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Abstract The effect of selenium (Se) on Vicia faba L.
minor roots subjected to lead (Pb) stress was studied by
investigating root growth, root viability, and antioxidant
enzyme activity. The experiments were carried out on plants
grown for 2 weeks on Hoagland medium supplied with
50 uM Pb in the form of lead nitrate Pb(NOs), and/or Se
concentrations of 1.5 and 6 uM in the form of sodium
selenite Na,SeO;. It was shown that Pb reduced the root
growth and caused serious damage in the roots, which was
accompanied by metal accumulation in these tissues. The
exposition of roots to Pb led to significant changes in the
biochemical parameters: the MDA and T-SH content and
glutathione peroxidase (GSH-Px) activity increased but the
guaiacol peroxidase (GPOX) activity decreased. Moreover,
Pb intensified O,°" production in the roots. Selenium at a
lower concentration alleviated Pb toxicity which was ac-
companied by a decreased O,°" production in the apical
parts of roots and increased the T-SH content and GPOX
activity. However, higher Se concentration intensified MDA
and T-SH accumulation and GPOX and GSH-Px activity in
Pb-treated plant roots. At low concentration, Se improved
cell viability whereas at high concentration it was pro-oxidant
and enhanced the lipid peroxidation and cell membrane injury.
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Abbreviations

CAT Catalase

DHE Dihydroethidium

DTNB 5,5'-Dithiobis(2-nitrobenzoic acid)

FDA Fluorescein diacetate
GPOX  Guaiacol peroxidase
GR Glutathione reductase

GSH Reduced glutathione
GSH-Px  Glutathione peroxidase
MDA Malondialdehyde

PI Propidium iodide

SSA Sulfosalicylic acid
TBA Thiobarbituric acid
TCA Trichloroacetic acid
Introduction

Lead (Pb) is one of the most common and dangerous envi-
ronmental contaminants [1]. Lead accumulation in plant
tissues results in numerous disturbances of physiological
processes. The most harmful effects of Pb phytotoxicity
include alteration in the cell membrane permeability result-
ing in dehydration and water stress, inhibition of cell divi-
sion, and a decrease in electron transport activities during
photosynthesis and respiration [2, 3]. Lead binds strongly to
sulthydryl groups of proteins so its toxicity can be also
attributed to distortion of enzymes and structural proteins
[1]. It also causes visible symptoms of plant injury such as
growth inhibition, chlorosis, or root tip browning [4].
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The plant response to Pb contamination is a key research
problem, and a special effort is undertaken in seeking factors
which affect the reduction of Pb absorption or toxicity in
plants. Selenium (Se) is one of the potential antagonists to
Pb. Studies on animals have shown that Se limits the toxic
effects of heavy metals and interacts with Pb [5], Cr [6], and
Hg or Cd [7]. Recent publications indicate that Se addition
may also alter the total content of tissue heavy metals by
reducing their uptake by plants [8—11]. Selenium addition
restrained accumulation of Pb and Cd in lettuce and enhanced
absorption of some nutritional elements (Fe, Mn, Cu, Ca, and
Mg) [8]. In rape (Brassica napus) seedlings, Se was found to
reverse the Cd-induced decrease in fresh mass and changes in
lipid unsaturation and peroxidation as well as changes in the
DNA methylation pattern [12]. Also in broccoli (Brassica
oleracea) plants, Se supplementation helped the plant to
minimize the Cd toxicity by y-tocopherol increases [10].

The effect of Se on plant organisms is not well recog-
nized and its role in the plant metabolism is still controver-
sial. Selenium is not an essential element for plants but it is
taken up and metabolized in different ways depending on
the plant species and its accumulation in tissues [13—15].
High Se concentrations are toxic to plants [16]. Selenium
toxicity results from its incorporation into amino acids to
substitute sulfur. Seleno-amino acids incorporated into pro-
tein cause replacement of S—S bonds by the less stable Se—
Se bonds. In this way, the biological activity of the protein
can be changed [13-15]. Moreover, high Se doses were
found to generate superoxide radicals and enhance lipid
peroxidation. On the contrary, low Se concentrations may
have antioxidant properties and a positive impact on growth
and development of plants [12, 16-20]. The antioxidative
effect of Se may be attributed to the Se-induced increase in
GSH-Px activity and APX activity and to an increased foliar
concentration of antioxidant compounds such as ascorbate
(AsA) and glutathione (GSH) [21]. Importantly, the boundary
between the essential and toxic Se levels is relatively small
and depends on many additional factors such as plant age,
organs, genotype, or vegetation conditions [22].

The response of plants to Pb and Se interactions has been
described by only a few authors [8, 9, 23, 24]. Exposure of
plants to Pb may result in oxidative stress as indicated by
lipid peroxidation and ROS production in tissues [25]. The
ability of plants to overcome the effect of Pb stress may be
related to the effective scavenging of oxygen species, such
as hydrogen peroxide (H,O,), hydroxyl radical (OH"), and
superoxide radical (O,""). Both enzymatic and non-
enzymatic antioxidants are involved in this process. Catalases
and peroxidases are two major systems for the enzymatic
removal of H,O, in plants [26]. The non-enzymatic antiox-
idants may include GSH, AsA, and carotenoids.

The aim of the present study was to investigate the effect
of Pb (lead nitrate) in combination with Se (sodium selenite)

on root growth and viability and on selected biochemical
parameters (MDA and T-SH content) and antioxidant en-
zyme activity (CAT, GPOX, and GSH-Px). Moreover, the
ability of Se to alleviate Pb toxicity in Vicia faba L. minor
roots was tested and discussed.

Materials and Methods
Plant Material and Growth Conditions

Seeds of Vicia faba L. minor cv. Nadwislanski (field bean)
germinated in the dark at 25°C for 7 days. Next, the seed-
lings were cultivated in 3-dm> pots (10 plants per one pot)
with modified full-strength Hoagland’s medium [27] con-
taining the following mineral components: KNO; (6 mM),
Ca(NO3),-4H,0 (4 mM), MgSO,4-7H,0 (2 mM), iron citrate
(0.85 uM), H3BO; (46 uM), MnCl,-4H,0 (9 uM),
ZnS04 7H,0 (0.76 uM), CuSO45H,0 (0.32 uM), and
H,Mo00,4-2H,0 (0.11 uM). NH4H,PO, was removed from
Hoagland’s medium to prevent precipitation of lead phos-
phate [28]. To determine the effect of Pb and Se, the growth
medium was supplemented with 50 uM Pb in the form of Pb
(NO3), (Sigma) and/or 1.5 uM or 6 uM Se in the form of
Na,SeO; (Sigma). The Pb and Se concentrations were cho-
sen on the basis of preliminary experiments and literature
data. Two-week cultivation was performed at 25/20°C (day/
night) with 16 h/8 h (day/night) photoperiod at photosyn-
thetic active radiation 150 pmol m > s~'. During the exper-
iment, the nutrient solution was continuously aerated and its
losses were supplemented daily with dH,O. The medium
was changed once a week and its pH was kept at 5.0-5.2.
Analyses were performed on fresh material or material
frozen in liquid nitrogen 14 days after Pb and/or Se addition,
and the measurements were performed in triplicate. For the
analysis of dry weight, the roots were dried at 70°C.

Determination of Pb and Se Content

Root and shoot samples of 0.25 g dry weight were mineral-
ized in 10 ml HNO; using the microwave digestion system
“MARS 5” (Varian). After digestion, the residues were
diluted to 25 ml with Milli-Q water. Lead and selenium
contents were analyzed by the AAS (atomic absorption
spectrometry) method with acetylene flame atomization in
the air (FAAS) with the SPEKTR AA spectrometer (Varian).
Calibration curves were made using Pb and Se standard
aqueous solutions “suprapur” pure (Merck).

Root Viability

Root viability was tested using FDA/PI mixture staining
(FDA—12.5 ug ml' and PI—5 mg ml") [29]. Primary
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root apical fragments (about 2 cm length) were gently incu-
bated in FDA/PI mixture for a few minutes and then thor-
oughly rinsed with dH,0O. Observations were carried out in a
drop of dH,O under a fluorescent microscope Nikon Labo-
phot 2A with excitation at 450-490 nm and emission at
520 nm.

Cell Death Measurement

Root cell death was estimated spectrophotometrically
according to the method described by Tamas et al. [30].
The whole root systems were cut off, rinsed under tap water
and next three times in dH,O and stained in 0.25% Evans
blue for 15 min. After staining, the roots were rinsed in
dH,O until complete removal of excess dye. Then 1.5-g root
samples were homogenized in a mortar with 6 ml DMSO
(dimethylsulfoxide). After homogenization, the plant mate-
rial was centrifuged twice at 10,000xg for 15 min. The
supernatant absorbance was read at 600 nm with the UV—
VIS spectrophotometer (Helios Gamma).

Detection of Superoxide Anion (0,7)

Apical fragments of primary roots (about 2 cm length) were
placed into a freshly prepared 10 uM DHE in 100 uM
CaCl,, pH=4.75 for 12 h in the dark at room temperature
[31]. After staining, the roots were rinsed with dH,O. Obser-
vations were carried out in a drop of dH,O under a fluores-
cence microscope Nikon Labophot 2A with excitation at
450-490 nm and emission at 520 nm.

Estimation of Lipid Peroxidation

The level of lipid peroxidation was determined as 2-
thiobarbituric acid (TBA) reactive metabolites—malondial-
dehyde (MDA) according to Heath and Packer [32]. Frozen
root samples (0.5 g) were extracted in 5 ml of 0.5% TBA in
20% TCA with 250 ul BHT (butylated hydroxytoluene).
The mixture was heated in a water bath at 95°C for
30 min, and after cooling it was centrifuged twice at
15,000xg at 4°C for 15 min. The specific absorbance (at
532 nm) of the extract and the non-specific background
absorbance (at 600 nm) were measured with the UV-VIS
spectrophotometer (Helios Gamma). The MDA content was
calculated by the extinction coefficient (155 mmol ' cm™).

Determination of T-SH Content

The total content of SH groups was determined spectropho-
tometrically according to Maas et al. [33] with Ellman’s
reagent (DTNB). The frozen roots were homogenized in a
cooled mortar in an extraction solution containing 0.15%
ascorbic acid, 2% SSA, and 0.037% Na,EDTA
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(ethylenediaminetetraacetic acid disodium salt) (5:1, vol-
ume/weight). The homogenate was centrifuged twice at
10,000xg for 15 min at 4°C. Then 0.5 ml of the supernatant
was mixed with 0.5 ml 1 M K,HPO,—KH,PO, buffer, pH=
8.0, and 0.1 ml of 10 mM DTNB, and the absorbance was
read at A=412 nm after | min with the UV-VIS spectro-
photometer (Helios Gamma). The SH group content was
read from the standard curve prepared for L-cysteine.

Analyses of Antioxidant Enzyme Activity

Antioxidant enzyme activities were determined after they
were extracted in 5 ml (CAT and GPOX) or 2.5 ml (GSH-
Px) of 50 mM potassium phosphate buffer, pH=7.0, with
1 mM EDTA (ethylenediaminetetraacetic acid) and 1%
PVPP (polyvinylpolypyrolidone) and centrifuged twice at
10,000xg at 4°C for 15 min.

CAT (E.C. 1.11.1.6) activity was determined in the fresh
plant material (1 g) according to Aebi [34]. Then 1.5 ml of
50 mM potassium phosphate buffer, pH=7.0, and 0.5 ml of
0.15% H,0, were added to the quartz cuvette. The reaction
was initiated by adding 5 pl of the supernatant to the
reaction mixture at 25°C. The absorbance decrease (A
Abs/min) was read at A=240 nm for 30 s with the UV—
VIS spectrophotometer (Helios Gamma). The calculation
includes the molar absorption coefficient of H,O, (e=
0.036 mM ' cm ™).

GPOX (E.C. 1.11.1.7.) activity was determined in the
frozen plant material (0.5 g) according to Velikova et al.
[26]. The reaction mixture contained 2.75 ml of 50 mM
phosphate buffer, pH=7.0, with 1% guaiacol and 100 ul of
supernatant. The reaction was initiated by adding 150 pl
100 mM H,0, to the reaction mixture and absorbance (A
Abs/min) was read at A=470 nm after 30 s with the UV-VIS
spectrophotometer (Helios Gamma). The calculation
includes the molar absorption coefficient of guaiacol (=
26.6mM ' cm ™).

GSH-Px (E.C. 1.11.1.9.) activity was determined in the
frozen plant material (0.5 g) according to Ali et al. [35]. The
reaction mixture contained 50 mM potassium phosphate
buffer, pH=7.0, 1 mM Na,EDTA, 0.25 U ml"' GR (EC
1.6.4.2), 1 mM L-GSH, 0.15 mM (3-NADPH, 1 mM NaNj;
(sodium azide), and the homogenate. The reaction was
initiated by adding 1.5 mM t-BOOH (fert-butyl hydroper-
oxide) at 37°C and the absorbance decrease was measured
with the UV-VIS spectrophotometer (Helios Gamma) at A=
340 nm. The reaction with t-BOOH allowed measurements
of activity of GSH-Px containing selenium (without mea-
suring the activity of GSH-Px containing no selenium). The
unit of GSH-Px activity was an amount of enzyme that cata-
lyzes the oxidation of 3-NADPH ({3-nicotinamide adenine
dinucleotide phosphate reduced form) to 3-NADP" (3-nicotin-
amide adenine dinucleotide phosphate, oxidized form)
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(mM min ' mg " protein) at 25+2°C with the molar absorption
coefficient for the 3-NADPH (¢=6.22 mM ' cm ™).

The Protein Content

The protein content was determined according to Bradford
[36] using BSA (bovine serum albumin) as a standard with
the UV—VIS spectrophotometer (Helios Gamma) 15 min
after addition of color dye (Bio-Rad Protein Assay) at A=
595 nm=10 nm.

Statistical Analysis

The statistical analysis was performed using one-way
ANOVA and Tukey’s test at the significance level p <0.05.
Means and standard errors (SE) were used.

Results
Selenium and Pb Accumulation and Plant Growth

The selenium concentration in plant roots increased with
increasing Se concentration in the growth medium (Table 1).
Lead presence had no influence on the Se content in the
roots. Also, addition of Se to the Pb-treated plants did not
alter Pb accumulation in the roots.

The primary root elongation of the Pb-treated plants was
significantly reduced (by 40%) in relation to the control
plants (Table 2). There were no statistically significant dif-
ferences in the primary root elongation in the Se-treated
plants in comparison to the control. Also, addition of Se
(1.5 uM or 6 uM) did not influence significantly the prima-
ry root elongation of the Pb-treated plants. In the 50 uM Pb-

Table 1 Lead and selenium contents in Vicia faba L. minor roots
grown for 14 days in the control solution or in the presence of Pb
and/or Se

Pb and/or Se concentration (uM) (mg kg~' DW)
Pb Se

0 ND 388.00 a
1.5 Se ND 614.00 b
6 Se ND 844.75 ¢
50 Pb 13,630.33 a 371.61 a
50 Pb+1.5 Se 11,592.33 a 578.00 b
50 Pb+6 Se 12,981.33 a 926.00 ¢

Values are means, SE=8-40%. Values with different letters in the same
column differ significantly from each other at p<0.05. Limit detec-
tions: 6.2 (Pb) and 8.6 (Se)

ND not detectable

treated plants, the fresh weight of roots was reduced by 20%
in relation to the control (Table 2). In the 1.5 uM Se-treated
plants, a 34% increase in the root fresh weight was found;
however, the fresh weight of roots in the 6 uM Se-supplied
plants did not differ from the control. Addition of Se (both at
1.5 uM and 6 pM concentrations) to the Pb-treated plants
did not change their fresh biomass production. The dry
weight of roots was reduced only in plants treated with Pb
and Se (by 19% and 29% at 1.5 and 6 uM Se, respectively)
in comparison to the control (Table 2).

Root Viability

After incubation in FDA/PI mixture, the roots of the control
plants showed an intense yellow-green fluorescence testify-
ing to high cell viability (Fig. 1a). However, in the 50 uM
Pb-treated roots, a strong reduction in cell viability was
found, especially in the cap and dermatogen regions, as well
as in parts more distant from the apex root—in the endo-
derm and the cylinder axis. In the 1.5 uM Se-treated plants,
a slight decrease in cell viability was observed only in the
apical parts of the roots, while at 6 uM Se, the cell mortality
was more pronounced and was found in the apical meristem
and on the root surface. In the 50 uM Pb+1.5 uM Se-treated
roots, a slight reduction in cell viability was noted, mainly in
the surface layer of the cells at the root apex. On the other
hand, in the 50 uM Pb+6 uM Se-treated roots, a consider-
able increase in cell mortality in comparison to the roots
exposed to Pb alone was observed, especially in the apical
part of the roots. However, a group of living and green
fluorescing cells in the apical meristem was still observed
(Fig. 1a).

The observations of root viability were confirmed by
quantitative analysis of root cell death (Fig. 1b). The pres-
ence of 50 uM Pb in the medium lowered the cell viability
of roots by 83% in comparison to the control. In the roots of
plants treated with 1.5 uM Se, the cell death was lower by
24%, whereas at 6 uM Se it was over two times higher in
comparison to the control. The addition of 1.5 uM Se to the
medium with 50 uM Pb improved root viability of Pb-
treated plants by 45%; however, 6 pM Se drastically
increased (by 84%) root cell mortality.

Oxidative Stress Analysis in Roots

Visualization of O,°  accumulation in plant roots is pre-
sented in Fig. 2. In the control plants, only weak fluores-
cence testifying to O,*~ presence was observed in the apical
root parts. In 1.5 uM Se-treated roots, O,*" accumulation
was on the control level; however, it slightly increased at
6 uM Se. Pb intensified clearly the O,°" production. Strong,
orange fluorescence was observed in the apical meristem
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Table 2 The root growth of

Vicia faba L. minor plants culti-
vated for 14 days in the control
solution or in the presence of Pb

Pb and/or Se concentration (uM)

Root elongation (cm)

Root fresh weight
(mg plant ")

Root dry weight
(mg plant ')

and/or Se 0 10.76+1.22 a 959.33+20.39 a 64.47+2.06 ab
1.5 Se 10.69+0.98 a 1290.00£67.58 b 74.04+3.88 a
6 Se 9.89+1.44 ab 938.67+31.06 a 63.08+3.30 abc
Values are means + SE (1=15). 50 Pb 6.50+0.46 b 7713342344 ¢ 55.03+1.84 bed
Values with different letters in 50 Pb+1.5 Se 5.97+092 b 736.00+30.92 ¢ 52.40+3.09 cd
the same column differ signifi- 50 Pb+6 Se 7.59+0.51 ab 654.67+25.78 ¢ 45.76+2.06 d

cantly from each other at p<0.05

and in the elongation zone of the roots of the Pb-treated
plants both in the absence and presence of Se.

The increase in accumulation of lipid peroxides is indic-
ative of enhanced production of reactive oxygen species.
The level of MDA, one of the major TBA reactive metab-

Fig. 1 Cell viability of Vicia
faba L. minor roots after 14 days
of cultivation in the control
solution or in the presence of Pb
and/or Se. a Visualization of root
viability by FDA/PI staining.
Yellow-green fluorescence
indicates viable cells, red
fluorescence indicates dead
cells. b Quantitative analysis of
root cell death after Evans blue
staining. The bars indicate mean
(n=9)=£SE. Values with different
letters differ significantly from
each other at p<0.05

olites, increased in the 50 pM Pb-treated roots by 39% in
comparison to the control (Fig. 3). Also, 1.5 uM Se did not
significantly influence the MDA level, while 6 uM Se
increased the lipid peroxidation by 50% in comparison to
the control. Moreover, while 1.5 uM Se did not have a
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Fig. 2 Visualization of
superoxide anion accumulation
(after DHE staining) in Vicia
faba L. minor roots after 14 days
of cultivation in the control
solution or in the presence of Pb
and/or Se

Pb+1.5 Se

- Pb+6 Se

significant effect on the MDA content in the roots of plants
treated with Pb, 6 uM Se intensified lipid peroxidation in
such plants by 18%. At 50 uM Pb+1.5 uM Se, the level of
MDA was higher by 30% and at 50 uM Pb+6 uM Se by
64% than in the control roots.

Fifty micromolar of Pb significantly increased the total
content of SH groups in the roots and the average concentration
of T-SH was about 131% higher than in the control (Fig. 4).
Similarly, Se increased the T-SH content, by 59% and 109% at
1.5 uM Se and 6 uM Se T-SH, respectively, in comparison to
the control. The highest concentration of thiol compounds was
found in the roots treated with Pb and Se (about three times
higher than in the control). Selenium addition to the medium
with Pb increased the thiol compounds synthesis by 35-42% in
comparison to the plants treated with Pb alone.

At the 1.5 uM Se treatment, CAT activity decreased by
36% in relation to the control (Fig. 5a). Treatments with

30
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£
s
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=
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Fig. 3 Level of lipid peroxidation expressed in terms of MDA con-
centration in the roots of Vicia faba L. minor plants after 14 days of
cultivation in the control solution or in the presence of Pb and/or Se.
The bars indicate mean (n=9)+SE. Values with different letters differ
significantly from each other at p<0.05

6 uM Se as well as 50 uM Pb and 50 uM Pb+1.5 uM Se or
Pb+6 uM Se did not change CAT activity.

In the roots treated with Pb alone or 1.5 puM and
6 uM Se alone, the GPOX activity was decreased by
15%, 12%, and 36%, respectively (Fig. 5b). In the roots
exposed to 50 uM Pb+1.5 uM Se, the GPOX activity
was at the control level, but after addition of 6 uM Se
together with Pb, a 50% increase in GPOX activity was
found in comparison to the control. Addition of Se, both
1.5 uM and 6 uM, to the Pb-treated plants increased GPOX
activity by 10% and 77%, respectively, in comparison to
plants supplemented with Pb alone.

Selenium did not influence the GSH-Px activity, whereas
Pb induced a 60% increase in GSH-Px activity in compar-
ison to the control (Fig. 5¢). Addition of 1.5 uM Se to Pb-
treated plants did not alter the GSH-Px activity in the roots
while 6 uM Se increased the activity of this enzyme by
89%. The GSH-Px activity was higher in these plants by
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Fig. 4 Total SH content (T-SH) in the roots of Vicia faba L. minor
plants after 14 days of cultivation in the control solution or in the
presence of Pb and/or Se. The bars indicate mean (n=9)£SE. Values
with different letters differ significantly from each other at p<0.05

@ Springer



Mroczek-Zdyrska and Wojcik

326
50
< k3
T 40
° il a _ac
= I a
IC}'] 30 e il
£
- b
£
£ 20
©
E
10
O
0 : : ; : : :
(-]
=
o |
§ 8
(=%
‘l.; a
E° B b
i= ]
E 4] C
[=]
£
3
g 2
(O]
0
=
T c
o
E 20 - ——
o
f 15 -
£
E b b
S 101 % e
E a a =]
- :
& s
T
w
10}
g - — s S—— p—
9 \_563 663 5090 A 556 ?,03:6%6
e 0 [uM]

Fig. 5 Antioxidant enzyme activity in the roots of Vicia faba L. minor
plants after 14 days of cultivation in the control solution or in the
presence of Pb and/or Se. The bars indicate mean (n=9)+SE. Values
with different Jetters differ significantly from each other at p<0.05

about 57% at 1.5 uM Se and over two-fold at 6 uM Se in
comparison to the control.

Discussion

Root growth inhibition of is a well-known and primary
response of plants to Pb toxicity [4, 28, 37]. Our results
revealed that roots were sensitive to toxic Pb ions. After
14 days of the experiment, both length and biomass of the
root system of Vicia faba L. minor was significantly
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reduced. It is believed that the decrease in fresh and dry
weights is related to the reduction in the metabolic rate of
cells and poor development of the root system may cause
Pb-induced inhibition of water uptake [2]. However, that
was not the case in this experiment since neither the dry
weight nor water content (data not shown) was disturbed in
the roots after the Pb treatment. The significant increase in
fresh weight and water content (data not shown) in the
1.5 uM Se-supplemented plants may be linked with the role
Se plays in the regulation of water and an increase in tissue
hydration. Selenium may contribute to more efficient water
uptake by roots or reduce the intensity of transpiration and
thereby reduce water loss in tissues [38].

The root growth inhibition induced by the Pb treatment
was correlated with the internal Pb content within the tis-
sues. It is well known that plant roots are the main organs
which participate in Pb accumulation and that only small
portions of Pb are translocated into shoots [4, 37]. The
selenium content increased in the roots with the increasing
concentration of Se in the nutrient solution. However, Se did
not influence Pb accumulation in the roots. Our results are in
agreement with the studies on rape, which indicated that Se
(2 uM) only insignificantly decreased Cd accumulation
[12].

Cell death is the most visible symptom of damage caused
by heavy metals. The plasmalemma is the first functional
structure to come into contact with heavy metals [39].
Therefore, Pb accumulation in cells depends mainly on
membrane permeability. A strong decrease in the viability
of root cells was observed after Pb application. The lower Se
concentration used increased and the higher Se concentra-
tion decreased the root viability of the Pb-treated plants. It
was found that in the roots treated with 6 uM Se alone or
with Pb, necrotic cells were mainly localized in the surface
rhizodermis layers and in the apical part of the roots. How-
ever, a group of living and metabolically active cells were
observed in the apical meristem. This group of cells, which
is characterized by an intense metabolism and identified as a
quiet center (QC), is assumed to participate in the recon-
struction of the apical meristem under stress conditions. The
fact that the initial cells in plant roots under physiological
conditions do not show a typical meristematic activity is
commonly known. Their inactivity in “normal” top roots is
due to the activity of other meristem parts [40]. The in-
creased metabolic activity of QC cells, which was observed
after the introduction of Se or Se + Pb to the growth
medium, can testify to the initiation of the activity of this
area by Se and its participation in the adaptation and tolerance
of the roots to Pb.

There is a strong relationship between cell death and
elevated ROS production. It is well known that Pb may
contribute to generation of ROS and lead to oxidative stress
in plant tissues [25]. Our results indicated the severe cell
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death that in roots exposed to Pb was accompanied by an
increase in O,°" production. Especially strong DHE fluo-
rescence testifying to O,°” accumulation was observed in
the apical meristem and in the endoderm—the main areas of
cell death in the roots. Introduction of 1.5 uM Se to the
medium with Pb decreased the intensity of DHE fluorescence
in the roots.

Another indicator of cell membrane damage is lipid perox-
idation. The increase in lipid peroxidation products modifies
such membrane properties as flow, permeability, and enzyme
activity. Many studies show that low Se concentrations reduce
lipid peroxidation, whereas higher Se concentrations increase
lipid peroxidation [16, 18, 19]. De la Luz Mora et al. [41]
reported that the lowest level of lipid peroxidation in clover
shoots was noted when the tissue Se concentration did not
exceed 200 pg Se kg ' DW. Increased lipid peroxidation was
found above this concentration. It seems that the significant
increase in lipid peroxidation in the roots of our plants treated
with 6 uM Se and 50 uM Pb+6 uM Se can be associated with
the significant increase in the Se content.

Lead and other heavy metal ions often reduce cellular
activities by generation of oxidative stress and inhibition of
enzyme reactions. Oxidoreductase enzymes (CAT or GSH-
Px) are the most sensitive enzymes to selenium due to the
antioxidant properties of this element [42]. In our research,
Pb did not influence CAT activity in roots. However, appli-
cation of lower Se levels markedly decreased CAT. Litera-
ture data are ambiguous in regards to the effect of Se on
CAT activity. Djanaguiraman et al. [19] observed that cata-
lase did not participate in active H,O, reduction. The reason
for this could be that CAT is present only in the peroxisome
and has low substrate affinity, as it requires simultaneous
access of two molecules of H,O, [43].

Exposition of plants to Pb stress decreased the GPOX
activity by 15%. Similar results were obtained for Se. The
results presented in our study indicate that Se increased the
GPOX activity in roots exposed to Pb stress which may be
indicative of its antioxidant properties. Numerous studies
indicate that lower Se concentrations contribute to the in-
crease in GPOX activity and thus have a beneficial effect on
the antioxidant system in plants, while higher Se concen-
trations decrease the GPOX activity and may exhibit
pro-oxidative properties [20, 41, 42].

According to the literature, the antioxidant properties of
Se are connected with its beneficial effect on the GSH-Px
activity [16, 17]. An increase in the GSH-Px activity was
observed using cither selenate or selenite [18]. However, in
our studies no such Se effect on GSH-Px activity was found.
Se did not change the activity of this enzyme, unlike Pb
which significantly increased the GSH-Px activity both in
absence and in presence of Se in the growth medium.

Two types of proteins rich in —SH groups are identified in
plants that may be involved in binding of heavy metals:

phytochelatins (PCs) and metallothioneins (MTs) [44].
There are more numerous reports about induction of com-
pounds rich in —SH groups under the influence of heavy
metal rather than under non-metals such as selenium [45]. In
a study on spinach and tomatoes, an increase in —SH groups
after Se treatment was observed, but their content depended
on the Se concentration and form [46]. In the present study,
increased T-SH synthesis was observed after Pb and/or Se
supplementation.

The protective role of Se on the Pb stress that we ob-
served in the changes in root growth, viability, ROS pro-
duction, and antioxidant activity is not unambiguous and
depends on the Se concentration mainly. Selenium exerts
dual effects on Pb toxicity: at a low concentration it
improves the cell viability, whereas at a high concentration
it is pro-oxidant, enhancing the accumulation of lipid per-
oxidation products and percent injury of the cell membrane.
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