alterations were observed in
macronutrient concentrations for all treatments, a significant decrease was
observed in iron and manganese concentrations after exposure to a combination
of uranium and gamma radiation compared to the control treatment and the

single stressor treatments (table 9.2).

For Arabidopsis thaliana leaves (table 9.3), a significant decrease in calcium

concentration was observed after uranium exposure and exposure to a
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combination of uranium and gamma radiation. While no alterations were
observed for the potassium content in the leaves, a significant decrease was
observed in the magnesium content for the combination treatment, but only in
comparison with the control treatment. For the micronutrients, copper
concentrations decreased for the uranium and combination treatment as
compared to the control with also a decrease for the uranium treatment in
comparison with gamma radiation exposure. Manganese concentrations
significantly decreased for all treatments as compared to the control with no
differences between the treatments. Zinc concentrations on the other hand only
decreased for the uranium and combination treatment as compared to the
control but no differences were observed in comparison with gamma irradiated

leaves.

9.3.3 Lipid peroxidation

The amount of TBA reactive compounds, such as malondialdehyde, was used as
a measure for the level of lipid peroxidation in leaf tissue and a significant
increase was observed for all treatments as compared to the control (figure

9.2).
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Figure 9.2 - Lipid peroxidation measurement, based on the amount of TBA reactive compounds in
leaves of 18-day-old Arabidopsis thaliana leaves exposed for 3 days to 10 uM uranium, ~3.5 Gy gamma
radiation or a combination of both stressors (U + G). Data represent the mean + S.E. of 5 biological
replicates and different letters indicate significant differences between the treatments (p < 0.05).

9.3.4 Oxidative stress related responses

To study the effects of uranium, gamma radiation and a combination of both on
the antioxidative defense system and to achieve a better understanding of the

importance of the cellular redox balance as a regulator in a multiple stressor
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situation, several ROS producing and scavenging enzymes were studied on

protein and transcriptional level and metabolite concentrations were determined.

9.3.4.1 Enzyme capacities and antioxidant metabolites

Capacities for CAT, APX, SPX, GPX, SOD and GR were analyzed for leaves and
roots exposed to uranium, gamma radiation or a combination of both stressors,

but no alterations were observed (results not shown).

The oxidized and reduced forms of ascorbate and glutathione were determined
but concentrations remained unaltered under single and mixed exposure

conditions (results not shown).

9.3.4.2 Gene expression

First, gene expression of several ROS producing enzymes was analyzed in roots
and leaves of Arabidopsis thaliana seedlings exposed to the different conditions
during 3 days. In the roots, no alterations were observed for LOX2, RBOHC,
RBOHD and RBOHF gene expression (results not shown). Only a down regulation
for LOX1 transcript levels was observed for the combined treatment in
comparison with uranium exposed roots (figure 9.3A). In the leaves on the other
hand, LOX1 and RBOHD transcript levels remained unchanged (results not
shown). LOX2 transcript levels were significantly decreased after uranium
exposure as compared to the gamma irradiated leaves and the combination
treatment (figure 9.4A). RBOHC expression levels significantly decreased after
the combined treatment as compared to the gamma irradiated leaves (figure
9.4B) and RBOHF expression was down regulated after uranium exposure and
the combined exposure as compared to the control treatment, but expression
levels were also different in comparison with each other with the combined

exposure causing the lowest expression (figure 9.4C).

Secondly, expression levels of different isoforms of the superoxide scavenging
enzyme SOD were analyzed in leaves and roots for the different treatments. In
the roots, no alterations in CSD1, FSD1 and MSD1 expression levels were
observed (results not shown). CSD2 transcript levels were down regulated
following uranium exposure and exposure to the combined stressors as

compared to the control treatment (figure 9.3B). CSD3 and FSD2 transcript
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levels followed a similar pattern as they were both down regulated for the
combined treatment as compared to the control roots (figures 9.3C-D). In the
leaves, while CSD1 transcript levels were only significantly down regulated after
uranium exposure compared to the control treatment (figure 9.4D), CSD2
transcript levels decreased after uranium treatment and the combined treatment
as compared to the control and the gamma irradiated leaves (figure 9.4E). The

other SOD isoforms remained unaltered (results not shown).

Finally, gene expression of some hydrogen peroxide scavenging enzymes was
analyzed and for roots no alterations in gene expression were observed for
CAT1, CAT2 and CAT3 (results not shown). For leaves on the other hand, CAT1
and CAT3 transcript levels follow a similar pattern as they are both significantly
down regulated after uranium exposure in comparison with the gamma
irradiated leaves and the combined stressor treatment (figures 9.4F, H). CAT2
expression levels were only down regulated after exposure to the combination of

stressors as compared to the control leaves (figure 9.4G).
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Figure 9.3 - Gene expression of ROS producing and superoxide scavenging enzymes altered in
Arabidopsis thaliana roots following exposure to 10 pyM uranium, ~3.5 Gy gamma radiation or a
combination of both. Gene expression was calculated relatively to the control treatment and values
represent the mean + S.E. of 4 biological replicates and different letters indicate significant differences
between the treatments (p < 0.05).
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Figure 9.4 - Gene expression of several ROS producing and scavenging enzymes altered in Arabidopsis
thaliana leaves following exposure to 10 pM uranium, ~3.5 Gy gamma radiation or a combination of
both stressors (U + G). Transcript levels are expressed relative to the control treatment and represent
the mean + S.E. of 4 biological replicates. Data points with different letters are significantly different (p

< 0.05).
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9.4 Discussion

Effects induced under mixed exposure conditions can markedly differ from the
individually induced effects. Therefore, this study aimed to investigate the
induction of biological and oxidative stress related responses in Arabidopsis
thaliana leaves and roots following uranium and gamma radiation exposure
separately, but mainly to evaluate the combined effect of uranium and gamma
irradiation on biological responses and to unravel the importance of the cellular

redox balance as modulator in a multiple stressor situation.

Heavy metal stress (e.g. cadmium and uranium) can induce physiological and
morphological alterations with plant growth reduction, leaf chlorosis and stunted
roots as general symptoms (Vandenhove et al., 2006; Van Belleghem et al.,
2007; Vanhoudt et al., 2008). Our results are in accordance with previous
results as exposure of Arabidopsis thaliana plants to 10 pM uranium resulted in a
significant decrease of root fresh weight (figure 9.1). Irradiation with ~3.5 Gy of
gamma radiation on the other hand did not induce any alterations in roots fresh
weight which could probably be explained by the relatively low dose applied and
the radioresistance of Arabidopsis thaliana plants as was also suggested by Daly
& Thompson (1975). Although a 30 % growth reduction was observed after
applying a total dose of 3.5 Gy over 7 weeks, the lack in our study could
probably be attributed to the difference between chronic and acute exposure.
Kovalchuk et al. (2007) for example reported fundamental differences in plant
responses between chronic and acute irradiation. Also for screening purposes a
difference is made between chronic and acute exposure as a lower dose
chronically applied can induce more effects than the same dose acute (ERICA,
2006). Previous studies also reported different results depending on the plant
species used and radiation dose applied (Witherspoon & Corney, 1970; Zaka et
al., 2004; Wi et al., 2005). While exposure to low doses of 0.1-1 Gy already
caused low injuries in pine trees (Arkhipov et al., 1994), Kim et al. (2005)
reported growth stimulating effects for red pepper plants after irradiation with 2
and 4 Gy and growth inhibition following exposure to 8 and 16 Gy. Irradiation of
Arabidopsis thaliana plants which are simultaneously exposed to 10 pM uranium
resulted in an increase in root fresh weight as compared to the uranium exposed

roots resulting in fresh weight levels similar as the control treatment (figure
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9.1). In such a way, gamma irradiation counterbalanced the negative effect of
uranium but the root fresh weight after the combined treatment was still
significantly lower than only irradiated plants (figure 9.1). This increase in fresh
weight under mixed exposure as compared to uranium exposure can be
explained by the decreased uranium uptake under simultaneous gamma

irradiation (table 9.2) although interaction mechanisms still need to be revealed.

Uranium uptake and transfer to the leaves is dependent on the plant species
used but uranium mainly accumulates in plant roots (Ramaswami et al., 2001;
Singh et al., 2005). Vandenhove et al. (2006) also reported limited root-to-
shoot transfer of uranium as 900 times less uranium was found in the leaves as
compared to the roots of Phaseolus vulgaris exposed to 1000 pyM uranium for 7
days. In our study, uranium also predominantly accumulated in the roots (table
9.2) and a very small amount (3600 times less uranium) was transported to the
shoots (table 9.3). Root-to-shoot transfer on the other hand seemed to be
enhanced as, even with decreased root uptake, significant higher uranium
concentrations were measured in simultaneous irradiated and uranium exposed
leaves (table 9.3).

The uptake and distribution of several macronutrients (calcium, potassium and
magnesium) and micronutrients (copper, iron, manganese and zinc), essential
for normal plant growth and development, was determined. For the roots, a
significant decrease was observed in iron and manganese concentrations
following simultaneously irradiation and uranium exposure (table 9.2). These
results indicate that while exposure to the single stressors does not cause any
effect on the roots nutrient profile, both stressors work together to induce a
negative effect on the uptake of several micronutrients. For the leaves (table
9.3), uranium exposure caused a significant decrease in most element
concentrations and gamma irradiation mostly did not interfere with element
uptake and distribution. When leaves were exposed to both stressors, the effects
were similar as for the uranium exposed leaves so gamma irradiation did mostly
not interfere with uranium induced effects. This is obviously in contrast with
uranium transport to the leaves which gamma radiation did influence. Previous
studies have shown that heavy metals such as cadmium can interfere with the
uptake and translocation of certain nutrients in plants (Hernandez et al., 1996;

Das et al., 1997; Smeets et al., 2008). Uranium can also disturb the nutrient
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profile in plant cells as was shown by Vanhoudt et al. (2008) for Arabidopsis
thaliana leaves exposed to 100 uM uranium. There can be a competition for
specific binding sites between heavy metals and several nutrients having similar
chemical properties. Since UO,2*, the form of uranium most readily taken up by
plant species, binds more strongly than Ca®* to Ca?*-type binding sites, it has
the potential to damage cell membranes and increase K* permeability (Nieboer
et al., 1979; Nieboer & Richardson 1980).

Under various stress conditions, an early oxidative burst is one of the first stress
responses during which ROS are rapidly produced. Enhanced levels of
superoxide can be generated through plasma membrane related NADPH
oxidases which in turn can be transformed to hydrogen peroxide via membrane
related SODs (Bhattacharjee, 2005). Various roles such as signal transduction
and defense responses are described for these ROS (Sagi & Fluhr, 2006).
Although our data present no evidence for an NADPH mediated oxidative burst
under uranium and gamma mixed exposure conditions, further results however
indicate that oxidative stress is induced. If ROS production is present during

irradiation, it is probably mostly produced via a water radiolytic reaction.

Lipid peroxidation is a process that can be initiated via interaction with ROS,
affecting plant cell membrane function and stability. Exposure of Arabidopsis
thaliana plants to uranium or gamma radiation as single stressors caused a
similar significant increase in lipid peroxidation in leaves (figure 9.2). Our results
are in accordance with previous studies that have also shown an increase in lipid
peroxidation for heavy metal exposure (Smeets et al., 2005; Vanhoudt et al.,
2008) or UV-B exposure (Agrawal & Mishra, 2009). When uranium exposed
leaves were simultaneous irradiated with gamma radiation, the level of lipid
peroxidation did again significantly increase as compared to the control
treatment with the tendency to be higher as for the single stressors (figure 9.2)
corresponding with the increased uranium concentration in the leaves under
mixed exposure (table 9.3). Agrawal & Mishra (2009) reported that exposure of
Pisum sativum to a combination of UV-B radiation and cadmium stress also
caused an increase in lipid peroxidation. They also reported that the interactions
produced by UV-B and cadmium were mostly antagonistic but individually they

exert less effect than their joint stress.
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To limit oxidative damage but allowing signaling pathways to function, cells
comprise a good antioxidative defense system composed of ROS scavenging
enzymes and metabolites present in various cellular compartments (Dat et al.,
2000). As superoxide scavenging enzymes, SODs constitute the first line of
defense against ROS (Alscher et al., 2002). While gamma radiation did not
induce any alterations in SOD responses (figure 9.3B-D & 9.4D-E), uranium
exposure did cause fluctuations on gene expression level. In general, uranium
exposure caused a decrease in gene expression for SOD isoforms and this
decrease remained stable following simultaneous exposure to gamma radiation
(figure 9.3B-D & 9.4D-E). Under heavy metal stress, Smeets et al. (2008)
reported no alterations in SOD capacity in Arabidopsis thaliana leaves after
cadmium exposure although a decrease in CSD2 gene expression was observed.
Fluctuations in SOD capacity were also observed by Lin et al. (2007) and Zhang
et al. (2007) in plants after heavy metal stress. For gamma radiation stress, Kim
et al. (2005) reported an increase in SOD capacities after gamma irradiation of
red pepper plants while Zaka et al. (2002) reported no alterations in SOD
capacity in gamma irradiated leaves of Stipa capillata. From these studies it is
clear that responses differ depending on the stressor, dose and plant species
used and to further elucidate the importance and effects of the different SOD

isoforms in our study, further research on protein level is necessary.

CAT is an important hydrogen peroxide scavenging enzyme present in plant cell
peroxisomes (Willekens et al., 1995). CAT seems to play an important role in the
response against uranium induced oxidative stress in plant leaves. Whereas
CAT1 and CAT3 transcript levels were only down regulated under uranium
stress, CAT2 expression was only decreased under mixed exposure (figure 9.4F-
H). This balance between the different CAT isoforms is also important during
senescence as reported by Zimmermann et al. (2006). During senescence a
down-regulation of CAT2 expression levels appeared to be an initial step in
producing elevated hydrogen peroxide levels, followed by an induction of CAT3
expression. Our results also indicate an important role for the different CAT
isoforms under uranium and mixed stress situations, possibly related with
senescence processes, but further research to hydrogen peroxide levels is

necessary.
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9.5 Conclusions

Gamma radiation interfered importantly with uranium uptake and translocation,
resulting in a decreased uranium root concentration with higher transport to the
shoots. This interesting observation also resulted in a better root growth but
increased leaf lipid peroxidation when simultaneously irradiated and uranium
exposed. While for the roots, uranium and gamma radiation worked together to
cause only nutrient decreases under mixed exposure, nutrient alterations in the
leaves under mixed exposure were uranium induced. For the oxidative stress
related responses in the roots, alterations on gene expression level under
uranium stress were mostly reinforced by gamma radiation under mixed
exposure. For leaves on the other hand, gene expression effects under uranium
stress were either reinforced or counteracted by simultaneous gamma
irradiation. In addition, an important role has been ascribed to CAT1/2/3 gene
expression under uranium and mixed stress conditions in the leaves that might

be related with senescence processes, but a further in depth research is needed.
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Chapter 10

General discussion, conclusions and
perspectives
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10.1 General discussion

10.1.1 Introduction

Anthropogenic activities such as uranium mining and milling, metal mining and
smelting and the phosphate industry, have caused environmental uranium
contamination in many countries. To evaluate the impact of uranium on the
environment, it is important to enlarge the scant information available on
uranium toxicity effects in plants and unravel by which mechanisms plants
respond to uranium stress. The main objective of this research concerns
studying uranium toxicity effects on morphological and metabolic level in
Arabidopsis thaliana plants and investigating the role of oxidative stress as a
modulator during uranium stress. Therefore, oxidative stress related responses,
together with general developmental alterations, were studied for Arabidopsis
thaliana plants exposed during several time periods to soil solution uranium
concentrations ranging from 0.1 uM found at contaminated Belgian sites to 100
MM found at uranium mining sites. Figure 10.1 gives an overview of the general
toxicity effects and oxidative stress related responses induced in Arabidopsis

thaliana leaves and roots following uranium exposure.

At these polluted sites, uranium never occurs as a single stressor, but always in
combination with other stressors such as radionuclides with their concomitant
radiation and heavy metals. Uranium behavior and toxicity effects can therefore
be influenced by the presence of other pollutants. The second objective was to
investigate the influence of a secondary stressor on previously described
uranium toxicity effects in Arabidopsis thaliana seedlings. As they are very
distinct stressors, cadmium and ionizing radiation were chosen for experiments

under binary stressor conditions with uranium.

10.1.2 Uranium toxicity effects in Arabidopsis thaliana roots

As roots were directly exposed to uranium via the nutrient solution, and by using
a low phosphate concentration to limit the formation of uranium-phosphate
precipitates (chapter 3), uranium was readily taken up by Arabidopsis thaliana
roots (table 4.2). Toxicity effects were immediately visible as exposure to the

highest uranium concentration (100 uM) caused stunted roots (figure 3.2 and
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figure 4.2), a decrease in fresh weight (figure 4.1), a disrupted nutrient profile
and a disturbed water balance indicating plants started to wilt (table 4.1).
Exposure to the lower uranium concentrations (0.1-10 pM) on the other hand,
resulted in a transient hormesis effect based on the transient increase of fresh
weight (figure 4.1). While effects at morphological and physiological level were
visible at all uranium concentrations applied, oxidative stress related responses

were only present at the highest uranium concentration (100 pM).

Plasma membranes of root cells are the first targets of oxidative damage and a
possible fast role for NADPH oxidases as ROS producers during a uranium-
induced early oxidative burst has been suggested based on the increase in
RBOHD transcript levels (figure 5.2D). While potassium leakage can be an
indication for membrane damage (table 4.3), the increased LOX1 expression,
already observed after the first day, can also point to fast lipoxygenase
mediated lipid peroxidation resulting in an enhancement of precursors for
signaling molecules such as jasmonates (figure 5.2A). Indications for increased
signaling functions under uranium stress were also presented by increased LPP1
and PARP2 expression levels that are enzymes implicated in signaling processes
during stress response (table 7.3). As ROS can both cause cellular damage and
function as signaling molecules during stress response, their presence needs to

be tightly regulated. SOD is an important O," scavenging enzyme during the
early oxidative burst as its capacity immediately increased (figure 5.1A) which
was accompanied by a simultaneous increase in FSD1 transcript levels but a
down-regulation for CSD1 and CSD2 expression (figure 5.3A-C). For the
detoxification of hydrogen peroxide, the increase in CAT1l transcript levels
(figure 5.4B) was again a fast response while increased peroxidase capacities
were observed at a later stage (figure 5.1C-D). Although the APX capacity
increased (figure 5.1E), the ascorbate redox balance completely shifted towards
its oxidized form (table 5.2) and this could not be inverted by action of
glutathione (table 5.3). The cellular redox balance of the roots was, also based
on growth and morphological effects, completely disturbed by the highly toxic
uranium concentration of 100 uM.
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100 yM U — early stage: defense
— later stage: toxicity in roots affects leaves: inhibited
growth, disturbed nutrient profile and water balance
1-10 yM U — later stage: transient defense, decreased growth
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)
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Figure 10.1 - Overview of toxicity effects and oxidative stress related responses in Arabidopsis thaliana
leaves and roots following uranium exposure.
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This conclusion could also be strengthened by the completely dispersed DNA
present after exposure to 100 pM uranium as indicated by the comet assay
(figure 7.1). Following gene expression observations, mechanisms for
homologous and non-homologous recombination were not triggered at the levels
studied, but an adaption of the cell cycle was suggested to allow DNA repair
(table 7.3).

10.1.3 Uranium toxicity effects in Arabidopsis thaliana leaves

Due to a very low root-to-shoot transfer factor, only low uranium concentrations
were present in the leaves. Nevertheless, toxicity effects were visible after
exposure to uranium concentrations ranging from 1 to 100 yM. On growth and
development level, leaf fresh weight decreased after exposure to 100 pM
uranium for 1 and 3 days and this decrease was after 7 days also visible for 1
and 10 pM uranium (figure 4.1). In accordance with the roots, wilting of the
plants was also demonstrated by the disturbed water balance of the leaves
(table 4.1). Uranium uptake also disturbed the nutrient profile with an important
decrease in calcium and magnesium due to the competition with the uranyl ion
for their binding sites (table 4.4).

As in leaves several responses were already visible after 1 day when uranium
concentrations were negligible in the leaves and no proof was found for an early
oxidative burst, oxidative stress was probably generated via other mechanisms
such as root-to-shoot signaling. While an increase of membrane damage was
indicated by the increase in TBA-reactive compounds (figure 6.1) and potassium
leakage (table 4.4) after 100 uM uranium, also an enhancement in signaling
molecules was proposed by LOX induced lipid peroxidation for which a transient
concentration dependent response pattern was visible (figure 6.2B). This
transient character, both in time as with concentration, of leaf responses to
uranium stress was emphasized by LOX2 transcript levels (figure 6.4B),
antioxidative enzyme capacities (figure 6.3) and gene expression (figure 6.5)
and glutathione concentrations (table 6.3). The ascorbate pool on the other
hand continuously increased in a concentration and time dependent way
characterized by an increase of the AsA/DHA balance towards its reduced form
(table 6.2). The increase and maintenance of the ascorbate redox balance is an

important response for hydrogen peroxide detoxification or a response in
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signaling functions. In addition to the several fast transient effects, the increase
in ascorbate could represent either a slow transient response or a stable
increase with regard to plant acclimation to uranium. However this can only be
assumed for the lower uranium concentrations as 100 pM uranium toxicity

effects in the roots are too severe to allow plant survival.

In contrast to the roots, no DNA damage was observed in the leaves but effects

on alterations of the cell cycle were similar as for roots but at a later time point.

10.1.4 Influence of binary exposure conditions on uranium toxicity effects

Two distinct secondary stressors, cadmium and gamma radiation, were used to
investigate their influence on uranium (10 pM) induced toxicity effects.
Cadmium, also a heavy metal applied to the roots in an environmental realistic
concentration of 5 pM, was readily taken up by plant roots and in comparison
with uranium, accumulated less in the roots. With a higher cadmium
translocation to the shoots, this resulted in a much higher cadmium than
uranium concentration in the leaves (table 8.2 & 8.3). Although not yet visible at
the concentration applied and exposure time considered, cadmium is known to
reduce plant growth. In contrast to heavy metals, gamma radiation, known for
its ionizing characteristics, was applied by full plant irradiation at a relatively
high total dose of 3.5 Gy, but was shown to cause an increasing trend for root
fresh weight (figure 9.1). Uranium uptake and distribution was highly influenced
by the presence of other stressors but effects were greatly dependent on the
stressor applied and the site of action. Cadmium presence resulted in an
enhanced (doubled) uranium uptake and consequently an enhanced uranium
concentration in the leaves (table 8.2 & 8.3). Simultaneous exposure to uranium
and radiation, however, obstructed uranium uptake but stimulated root-to-shoot
uranium translocation (table 9.2 & 9.3). This was also reflected in the
corresponding root fresh weight. Due to the presence of both uranium and
cadmium heavy metals with on top an increase in uranium root concentration,
root fresh weight decreased after exposure to the mixed heavy metals (figure
8.1). By simultaneous irradiation of uranium exposed roots, obstructing uranium
uptake, the observed decrease in root fresh weight after uranium exposure as

single stressor was counteracted by gamma irradiation (figure 9.1).
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In roots under mixed exposure, oxidative stress related responses were mostly
influenced by cadmium with less uranium contribution. Based on the increased
AsA/DHA redox balance, similar as under cadmium stress, it was shown that
roots were able to defend themselves against the induced stress (table 8.5).
Oxidative stress was shown to be mainly due to superoxide as expression of
related genes (SODs) was mostly altered (figure 8.3). When uranium exposed
roots were simultaneously irradiated, the little observed effects due to uranium

were sometimes reinforced by gamma radiation (figure 9.3).

When oxidative stress related responses were studied in leaves simultaneously
exposed to uranium and cadmium, gene expression effects were again mostly
influenced by cadmium possibly due to the higher cadmium concentration in the
leaves (figure 8.2). The ascorbate redox balance was an important first response
to heavy metal stress in the leaves, mostly altered by cadmium (table 8.5). In
contrast to superoxide in the roots, hydrogen peroxide related genes were
mostly altered in the leaves (figure 8.3). When simultaneously irradiated, effects
were mostly due to uranium but although not consequently, gamma radiation
sometimes interfered with uranium, enhancing or opposing uranium induced
effects (figure 9.4).

10.2 Conclusions

The aim of this study was first to investigate uranium toxicity effects and to
unravel mechanisms by which plants respond to uranium stress. In a next
phase, the influence of secondary stressors on uranium induced effects was

investigated.

The highest uranium concentration of 100 pM uranium is extremely toxic for
Arabidopsis thaliana plants with a completely inhibited growth, a fully disturbed
nutrient profile, wilting and although making an effort to increase antioxidative
defense, suffering from severe oxidative stress with a completely disturbed
metabolic balance. While at lower uranium concentrations no oxidative stress
related responses are visible in roots, leaves show an increased defense against
uranium stress with an important regulatory role for the ascorbate pool as an

early and stable stress response mechanism. Arabidopsis thaliana plants are
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therefore able to defend themselves under moderate environmental uranium

contamination conditions although responses differ for leaves and roots.

Toxicity effects during mixed exposure were mostly due to cadmium, indicating
its higher toxicity in comparison to uranium for the concentrations applied.
Nevertheless, uranium induced similar effects and worked at similar sites of
action. Therefore, when uranium is present in combination with cadmium or
probably also other heavy metals, uranium induced effects will be influenced. As
gamma radiation was already applied in a relatively high dose and only minor
effects could be ascribed to it, gamma radiation induced effects can be
considered negligible when during environmental realistic situations uranium

exposed plants are simultaneously irradiated.

10.3 Future perspectives

To get more insight in uranium and heavy metal stress response mechanisms
and to identify possible biomarkers to better evaluate its environmental impact,
underlying stress response mechanisms should be further unraveled such as the
specific role for the ascorbate redox balance in signaling and regulating defense
pathways. In addition, research should be extended to the role and induction of
specific signal transduction pathways under uranium stress and enhanced
knowledge on uranium uptake mechanisms could further elucidate toxicity
effects in plants. Further techniques to investigate stress response mechanisms
include the application of a full microarray study or the usage of specific knock-

out mutants.

When aiming to evaluate the environmental uranium impact, also more realistic
situations should be studied by further evaluating the influence of binary
stressors such as pH, variable soil characteristics and other contaminants on
uranium induced toxicity effects. To get more insight in the additive,
antagonistic or synergistic character of multiple stressors, research should be
extended by determining individual dose-effect relationships and extending it to
multiple combination studies which can in turn be used in multiple pollution
modeling.
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