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Abstract

The effects of lead (PbAc) and nickel (NiCl2) on the development of rice plants and the activity
of antioxidant enzymes, under the same experimental conditions, were evaluated using four
concentrations (0, 50, 100 and 300 mg kg™?) in two different organs of the plant (roots and leaves).
The research was conducted from September 2010 to March 2011 at the Esalq in Brazil under
greenhouse conditions. The activities of the enzymes superoxide dismutase (SOD) and glutathione
reductase (GR) were determined by spectrophotocolorimetry and non-denaturing polyacrylamide
gel electrophoresis (PAGE) was used to identify the SOD and GR isoenzymes. Rice plants with
NiCl2 treatments grew less than those treated with PbAc:; at all concentrations used compared to
the control. The highest specific activity of the SOD in the roots was obtained at 0 and 300 mg kg~
! of NiCl, and 300 mg kg™ of PbAc.. In leaves, the highest activity of this enzyme was detected
with 0 mg kg of NiClz and 0 and 300 mg kg of PbAcz. The NiCl, caused significant increases
in GR activity in the roots at all concentrations with respect to the control, no significant differences
were observed with respect to the control in any of the organs analyzed in the presence of PbAc..
Four isoenzymes of the SOD (two Mn and two Fe) and five GRs were found in both organs
analyzed. Of the latter, the GR-V was identified as leaf tissue specific with the heavy metal Ni.
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Introduction

Rice is the most important cereal in the world, due to the extent of cultivation it occupies and its
consumption by almost 3 billion people (Zhao and Mc Grath, 2009); however, it is reported as a
hyperaccumulating plant of various heavy metals, the most harmful being cadmium, due to its
mobility and toxicity and lead, although it is not a mobile metal, it is very toxic (Reeves et al.,
2000).

Agricultural soils can be contaminated with heavy metals through industrial waste, gasoline, paint,
mining waste, fertilizers, pesticides, animal fertilizers, irrigation of wastewater and other sources
(Khan et al., 2008). The most commonly found heavy metals in contaminated sites are lead (Pb),
cadmium (Cd), mercury (Hg), chromium (Cr), arsenic (As), zinc (Zn), copper (Cu) and nickel (Ni)
(Su et al., 2014).

Heavy metals released to the environment by anthropogenic activities do not go through a process
of chemical or biological (microbial) degradation (Kirpichtchikova et al., 2006) and their total
concentration in soils persists for a long time after their introduction (Adriano, 2003). The critical
level of toxicity in cultivated species is in the range of 10 ug g of dry mass (MS) in sensitive
plants and 50 pug g* of MS in moderately sensitive and tolerant plant species (Marschner, 1995).

Several authors have reported that the toxicity of Pb and Ni could produce oxidative cellular
damage when generating reactive oxygen species (ROS) (Islam et al., 2011). The ROS are the
result of oxidative stress, which in turn leads to several detrimental effects on plant cells (Islam et
al., 2008) so that antioxidant enzymes can reduce or prevent the toxic effects of ROS induced by
stress metal. These antioxidant enzymes are superoxide dismutase (SOD), ascorbate peroxidase
(APX), catalase (CAT) and glutathione reductase (GR). These enzymes can maintain the balance
between the production and destruction of ROS (Hassan and Mansoor, 2014).

The antioxidant effectiveness under stress of heavy metals in roots and leaves has been studied, but
reports on the antioxidant system in those organs due to the presence of Ni and Pb, which induce
oxidative stress in the same experimental conditions, are limited. For this reason, the objective of
this research was to evaluate the influence of Ni and Pb in the development and antioxidant system
of rice, by determining the activities of superoxide dismutase (SOD) and glutathione reductase
(GR) in roots and leaves in identical experimental conditions.

Materials and methods

Crop management and experimental design

The research was conducted from September 2010 to March 2011 at the Luiz de Queiroz Higher
Agricultural School (ESALQ) in Brazil, in the Genetics laboratory. The 8092 rice line (O. sativa
L.) was provided by the National Institute of Agricultural Sciences (INCA, Cuba). The seeds were
sterilized with 5% sodium hypochlorite for 15 min, then rinsed with distilled water three times,
planted in pots filled with distilled water and covered with a thin cloth to prevent evaporation of
the water. The pots were placed in a greenhouse with a temperature of 35 °C and a relative humidity
in a range of 32-35%.
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After one week, the seedlings were transplanted into one liter pots with sand and Hoagland nutrient
solution (600 ml), in four treatments of nickel chloride (NiCl2) and lead acetate (PbAc2). The
experimental design was completely randomized, with four levels of NiCl;and PbAc: (0, 50, 100
and 300 mg kg). All the experiments were performed in triplicate.

The experiments were carried out in a greenhouse under natural light with temperatures in the range
of 20-30 C. The Hoagland solution with Ni and Pb was changed weekly and the total volume was
completed with water once a week.

Sampling

The plant samples were obtained 30 days after sowing. All samples of roots and leaves were taken
in a state of physiological maturity. The material was disinfected with non-ionic detergent (1%),
rinsed three times in distilled water and then transferred to filter paper. In each sample, fresh matter
from the roots and leaves was used for the analysis of antioxidant enzymes and the isoenzyme
profile.

Analysis of the samples
Development of plants

The development of the plants in the presence of the metals under study (NiCl, and PbAcz) was
evaluated, comparing them with a control without heavy metals.

Concentration of soluble total proteins

Bovine serum albumin (BSA) was used as a standard for the determination of protein
concentration, by the method of Bradford (1976).

Extraction and analysis of antioxidant enzymes

Samples of roots or leaves were homogenized (volume of buffer: fresh mass 2:1) in a mortar with
100 mM potassium phosphate buffer pH 7.5 (1 mM ethylenediaminetetraacetic acid (EDTA), 3
mM DL-dithiothreitol and insoluble PVP 5% wi/v). The homogenate was centrifuged at 10 000 x
g for 30 min and the supernatant was stored in separate aliquots at -80 °C, before the GR and SOD
analyzes. All steps of the extraction were carried out at 4 °C.

The activity of SOD was determined at 560 nm (Beyer and Fridovich, 1987), based on the
inhibition of nitroblue tetrazolium (NBT) reduction. One unit of enzymatic activity was defined as
the amount of SOD required for a 50% inhibition of the reduction of NBT. The SOD activity was
expressed as pmol min™ mg™ protein.

The total GR activity was determined as described by Azevedo et al. (1998) at 412 nm for 2 min,

analyzing the rate of reduction of oxidized glutathione (GSSG). The activity of GR was expressed
as umol mint mg* protein.
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Determination of isozyme profiles of SOD and GR

The SOD and GR isoenzyme separation assays and the SOD isoenzyme classification were
performed as described by Gomes-Junior et al. (2007).

Electrophoresis was carried out on 8% non-denaturing polyacrylamide gels (PAGE) for 4 h at 4
°C, with a constant current of 20 mA/gel with 60 mg of protein in each lane.

The SOD bands were classified using hydrogen peroxide and KCN-taking into account the
inhibition patterns with both chemicals- such as Mn-SOD (SOD I-resistant to both inhibitors) and
Fe-SOD (SOD Il-inactivated by one of the inhibitors).

Statistical analysis

After checking the normality and homoscedasticity of the data (through the Kolmogorov-Smirnov
and Bartlett tests, respectively), the data of the enzymatic activities were subjected to a simple
variance analysis. The differences between the means of the treatments were compared using the
Tukey test (p< 0.05). Statgraphics 5.1 (2001) statistical package was used for the analyzes.

Results

Development of plants

The development of the plants was affected by both metals (Ni and Pb) (Figure 1). In comparison
with the control, the plants that grew in the presence of NiCl did not fully develop their leaves and
the height of the plant was reduced in all the concentrations analyzed, especially those treated with
300 mg kg. The same happened with the plants to which PbAc, was applied in the concentrations
of 100 and 300 mg kg™

NiC|2 PbACz

Control 50 100 300 mg kg™. Control 50 100 300 mg kg™.
Figure 1. Plant development was affected by both metals (Ni and Pb).
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Analysis of antioxidant enzymes
Superoxide dismutase (SOD)

When NiCl, was used, the specific activity of SOD in the roots decreased significantly with respect
to the control in the concentrations of 50 and 100 mg kg™ and increased significantly in the highest
concentration (300 mg kgt). When applying PbAc; the activity of the enzyme was significantly
higher than that of the control when using 50 and 100 mg kg, reaching the highest value with the
concentration of 300 mg kg™.

In the leaves of the plants that grew in the presence of NiCly, the activity of the SOD decreased
significantly with respect to the control, reaching the lowest values with 50 and 100 mg kg™*. The
use of PbAc; (50 mg kgl) increased the enzymatic activity, obtaining statistically similar values to
the control in the higher concentrations (Figure 2).
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Figure 2. Effect of the concentrations (mg kg?) of nickel (NiCl,) and lead (PbAcz) on the SOD activity
(umol mintmg? of protein) in rice plants (O. sativa L.) of the line 8092 where A= roots and
B= leaves. Different letters indicate significant differences for p< 0.05.

Glutathione reductase (GR)
No significant differences were found in the activity of this enzyme in leaves and roots due to the
use of PbAC:. In contrast, the application of NiCl> in all the concentrations used caused significant

increases in GR activity in the roots with respect to the control, without causing significant
variations in the leaves (Figure 3).
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Figure 3. Effect of the concentrations (mg kg?) of nickel (NiCl;) and lead (PbAc;) on GR activity
(umol min't mg? of protein) in rice plants (O. sativa L.) of line 8092 where A= roots and B=
leaves. Different letters indicate significant differences for p< 0.05.

Isozyme profiles
Superoxide dismutase (SOD)

The presence of SOD bands was similar to the control in all concentrations tested (Figure 4).
On the other hand, some changes in the profile could be visualized, particularly in the leaves,
where the Fe-SOD bands at 50 and 100 mg kg™ of NiCl. exhibited increases in their intensity.
The treatment with PbAc, showed in the roots at 0 mg kg™ that the Mn-SOD2 was absent,
while four bands were very intense in the leaves at 100 mg kg and no band was visualized at
300 mg kgt
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Figure 4. 1sozyme profiles (SOD) in PAGE of rice plants (O. sativa L.) line 8092. A-nickel (NiCl), B-
lead (PbAc;). Lane 1= bovine serum albumin; Lane 2= control (0 mg kg?); Lane 3= 50 mg
kg?; Lane 4= 100 mg kg?; Lane 5= 300 mg kg?; Lane 6= control (0 mg kg?); Lane 7= 50
mg kg*; Lane 8= 100 mg kg*; Lane 9= 300 mg kg*. The arrows indicate the SOD isoenzymes
identified by staining the gels after incubation with KCN or H2O, (5 mM in both cases).

Glutathione reductase (GR)

Five GR isoenzymes were identified (Figure 5). GR V did not appear in the roots of the plants
treated with NiCly, but it was present in the leaves, with greater intensity in the bands corresponding
to the treatments with 50 and 100 mg kg2, in these two, GR IV was also more intense at 300 mg
kg of NiClz, GR IV and GR V exhibited low intensity bands in the leaf samples.

The treatment with 50 mg kg™* of PbAc; in the roots induced the suppression of GR V. In the leaves,
the GR | was absent in all the treatments and also in the control, the use of 100 mg kg™ reduced
the intensity of GR 1V and GR V, while the concentration of 300 mg kg™ caused the suppression
of all bands.
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Figure 5. Isozyme profiles (GR) in PAGE of rice plants (O. sativa L.) line 8092. A-nickel (NiCl.),
B-lead (PbAc;). Lane 1= GR pattern of Saccharomyces cerevisiae; Lane 2= control (0 mg
kg?); Lane 3= 50 mg kg?; Lane 4= 100 mg kg; Lane 5= 300 mg kg*; Lane 6= control
(0 mg kg?); Lane 7= 50 mg kg*; Lane 8= 100 mg kg*; Lane 9= 300 mg kg. The arrows
indicate the GR isoenzymes identified.

Discussion

Heavy metals (Pb and Ni) at concentrations of 100 and 300 mg kg™ caused a reduction in the
normal development of rice plants, a common symptom that has been reported by several authors
(Dogan et al., 2009; Maestri et al., 2010). This damage is related to the low activity of SOD caused
by both metals in the highest concentrations (100 and 300 mg kg™) in the leaves, which indicates
that the defense system of rice plants is affected with these concentrations, showing weaknesses in
the elimination pathway of superoxides and H20> due to stress due to Ni and Pb. It has been shown
that SOD is the first line of defense against ROS, because this enzyme participates in its
detoxification (Elstner, 1991).
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Maheshwari and Dubey (2009) observed increases in the activities of all SOD isoforms in rice
plants subjected to high concentrations of Ni (400 uM). The SOD in plants treated with Ni should
confer defenses against oxidative damage, in this investigation increases in SOD activity were
observed in the highest concentration of Ni and Pb (100 and 300 mg kg?) in the roots, against what
happens in wheat and pea (Gajewska and Sklodowska, 2008).

Cai-Lin et al. (2013) studied the changes in the activity of SOD with different concentrations of
Cd?*, Ccu?* and Hg?* in flowering plants of rice finding that this activity was higher in the roots,
followed by the panicle and finally the leaves. In another study carried out on four rice cultivars
(S17, HA63, T3028, S8258) using cadmium (50 and 250 uM), the activity of different antioxidant
enzymes (POD-peroxidase, SOD, CAT-catalases, among others) was analyzed in the tissues of
roots and leaves and an increase in the activity of the majority of enzymes was detected, among
them the SOD in both tissues analyzed (Wang et al., 2013).

Three SOD isoenzymes according to their metallic cofactor have been reported (Mn-SOD, Fe-SOD
and CuzZn-SOD) in crops such as Olea europea L. (Corpas et al., 2006), Nicotiana tabacum L.
(Pompeu et al., 2008), Lepidium sativum L. (Manaa et al., 2014) and others. These isoenzymes
have a heterogeneous distribution among higher plant species, perhaps because their specific
function depends on their location (Corpas et al., 2006).

In rice subjected to stress by cadmium, the intensity of the SOD isoforms increases in the lowest
concentrations of the metal, but decreases as the concentration increases, especially if this factor is
combined with thermal stress (Shah and Nahakpam, 2012).

The high level of SOD activity observed in the control may be indicative of inverse stress (due to
the absence of Ni). This can be explained because Ni is an important metal in several metabolic
processes, such as ureolysis, hydrogen metabolism and some others (Mulrooney and Hausinger,
2003).

In the treatments with PbAc., the roots maintained a greater SOD activity than the leaves,
especially at 50 mg kg*. Verma and Dubey (2003) obtained similar results in growing rice plants,
in which the SOD activity was higher in the roots than in the buds.

The Pb accumulates mainly in the tissues of the roots, because it is the first barrier for this
translocation of metals (Blaylock and Huang, 2000), but it can concentrate in the tissues of the
phloem and move through the xylem towards the leaves (Pinho and Ladeiro, 2012).

Alterations in the activity of SOD in rice, as in other species, are associated with abiotic stress of
various types, including those caused by heavy metals such as manganese (Srivastava and Dubey,
2011), cadmium (Shah and Nahakpam, 2012), copper (Thounaojam et al., 2012), arsenic (Tripathi
et al., 2013) and aluminum (Bhoomika et al., 2013).

At the roots, the intensity of the GR bands was approximately similar in all cases, regardless of the
metal used. Ching-Lin and Ching-Hue (2005) found no effect of Ni application on GR activity in
roots of rice seedlings. In this study, the Ni induced increases in the intensity of the bands of the
leaf samples, particularly at 50 and 100 mg kg, indicating oxidative stress. Conversely, treatment
with lead at 100 mg kg* caused a decrease in the intensity of the bands in the leaves and at 300 mg
kg™ no bands were observed.
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The GR isoenzymes showed differences according to the organ of the analyzed plant and the
concentration used. The isoenzymes GR |1l and IV were present in all the concentrations and
organs of the plant analyzed. These two isoenzymes are responsible for the majority of GR activity
(Pompeu et al., 2008).

The amount of GR isoenzymes varies according to the species; for example, in Arabidopsis two
GRs were found (Xiang and Oliver, 1998) and in wheat five have been identified (Yannarelli et
al., 2007) as in this investigation. Stress by cadmium in rice does not increase the expression of the
genes that control GR except when the presence of the metal is associated with thermal stress (Chou
etal., 2012). On the other hand, copper increases the activity of these enzymes (Thounaojam et al.,
2012), which suggests that their expression can be selective depending on the metal present.

The GR staining revealed that GR-V is a specific isoform of leaves when Ni is present. In O. sativa,
Wu et al. (2013) have described two chloroplast isoforms but Kaminaka et al. (1998) had purified
and characterized the GR in this species, finding that although the enzyme is predominantly found
in chloroplasts, it is also found in small amounts in mitochondria and cytosol.

Conclusions

The enzyme superoxide dismutase (SOD) showed different leaf and root behaviors for the
treatments with the two heavy metals, whereas only the NiCl, caused significant increases in the
activity of glutatation reductase (GR) in the roots in all concentrations with respect to control. The
PbAc: did not cause differences in the activity of GR with respect to the control in any of the
analyzed organs.

A specific isoform of glutathione reductase (GR-V) was found in the leaves of plants treated with
NiClo.
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