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Abstract

Changes in the content of reactive oxygen species (ROS) and activity of the antioxidant system were measured in leaves
of Arabidopsis thaliana (L.) Heynh exposed to Cd**. Mature plants growing in the nutrient solution were treated with
Cd*" at different concentrations (0, 5, 25, 50, 100 uM). An increase of O," content in leaves was observed at 5, 25 and
50 uM Cd**. A strong accumulation of H,0, was found only at the lowest Cd** concentration. The content of OH' was
high at 50 and 100 uM Cd*. Superoxide dismutase (SOD) activity was always higher in Cd*'-treated plants than in
control. Catalase (CAT) activity decreased with increasing Cd** concentration in the nutrient solution. Guaiacol
peroxidase (POX) activity was particularly high at the lowest and highest Cd®* concentrations and ascorbate peroxidase
(APX) activity additionally at 50 uM Cd**. Enhanced activity of monodehydroascorbate reductase (MDHAR) and strong
reduction in ascorbate (AA) content were observed at 25 uM Cd**. Glutathione reductase (GR) activity was always
higher than in control but decreased as Cd** concentration increased. However, it was accompanied by gradual content
increase of SH-groups.
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Introduction

Reactive oxygen species such as singlet oxygen ('0,),
superoxide radical (O,"), hydrogen peroxide (H,O,) and
hydroxyl radical (OH") are formed in metabolic processes
occurring in plants (for details see Scandalios 1993,
Vécha 1995, Bartosz 1997), but when they are created on
non-controlled levels they can lead to disturbances and
injury in cell metabolism or even to cell death (for details
see Salin 1987). The antioxidative system consisting of
several enzymes and antioxidants fulfils a protective role
and stabilizes the amounts of reactive oxygen species
(ROS) in plant cells (for details see Sies 1993). This
system includes enzymes such as catalase (CAT),
peroxidases (POXs), superoxide dismutase (SOD), and
low molecular mass antioxidants like ascorbate (AA),
glutathione (GSH), tocopherols, carotenoids (Cadenas
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1989, Bartosz 1997). The glutathione-ascorbate cycle
protects first of all the photosynthetic apparatus against
toxic action of reactive oxygen species in chloroplasts of
higher plants. It consists of enzymes such as: ascorbate
peroxidase (APX), monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR),
glutathione reductase (GR) and non-enzymatic factors
(AA, GSH). These low molecular mass antioxidants
participate in a cyclic transfer of reducing equivalents
(Noctor and Foyer 1998). Changes in the antioxidative
defence system were observed during water- (Boo and
Jung 1999) ozone- (Rao et al. 1995, Pell et al. 1997,
Niewiadomska et al. 1999), drought- (Smirnoff and
Colombé 1988, Loggini et al. 1999) or xenobiotic-
stresses (Kndrzner et al. 1996). Changes in functioning of

Abbreviations: AA - ascorbate; APX - ascorbate peroxidase; CAT - catalase; DHA - dehydroascorbate; DHAR - dehydroascorbate
reductase; DMSO - dimethyl sulfoxide; DTNB - 5,5'-dithiobis(2-nitrobenzoic acid); GR - glutathione reductase; GSH - reduced
glutathione; GSSG - oxidised glutathione, MDHAR - monodehydroascorbate reductase; MSA - methane sulfinic acid,
NBT - nitroblue tetrazolium; POX - guaiacol peroxidase; SOD - superoxide dismutase; TNB - 5-thio-2-nitrobenzoic acid.
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the antioxidative system are also known upon heavy
metals stress (Gallego et al. 1996, Weckx and Clijsters
1996, 1997, Mazhoudi et al. 1997, Schickler and Caspi
1999, Stroinski 1999). The formation of total free radicals
and activities of antioxidant enzymes were measured only
in lead-treated lupin roots (Ruciiiska et al. 1999). The
action of heavy metals on the antioxidant system is still a
very interesting problem. Although Cd** toxicity to plants

Materials and methods

Plants of Arabidopsis thaliana (L.) Heynh cv. Columbia

were grown in the soil at day/night temperature of
23/19 °C and photosynthetic photon flux density of»
140 pmol m™? s, under a 11-h photoperiod for 7 weeks,

then they were transferred into modified Hoagland

solution and after 4 d they were treated with different

concentrations of Cd>*: 0 (control), 5, 25, 50, 100 uM in

the form CdSO,. H,O. After 7 d of heavy metal treatment

leaves were harvested. Cut leaves from at least 5 plants

(per each of individual Cd** concentrations and control)

were mixed, weighed, frozen in liquid nitrogen and

analysed.

The plant material was ground to a fine powder in
liquid nitrogen and homogenized in extraction buffer
(50 mM phosphate buffer, pH 7.0) according to
Milosevic and Slusarenko (1996), at the ratio: 1 g of
frozen leaves per 2 cm’ ice-cold extraction buffer when
ROS content was estimated and 1 g the plant material per
4 cm® of ice-cold extraction buffer when enzymatic
activities were determined. To estimate hydroxyl radical
content 1 g of frozen in liquid nitrogen leaves was
homogenized in 2 cm® of 5 % ice-cold dimethyl sulfoxide
(DMSO). To determine the metabolites content 1 g of
frozen plant material was ground in 5 cm’ of 5 % ice-cold
m-phosphoric acid. All procedures were performed at
4 °C. The supernatant was collected by centrifugation
(15 000 g at 4 °C for 20 min) and immediately used to
individual assays.

Protein concentration was determined by the method
of Bradford (1976), using bovine serum albumin as
standard.

The content of superoxide radicals was estimated
according to Green and Hill (1984) measuring differences
in absorbance (A by Shimadzu UV-160A4 spectro-
photometer (Kyoto, Japan) thermostated chamber
CPS 240A (Shimadzu), due to superoxide-dependent
reduction of nitroblue tetrazolinum (NBT) to formazan in
the reaction mixture containing SOD and without it. The
final volume was 1 cm’.

The content of H,O, was determined on a basis of
horseradish peroxidase-dependent oxidation of phenol red
leading to the formation of a compound that, at an
alkaline pH, increase Aggo (Pick 1986).

Hydroxyl radical was determined as methane sulfinic
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is well documented, the mechanism of its action is still
unclear (Barcel6 and Poschenrieder 1990, Wozny et al.
1990, Krupa and Baszynski 1995, Prasad 1996, Krupa
1999). The aim of the present studies was to examine
whether some changes in content of the individual ROS
and functioning of antioxidant system (enzyme activities
and content of non-enzymatic antioxidants) occurred in
Cd**-treated model plant Arabidopsis thaliana.

acid (MSA) according to Babbs et al. (1989). The leaves
conserved in the nitrogen were ground in 5 % dimethyl
sulfoxide (DMSO) to trap hydroxyl radical and
centrifuged. The colour reaction was started by -addition
of 0.07 cm’® of 30 mM Fast blue RR salt (Sigma,
St. Louis, USA) to previously acidified plant extract. The
probes were incubated in the dark at room temperature
for 10 min. Then 1 cm® of toluene/n-butanol (3:1, v/v)
was added and the samples were centrifuged at 500 g for
1.5 min. The absorbance of the samples was measured at
A4ys using a blank prepared with 1 cm’ S % DMSO.

The spectrophotometric assay of catalase activity
(CAT) [EC 1.11.1.6] was performed after the method of
Aebi (1984). Enzyme preparation (0.02 cm®) was added
to 1.5 cm’ of freshly prepared 10 mM solution of H,0, in
50 mM phosphate buffer (pH 7.0). The decrease in Az
was measured for 90 s at 25 °C.

To determine activity of guaiacol peroxidase (POX)
[EC 1.11.1.7] the leaf extract (0.015 cm’) was added to
1 cm® of 100 mM phosphate buffer pH 6.25 containing
0.012 % guaiacol and 0.03 % H,0, (Milosevic and
Slusarenko 1996). The increase in Ay7 was measured for
3 min.

Total activity of superoxide dismutase (SOD)
[EC 1.15.1.1] was measured as the inhibition of NBT
reduction provoked by superoxide generated vig the
xanthin/xanthin oxidase system at Asq (Beauchamp and
Fridovich 1971). One unit of SOD activity was defined as
the amount of enzyme necessary to inhibit the reduction
of NBT by 50 %.

Ascorbate peroxidase activity (APX) [EC 1.11.1.11]
was determined according to Nakano and Asada (1987),
using a reaction mixture containing 50 mM phosphate
buffer pH 7.0, 0.1 mM hydrogen peroxide, 0.5 mM
ascorbate and enzyme extract (0.02 cm’) in final 1 cm’
volume. The hydrogen peroxide-dependent oxidation of
ascorbate was followed by a decrease in Azgq.

Monodehydroascorbate reductase (MDHAR)
[EC 1.1.5.4] and dehydroascorbate reductase (DHAR)
[EC 1.8.5.1] activities were assayed according to Miyake
and Asada (1992). MDHAR was assayed by following
decrease in Asy due to the oxidation of NADPH. The
reaction mixture contained 50 mM HEPES-NaOH,
pH 7.6, 0.1 mM NADPH, 2.5 mM ascorbate, 0.01 cm’ of



ascorbate oxidase and 0.1 cm’ of extract. DHAR activity
was measured as an increase in A,gs for 30 s. The reaction
mixture contained 50 mM phosphate buffer pH 7.0,
2.5mM GSH, 0.2 mM DHA, 0.1mM EDTA and 0.1 cm®
of extract in a final volume of 1 cm’.

The activity of glutathione reductase (GR)
[EC 1.6.4.2] was measured according to Milosevic and
Slusarenko (1996) as an increase in A4 caused by the
reduction of DTNB to TNB by reduced glutathione
produced in the reaction. Enzyme extract was added to
1 cm’ of 100 mM phosphate buffer (pH 7.5) containing
I mM DTNB and | mM NADPH. The reaction was
started by adding 0.0lcm® of 10 mM GSSG and
proceeded at 30 °C in thermostated chamber CPS 2404 of
spectrophotometer Shimadzu UV-1604 for 5 min.

Ascorbate (AA) and dehydroascorbate (DHA) content
were determined as described Wang et al. (1991). This
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assay was based on the reduction of ferric ion to ferrous
ion with ascorbic acid in acid solution followed by
formation of the red chelate between ferrous ion and
bathophenanthroline that absorbs at 534 nm. The total
ascorbate (AA + DHA) was determined through DHA
reduction to AA by dithiotreitol. DHA concentration was
calculated from the difference of “total ascorbate” and
AA concentration.

GSH and GSSG content were measured by the
method of Anderson (1985) using 2-vinylpyridine to
reaction with SH-groups. The content of SH-groups was
calculated from the difference of the total SH-groups and
GSSG.

The estimated values are the means of samples from
three independent experiments each at least in
5 replicates £ SEM.
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Fig. 1. The ROS content and activity of the antioxidant enzymes in leaves of Arabidopsis thaliana growing for 7 d in the nutrient
solution with different Cd concentration. In leaves of control plants the level of O,", H,0, and OH’ was 5.28 + 0.21 nmol(NBT, ) g (fm),
476 + 0.06 pmol g'(fm.) and 095 + 0.31umol(MSA) g(f.m.), respectively. In control plants activity of SOD was
19.60 £ 0.22 units mg” (protein), activity of POX expressed as AAy7o mg (protein) min”' was 5.85 + 0.07; activity of CAT expressed

as AA,q mg ' (protein) min™' was 1.845 + 0.10.
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Results

At 5, 25 and 50 pM Cd* in the nutrient solution an
increase in O, content in leaves of Arabidopsis thaliana
plants was observed (to 126, 387, 200 % of control,
respectively). However at 100 pM Cd** O,” content
decreased to 19 % in comparison with control (Fig. 1).
Strong accumulation of H,0, (to 650 % of control)
was measured only at 5 pM Cd**. At higher metal
concentrations the content of this ROS was lower than in
control. At 50 and 100 uM Cd** OH’ content was higher
than control (190 % and 165 % of control, respectively).
The activity of SOD was always higher in
Cd**-treated plants than in control (Fig. 1). At 5 uM Cd**
SOD activity reached 194 % of control (Flg 1) then 1t
gradually decreased with increasing Cd** concentration
but at 100 uM Cd*" its activity again increased to 178 %
of control. POX activities were particularly high at 5 and
100 uM Cd** (337 % and 299 % of control, respectively).
CAT activity was always lower than control and it
dropped to 33 % of control at 100 uM Cd** (Fig. 1).

Elevated activity of APX was measured at 5 uM Cd**,
but at 50 and 100 uM Cd** it was considerably higher
(approx. 2 times) than in control (Fig. 2). Activity of
MDHAR was higher in comparison with control only at
25 uM Cd**. DHAR activity was enhanced at 5 uM Cd*’
but at higher Cd** concentrations in the nutrient solution
it was lower than control. GR activity was always higher
than control but it decreased gradually with increasing
metal concentration.

The AA + DHA content was approx. 2 times higher
than control only at the lowest Cd*" concentration
(Fig. 3). It was caused by high DHA accumulation.
AA content was elevated at 5 and 50 uM Cd**. Strong
reduction in AA content to 50 % of control was observed
at 25 uM Cd*".

An increase of SH-group + GSSG content was
observed in Cd**-treated plants (Fig. 3). The content of
SH-groups as well as GSSG increased gradually with
increasing Cd** concentration in the nutrient solution.
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Fig. 2. Activity of the antioxidant enzymes in leaves of Arabidopsis thaliana growing for 7 d in the nutrient solution with different
Cd concentration. In control plants actnvnty of APX expressed as AA,o; mg™'(protein) min™' was 3 34 £ 0.22. actnvnt\ of MDHAR
expressed as AAjq mg (protem) min' was 0.19 £ 0.01; activity of DHAR expressed as AAyqs mg’ '(protein) min™' was 6,92 + 0.21.

activity of GR AA,; mg’ (protem) min™' was 0.85 + 0.04.

Discussion

Mature plants of Arabidopsis thaliana growing even at
the highest Cd** concentration in the nutrient solution did
not show visual symptoms of metal toxicity. Cadmium
was also accumulated more intensively in roots than in
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shoots of Arabidopsis thaliana, and in amounts
increasing with its concentrations in the nutrient solution
(Wojcik and Tukendorf 2000). However, after 7 d of
Arabidopsis  thaliana exposure to different Cd*’



concentrations we observed in leaves some differences in
the content of the individual radicals, i.e. various types of
ROS dominated. At 5 pM Cd** the elevated O," content
might be the result of the activity of NADPH-dependent
superoxide synthase associated with the plasma
membrane (Foyer et al. 1997) and a high content of H,0,
might be the product of enhanced total SOD activity. In

250
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the apoplast the presence of SOD (see Scandalios 1993)
as well as ascorbate were found (see Horemans er a/.
2000). At 5 uM Cd*" an increase of SOD activity, strong
accumulation of H,0,, lower activity of APX than POX
and a high DHA level allow us to suppose that changes in
the activity of the antioxidant system occur mainly in the
apoplast.
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Fig. 3. The ascorbate, dehydroascorbate, SH groups and GSSG content in leaves of Arabidopsis thaliana growing for 7 d in the
nutrient solution with different Cd concentration. In control plants the content of AA + DHA, AA and DHA in umo! g'(f.m.) was
5.83 + 0.50, 3.77 + 0.06, 2.06, respectively. In control plants the content of SH groups+GSSG, SH groups and GSSG in

nmol g"(f.m.) was 193 + 3.2; 142.6; 50.5 £ 4.2, respectively.

Differences in SOD activity are metal kind-,
concentration- and plant-dependent (for details see
Siedlecka et al. 2000). Total SOD activity increased in
pea leaves infiltrated with 100 uM CdCl, (Dalurzo et al.
1997). The activity of SOD was not altered significantly
in Cd*-treated seedlings of sugar cane, and at higher
Cd* concentration, lack one of seven of Cu,Zn-SOD
isoenzymes was observed (Fornazier ef al. 2002).

At 25 uM Cd*" in the nutrient solution SOD activity
decreased in comparison with its activity at 5 uM cd*™,
but it was still higher than control. In such stress
conditions AA seems to play the main role in defence

against a high content of O,”. Ascorbate can directly
react with O,” and H,O, (Bartosz 1997), and MDHA, a
semiquinone-like free radical, is formed as a result of the
first AA oxidation. When the activity of MDHAR is high
a large quantity of MDHA is reduced to AA, and its small
amount remains available for disproportionation, there-
fore, DHA formation is low (Arrigoni 1994). A small
content of AA, a high activity of MDHAR but a low
activity of DHAR seem to confirm our supposition that at
25 uM Cd** ascorbate is directly responsible for ROS
scavenging. Moreover, decreased AA content may act as
a metabolic signal leading to increased GSH synthesis
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(Arrigoni 1994). Elevated content of SH-groups and
enhanced GR activity may indicate mobilization of an
additional pathway of defence against the effect of heavy
metals. In plants Cd** can be bound in non-toxic complex
of phytochelatins — peptides, which are structurally
related to GSH (Grill ez al. 1985).

H,0, is produced as a result of non-enzymatic and
enzymatic reaction dismutation of O,". However, stress
situations exacerbate H,O, production in the apoplast, in
chloroplasts and in other cellular compartments as
reported by Foyer et al. (1997). This kind of ROS is very
mobile and can migrate to many cell compartments.
Elevated ROS content leads to oxidative stress and the
plant enzymatic antioxidant system is mobilised to
remove its excess. However, it cannot be excluded that at
25 uM Cd*" low activities of POX, APX, and CAT may
be the result of a low content of their substrate - H,O,.

At 50 uM Cd** the O,” amount was lower than in
plants treated with 25 pM Cd*’, but elevated OH' content
appeared. The activity of POX and APX was enhanced,
H,0, content was on the same level as in control and
SOD activity was close to control. It may indicate that
peroxidase catalyzes reaction which results in OH’
production from H,0, in the presence of O,”, as shown
by Chen and Schopfer (1999). An increase of POX
activity was observed in Cd**-infiltrated leaves of Pisum
sativum (Dalurzo et al. 1997) or when both older and
young plants of Phaseolus coccineus were treated with
Cd* (Skérzynska-Polit et al. unpublished). Measure-
ments of APX activity showed its increase under different
heavy metal stress (Cakmak and Horst 1991, Shaw 1995,
Chaoui et al. 1997, Weckx and Clijsters 1997, Gonzalez
et al. 1998, Navari-I1zzo et al. 1998, Lidon and Teixeira
2000).

The increase of APX activity, elevated AA content
and a high content of SH groups as well as GR activity in
A. thaliana grown at 50 uM Cd** might indicate that the
antioxidant system acting in chloroplasts and also other
cellular compartments participated in response to
oxidative stress. Further increase of SH group content in
leaves of plants treated with 50 uM Cd in comparison
with plants exposed to lower Cd** concentrations may
prove that this kind of antioxidative defence system
begins to dominate in Arabidopsis thaliana. 1t becomes
more visible in plants treated with 100 uM Cd*, where
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