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ABSTRACT 
 
Introduction: Volcanism is an important natural origin of Arsenic (As) contamination.  
Aims: Oxidative stress parameters, antioxidant defense system, the expression of transcripts 
involved in defense responses and the As genotoxicity were analyzed. 
Study Design: The plants were separated into two groups (Control and As-treated ones) until they 
were exposed to As (2.5 and 5 ppm) at day 10.  
Methodology: Biochemical, molecular and cytogenetic determinations were carried out.  
Results: Arsenic treated plants show growth abnormalities. The antioxidant defenses and oxidative 
parameters in roots and leaves showed different tissue-specific responses. Whereas leaf tissues 
display an active antioxidant defense, root cells are unable to produce defense molecules and 
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show oxidative stress. Moreover, the analysis of antioxidant enzymes such as ascorbate 
peroxidase and superoxide dismutase, showed higher activity in leaves than in roots, except for 
isocitrate dehydrogenase. The expression of GR and MAPK decreased significantly in all the 
treatments during the time curve. ICDH showed an increase in its expression with 24 hours of 
treatment and falls at 72 hours compared to their controls. Genotoxicity assays showed a decrease 
of mitotic index (MI) and the presence of altered nucleus, in samples exposed for 72 hours.  
Conclusion: Our results suggest that the physiological, biochemical, molecular and cytogenetic 
behavior of the plants depends on the As concentration and the length of the exposure. 

 
 
Keywords: Arsenic; soybean; oxidative stress; antioxidant defenses; genotoxicity. 
 

ABBREVIATIONS  

 
As, arsenic; DTNB, 5, 5’- dithiobis (2-nitrobenzoic acid); GR, Glutathione Reductase; GSH, Reduced 
glutathione; GSSG, Oxidized glutathione; H2O2,Hydrogen peroxide; MDA, Malondialdehyde; NBT, 
Nitroblue Tetrazolium; MI, Mitotic Index. 
  
1. INTRODUCTION 
 
Arsenic (As) is present in many environments 
and becomes a highly toxic compound for all 
forms of life. The high levels of As in the soil 
produce considerable concern due to its 
incorporation by plants and the subsequent 
intake by humans and animals. There are 
several chemical forms of arsenic in the 
environment, including organic and inorganic 
molecules. It has been described that the toxicity 
of this metal depends on its chemical form. In 
general, the inorganic species arsenite As (III) 
and arsenate As (V), which are the bioavailable 
forms in soils, are more toxic than the arsenic-
derived organic compounds [1]. In addition, there 
is also an interconversion between species 
regulated by biotic and abiotic factors [2]. 
Previously, it has been reported that As (III) is 
usually complexed with phytochelatins [3]. This is 
an important mechanism commonly used by 
plants to reduce the As (III) mobility and its 
detoxification [4]. On the other hand, As (V) acts 
as a phosphate analogue and is translocate 
through the plasma membrane mediated by Pi- 
cotransporters [5]. Once inside the cytoplasm, As 
(V) competes with Pi, replacing the ATP to form 
unstable ADP-As, interfering with essential 
cellular processes such as oxidative 
phosphorylation and ATP synthesis and thus, 
leading to disruption of the energy flow within 
cells [6-8]. Inorganic arsenic species, as well as 
other heavy metals, produce oxidative stress by 
generating Reactive Oxygen Species (ROS) [8]. 
These species react with several biomolecules, 
including lipids, proteins, pigments and nucleic 
acids, causing lipid peroxidation, membrane 
damage, enzyme inactivation and DNA 

fragmentation, leading to a decrease in cell 
viability [9]. Photosynthetic organisms possess a 
strong antioxidant defense system to tolerate 
high concentration of metals. This system 
involves several enzymes and low molecular 
weight compounds which are mainly constitutive 
and play an important metabolic role at the 
cellular and subcellular level [10]. It has been 
reported that two of the components of this 
antioxidant defense system; ascorbate and 
glutathione are increased by the arsenic induced 
stress. In addition, plants exposed to As show an 
increase of the synthesis of phytochelatins, the 
polymers of glutathione [7]. Reduced Glutathione 
(GSH) protects proteins against denaturation 
caused by the oxidation of protein thiols groups 
during stress. It has been reported that the 
Reduced Glutathione/ Oxidized Glutathione 
(GSH/GSSG) couple is a redox sensor indicative 
of the general cellular thiol- disulphide redox 
balance, acting as a signaling component during 
development, abiotic stress or pathogen attack 
[10,11]. The effects of GSH on Arabidopsis roots 
and the results of Kerk and Feldman [12] indicate 
that the couple GSH/GSSG could act as sensor 
and effector providing a direct link between 
environmental stress and the morphological 
adaptations to alterations in the pattern of cell 
division in the apical meristem of the taproot [13]. 
To detect the genotoxic effects of As, 
preparations with meristematic root tip cells were 
observed under microscope and the results were 
expressed as Mitotic Index (MI), [14]. Donglin 
Guo et al. [15] investigate the relationship 
between the induction of genotoxicity and the 
production of free radicals in young seedlings 
of V. faba exposed to nitrobenzene. Their results 
indicate that reactive oxygen species may 
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contribute to genotoxicity. Trivalent and 
pentavalent forms of arsenic have been shown to 
induce programmed cellular death (PCD) in 
plants and apoptosis in human beings [16-18]. In 
addition, Ramirez et al. [19] and Shi et al. [20], 
observed induction of chromosome/ chromatid 
breaks or exchanges (clastogenicity) in cultured 
human cells and DNA-protein cross links, 
chromosomal aberrations in keratinocytes, 
respectively. Duquesnoy et al. [21] study the 
potential biochemical and genotoxic effects of 
arsenic on plants. They observed that As 
contamination produced alterations on the 
growth and activity of the enzymatic antioxidant 
system and on the mitotic index (MI) and 
micronucleus (MN) in roots of Z. mays and V. 
faba. The objective of this study was to analyze 
the relationship between antioxidant defenses, 
oxidative stress and PCD on soybean seedlings 
under As contamination. For this purpose, we 
analyze different oxidative stress compounds, 
the enzymatic and non-enzymatic antioxidant 
defense system, and the expression of 
transcripts involved in defense responses after 
the exposure of soybean plants to As. Moreover 
through the measurement of the mitotic index the 
genotoxicity of As was determined.  
 

2. MATERIALS AND METHODS 
 

2.1 Plant Material and Growing 
Conditions 

 
Glycine max. L. seeds were sterilized with 2.5 % 
V/V sodium hypochlorite before they were potted 
and allowed to grow under hydroponic conditions 
in a controlled greenhouse (24±2ºC, 50% of 
relative humidity and a photoperiod of 16 h with a 
photon flux density of 280 µmol m

-2
 s

-2
). The 

plants were supplied every 48 h with Hoagland 
nutrient solution [22], and separated into two 
groups (Control and As-treated ones) until they 
were exposed to As (2.5 and 5 ppm) at day 10. 
The experiment was in a completely randomized 
design with six replicates over two independent 
experiments. Leaves and roots were processed 
and assayed for 24 h and 72h in Control and As 
supplied plants, respectively. 
 

2.2 Arsenic Determination 
 
The As content (µmol g-1 DW) in leaves and 
roots was measured by an inductively coupled 
plasma mass spectrometer (ICP-MS), Perkin-
Elmer SCIEX, ELAN DRC-e (Thornhill, Canada) 
and referred to Dry Weight (DW). Total As levels 
were validated as previously described [23]. 

2.3 Glutathione, Non-protein Thiols and 
Phytochelatins Determination 

 
Reduced glutathione (GSH) and non-protein 
thiols (NPT) were extracted by homogenizing 
250 mg of roots and leaves in 2 ml 0.1 N HCl, 
1% (w/v) polyvinylpyrrolidone (PVP), and 10 min 
centrifugation at 10,000 x g at 4ºC [24]. The GSH 
content was estimated by incubating 100µl of the 
supernatant with buffer phosphate (0.5 M 
KH2PO4/ K2HPO4), 1 g/l ascorbic acid and 0.5 g/L 
glyoxylic acid, pH 6.8, for 5 min at 60ºC, and 
then quickly cooled on ice. After this, 100 µl of 
Ellman reagent (6 mM DTNB, 50 mM potassium 
phosphate buffer, pH 7.4) was added to each 
tube, mixed and centrifuged at 12,000 x g for 2 
min (minifuge), and the OD412 nm was 
determined. Controls containing the buffer 
solution and different GSH amounts were 
prepared from a 

4
 mM GSH stock and diluted 

1:10. Results were expressed as µmoles SH g-1 
FW [25]. To determine NPT contents, 200 µl of 
the supernatant was mixed with phosphate buffer 
(0.5 M KH2PO4/K2HPO4, 1 mM EDTA, pH 8) and 
100 µl Ellman reagents were added to start the 
reaction. The OD412 nm was measured after the 
incubation of the samples for 15 min at 30°C, 
and corrected to the DTNB/ no enzyme control 
[26]. Phytochelatins (PC) content were estimated 
by the difference between total non-protein SH 
and GSH levels as reported previously [27].  
 
2.4 Hydrogen Peroxide Quantification 
 
H202 concentrations were determined according 
to Sergiev et al. [28]. Samples were 
homogenized with 2 ml 0.1% (w/v) trichloroacetic 
acid (TCA) (Merck, USA). The homogenate was 
centrifuged at 12,000 x g for 15 min, and 0.5 ml 
of the supernatant was added to 0.5 ml 10 mM 
potassium phosphate buffer (pH 7.0) and 1 ml 
1M potassium iodide (KI) and the OD390 nm was 
determined. Controls were prepared by adding 1 
ml of 10 mM potassium phosphate buffer (pH 
7.0) instead of the sample. 
 

2.5 Determination of Lipid Peroxidation 
 
Lipid peroxidation was determined according to 
Heath and Packer [29] as the amount of 
malondialdehyde (MDA) obtained from the 
thiobarbituric acid (TBA) reaction. Briefly, after 24 
and 72 h of exposure to As, 250 mg of leaves 
and roots were homogenized in 5 ml of 0.1% 
(w/v) Trichloroacetic Acid (TCA) and centrifuged 
at 10,000 x g for 20 min; the same procedure 
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was applied to control leaves and roots. 
Supernatants were mixed at equal volumes with 
20% (w/v) TCA containing 0.5% (w/v) TBA, 
incubated 95°C for 30 min and immediately 
cooled on ice. The homogenates were 
centrifuged at 10,000 x g for 15 min and OD532 
nm was determined. The concentration of MDA 
was calculated using an extinction coefficient of 
155 mM

-1
cm

-1
. 

 

2.6 Enzyme Assays 
 
Homogenates were prepared from 250 mg of 
frozen As-treated and control leaves and roots. 
The extracts were obtained by grinding the plant 
tissues in liquid nitrogen using mortar and pestle 
and 2 ml extraction buffer, composed by 50 mM 
Tris-HCl (pH 7.4), 1 mM EDTA, 1 g PVP, 10 mM 
MgCl2 and 2 mM DTT. The homogenates were 
centrifuged at 10,000 x g for 20 min, 4ºC, and 
supernatants were used for different enzyme 
assays. NADP- isocitrate dehydrogenase (ICDH) 
(EC 1.1.1.42) activity was measured 
spectrophotometrically by following the NADP 
reduction at 340 nm in 100 mM Tris- HCl buffer 
(pH 7.5), which contained 5 mM MgCl2, and 0.1 
mM NADP, as described previously by Chen et 
al. [30]. After equilibration at 30ºC, the reaction 
was started by adding 2 mM isocitrate. One unit 
of activity is defined as the production of 1 nmol 
NADPH min

-1
 mg

-1
 protein. Homogenates for the 

determination of SOD (EC 1.15.1.1) activity were 
prepared from 250 mg of leaves and roots 
grinded under ice-cold conditions using 1 ml of 
extraction buffer (50 mM phosphate buffer, 1mM 
EDTA, 0, 1 g PVP and 0.5% (v/v) Triton X-100, 
pH 7.4). Homogenates were centrifuged at 
10.000 x g for 20 min, and the supernatant 
fraction was used for assays. SOD activity was 
measured spectrophotometrically as described 
by Beyer and Fridovich [31]. One unit of SOD 
activity is defined as the amount of enzyme 
producing a 50% inhibition of the photochemical 
reduction of nitro blue tetrazolium (NBT). The 
specific activity of SOD was expressed as Umg-1 
of protein. Total ascorbate peroxidase (APX) (EC 
1.11.1.11) activity was determined from the 
decrease in OD290 nm resulting from the H2O2- 
dependent oxidation of ascorbate (290 = 2.8 
mM-1cm-1) [32]. The reaction mixture contained 
50 mM potassium phosphate (pH 7.5), 0.5 mM 
ascorbate, 0.1 mM H2O2 and protein extract (final 
volume = 1 ml) at 25ºC. One unit of the enzyme 
activity is defined as the amount oxidizing 1 µmol 
of ascorbate min-1.  
 
 

2.7 Protein Determination 
 
Protein concentration was determined 
spectrophotometrically according to Bradford 
[33], using bovine serum albumin as the 
standard.  
 

2.8 RNA Extraction and RT-PCR 
 

Roots and leaves were harvested after 24 and 72 
h of exposure to As (2.5 and 5 ppm) from 10-
days old seedlings. Seedlings that were not 
exposed to As were used as controls. RNA was 
extracted by using the SV Total RNA Isolation Kit 
System [34]. cDNA was synthesized with random 
hexamers using reverse transcriptase (Life 
technologies). cDNA was submitted to 20 cycles 
of PCR amplification using the following primers: 
a) Primers soybean actin: Forward 5´ 
ACGAGCCCTAGCATTGTGG 3´, Reverse 5´ 
AACCGTCCCGCACCGATA 3´. b) Primers 
MAPK1: Forward 5` 
TTGCTCGCTGTTGAATACCGAG 3`, Reverse 5` 
ATAGCAGAGGTGTAATCAGAGGAAT 3`. c) 
Primers GR: Forward 
5´CTACGGCGCTTCTGTCGC 3´. Reverse 
5´ATCAACCGTGTGAGGATCTATCAT C 3´. d) 
Primers ICDH: Forward: 
5’GATGATATGGTGGCGTATGC 3’, Reverse:  5’ 
GGCTGCTTCTGCTTCAATAG 3’. PCR products 
were analyzed on agarose gels and visualized 
using ethidium bromide. 
 

2.9 Genotoxicity Assays 
 

The germination was carried out by placing the 
seeds at 22ºC in darkness for 96 hours, then the 
tips of the roots were submerged in hydroponics 
solution with 2.5 and 5 ppm of As for 24 and 72 
hours at the same temperature, in darkness and 
the corresponding controls were performed. The 
apexes were cut and fixed in Carnoy (absolute 
ethanol: glacial acetic acid, 3:1), for 10 min. The 
"squash" and stained was performed with a 
solution of 2% acetic carmine and sealing the 
edges with nail polish to prevent cellular 
dehydration. Each preparation was observed 
with an optical microscope with 100X objective 
(immersion) and photographs were taken with a 
Sony camera microscope adapter. Photos from 
a) to e) correspond to phases observed in both 
treated and control samples taken at random 
from a total of 300 cells counted for each batch 
(Control 24, TI 24, TII 24, Control 72, TI 72 and 
TII 72). The normal phases of mitosis and the 
presence of alterations were documented with 
photographs. The different cellular cycle phases 
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were counted and identified. With the obtained 
values, the mitotic index was estimated as the 
percentage of dividing cells in a tissue and, 
therefore, it is a measure of the proliferative 
potential of the cellular cycle. In all cases, the 
presence of nuclear abnormalities was search for 
and recorded, using the photographs [35]. The 
mitotic index was calculated as: MI= Number of 
mitosis X 100 / Total number of cells. 
 

2.10 Statistical Analyses  
 
Mean values were obtained from six replicates 
(n=6) over 3 independent experiments, (each 
replicate is a pool composed by 3 different plants 
at least). Prior to statistical analyses, the 
normality of the data was tested by Kolmogorov-
Smirnov test. In all the cases, the variances were 
homogeneous. Data were analyzed by one-way 
ANOVA, and the treatment mean values were 
compared by post-hoc Tukey- Kramer test at P< 
0.05. 
 
3. RESULTS 
 
3.1 Concentration of Arsenic Levels in 

Different Tissues of Glycine max. L 
 
We found different amounts of As values in 
leaves and roots of soybean plants and they 
were expressed as parts per billion (ppb). In all 
cases the determinations were made by 
duplicate and expressed as average value 
thereof. The higher values of As were found in 
roots (200- 300 ppb), while its concentration was 
lower in leaves (13- 26 ppb).  
 

3.2 Study of Anatomical Parameters 
 
Treatment with 2.5 ppm of As (TI) and 5 ppm (T 
II) for 24 h produce a decrease in the fresh 
weight of the leaves samples when compared to 
control plants, while there were no significant 
differences in roots at 24 h (Fig. 1, black bars). 
Therefore, the total fresh weight values, 
comprising the sum of the two evaluated 
parameters, are greatly diminished with 72 h of 
treatment (Fig. 1, grey bars). In the treated 
samples using both As concentrations there was 
a marked decrease in the fresh weight of leaves 
after 72 h, in which a high degree of dehydration 
is observed. The fresh weight of roots did not 
show any significant differences in samples with 
T II because the length of the taproot increases 
while the secondary roots decrease in length and 
number (Photo 1). Plant growth decreases both 

for T I and T II at 24 and 72 h (Photo 1). These 
results are in agreement with the measurements 
of main root and stem length, which did not show 
any significant difference in the presence of As, 
but a significant decrease was shown at 24 h 
with T I and T II when total length was 
determined (Fig. 2, black bars). Stems and total 
length of the plants was measure and a 
decreased in all cases was observed with 72 h of 
treatment (Fig. 2, grey bars).  
 
3.3 Study of Oxidative and Antioxidative 

Stress Parameters 
 
Oxidative stress parameters behaved differently 
in every case, in the defense response such as 
GSH, PC and NPT, and the products of stress 
itself (TBARS, H2O2), depending on the organ 
analyzed, roots or leaves. In the case of leaves, 
the amounts of GSH, NTP, PC and TBARS, 
increased, correlating with the increase of As 
concentration (2.5 and 5 ppm) and the exposure 
time is prolonged (72 h). In contrast, it was 
observed a marked decrease in all parameters in 
roots, when comparing the values obtained from 
the roots of treated plants to those of controls 
(Co) p <0.05 (Fig. 3). These results are higher in 
leaves (90%) respect of roots. The oxidant 
parameters: TBARS and H2O2 showed a 
decrease of 90% in roots and the defense 
parameters only decrease 20%.  
 
3.4 Quantification of Enzymes Related to 

Stress  
 
The data of enzyme catalytic activities should be 
analyzed on the basis that the total amount of 
proteins in leaves are higher than in roots, which 
agrees with the low values of As measured in 
this organ. In contrast, low levels of protein 
synthesis are observed in roots, where we found 
high values of As. It should be noted that there 
are no significant differences between treated 
samples and controls in roots, but in leaves at TII 
24h there was a significant increase, p <0.05 
(Fig. 4). Ascorbate peroxidase (APX) activities of 
leaf did not show significant difference respect to 
controls. In root samples there is a marked 
decrease of the activity of this enzyme for both 
treatments at 24 or 72 h, to the extent that no 
activity was detected in the samples with TI 
neither for 72 h nor in samples with T II at both 
times, p <0.05. Superoxide dismutase (SOD) 
activity increases only in leaf samples with TII 
exposed for 24 h, p <0.001; the rest of the 
samples showed no significant difference with 
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controls and in roots there were a significant 
decreased in all the samples, except TII 24 h, p 
<0.05. Isocitrate dehydrogenase (ICDH) activity 
in leaves increases on samples with TI exposed 
for 24 h and in those with T II exposed for 72 h, p 
<0.05; in other samples the activity of this 
enzyme did not show significant differences 
respect to controls. In roots we observed an 
increase of the enzymatic activity only in the 
sample with TI exposed for 24 h, p <0.01; the 
other samples showed no significant difference 
with controls (Fig. 4).  
 

 
 

Fig. 1. Study of fresh weight in leaves, roots 
and total plant after different treatments 

The black bars correspond to control samples and 
arsenic treated for 24 h, while the grey bars 

correspond to a treatment of 72 h. Co: Control, TI: 
exposure to 2.5 ppm, TII: exposure to 5 ppm. Mean 

values and standard error of mean (SEM).  
* p <0.05, **p <0.01, ***p <0.001, ns: no-significant 

 

3.5 RT-PCR Studies of Genes Involves in 
Stress Responses  

 

The expression of genes regulated during the 
process of oxidative stress compared with the 
expression of a constitutive gene such as actin 
was analyzed in the root. As we mentioned 
above, the root is the organ where a higher 

concentration of As was found. A decrease of 
two-fold in the mRNA levels of GR in treated 
samples was observed, which is accentuated as 
the exposure time to As increases. The MAPK I 
gene shows the same behavior, while the ICDH 
gene expression increases two-fold during the 
first 24 h which correlates with the increase in As 
concentration. In contrast, this transcript showed 
a significant decreased after 72 h of As exposure 
(Fig. 5).  
 

 
 

Fig. 2. Glycine max. L. length under arsenic 
treatment  

The black bars correspond to control samples and 
arsenic treated for 24 h, while the grey bars 

correspond to a treatment of 72 h. Co: Control, TI: 
exposure to 2.5 ppm, TII: exposure to 5 ppm. 

Mean values and standard error of mean (SEM)  
* p <0.05, **p <0.01, ***p <0.001, ns: no-significant 

 

3.6 Mitotic Index as a Parameter of 
Genotoxicity 

 
Interphase cells were observed in all samples in 
both controls and treated all times (24 and 72 h). 
With regard to the different stages of mitosis 
(prophase, metaphase, anaphase and telophase) 
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were also observed in all samples from both 
controls and treated. Disorganized metaphases 
were observed in samples treated with 2.5 ppm 
As at both 24 and at 72 hours. The anomalies 
(fragmented nucleus, micronucleus, binucleated 
cells) were observed only in the sample treated 
with 2.5 ppm As for 72h. There were no 
differences of the MI values between control and 
treated samples at different concentrations of As 
at 24 hours. However, the samples exposed for 
72 hours showed a decreased MI (Table 1). 
Photo 2: It can be observed clastogenic effects 
and appearance of altered cells in this group of 
treated samples: a)interphase Co, 24h; b) 
prophase at sample treated with 2,5 ppm As (T I) 
at 24h; c) metaphase Co, 72h; d) anaphase 
treated sample with 5 ppm As (TII) 72h; e) 
telophase treated sample with 2.5 ppm As (TI) 
72h; f) micronuclei treated sample 2.5 ppm As 
(TI) 72h; g) disordered metaphase treated 
sample with 2.5ppm As 24 and 72h; h) 
binucleated cells and i) fragmented nuclei treated 
sample with 2.5 ppm As 72h. 
 

 
 

Photo 1. Morphological changes in  
Glycine max. L 

Control, As treatment with 2.5 ppm 24 h and 5 ppm  
24 and 72 h 

 

4. DISCUSSION 
 
Arsenic (As) generates oxidative stress and 
consequently soybean plants undergo 
morphological and biochemical changes and also 
modifies the expression of many genes. The 

study of the effect of As on soybean plants, 
focusing on the stress induced by this 
compound, is of great interest in order to 
understand the yield reduction of this crop in 
areas with high pollution. Plants can incorporate 
arsenic through different organs such as roots 
and leaves and its translocation has been 
studied in some species [36]. Generally, after a 
term exposure to large amounts of root arsenic, 
plants fail to grow and develop [36-39]. In this 
study we used those arsenic concentrations 
reported by several investigations in places as 
the south of the provinces of San Luis and 
Córdoba, Argentina [40]. 

   

 
 

Fig. 3. Effects of Arsenic on antioxidant 
parameters as GSH, non-protein thiols, 

phytochelatins, and oxidant parameters as 
TBARS and H2O2 levels in leaves and roots of 

Glycine max. L 
Mean values and standard error of mean (SEM),  

*p <0.05, ***p <0.001
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Table 1. Genotoxicity of arsenic 
 

Genotoxicity N° 
cells 

Prophase Metaphase Anaphase Telophase Fragmented 
nuclei 

Micronuclei Binucleated 
cells 

Disorganized 
metaphase 

Mitotic 
index (%) 

Control 24 300 1 2       1 
TI 24 300 2       1 1 
TII 24 300 3        1 
Control 72 300 25 56 7 6     31.33 
TI 72 300 12 3   1 1 1 1 5.33 
TII 72 300 10        1 
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Fig. 4. Effect of Arsenic on total protein content (mg/ml), APX, SOD and ICDH (U/mg protein) 
activities in leaves and roots  

Mean values and standard error of mean (SEM), *p <0.05, ** p <0.01, ***p <0.001 
 

 
 

Fig. 5. Expression analysis of Glutathione reductase, Isocitrate dehydrogenase and MAPK 
under As treatment  

Gene expression was determined by RT- PCR utilizing gene specific primer sets for each gene. Actin was used 
as internal control. (lines 1 and 2: roots of 24h control, 3 and 4 root TI 24h, 5-6 -7: root TII 24h, 8and 9: control 

72h, 10 and 11: root TI 72h and 12 root TII 72h 
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Photo 2. a) interphase Co, 24h; b) prophase at sample treated with 2,5ppm As (T I) at 24h; c) 
metaphase Co, 72h; d) anaphase treated sample with 5ppm As (TII) 72h; e) telophase treated 

sample with 2.5ppm As (TI) 72h; f) micronuclei treated sample 2.5ppm As (TI) 72h; g) 
disordered metaphase treated sample with 2.5ppm As 24 and 72h; h) binucleated cells and i) 

fragmented nuclei treated sample with 2.5ppm As 72h 
 
The idea of using these As concentrations had 
two main objectives, first to measure the 
biochemical stress induced by As and analyze 
which are the optimal concentrations to induce 
this stress avoiding the plant enters into 
apoptosis. The determination of As in tissues of 
treated plants, showed that the same is 
incorporated into the roots and also the leaves, 
which is why one might assume that the soybean 
beans grown in contaminated soil may also 
contain heavy metal and thus constitute a new 
source of As input to the food and feed chain. 
Focusing on the experimental determination of 
As in leaves, it could be obtained several 
important facts, the first and perhaps most 
important, was the determination that our 
controls samples did not contain As and second, 
that in the treated samples As is present. These 
data allowed us to move forward with the rest of 
the experiments, as we ensured that the 
measured stress was due to the presence of 
metal in the tissues and not to an external factor. 
Morphological parameters in plants, as fresh 
weight and length, revealed that As induce major 
changes, similar results were obtained by 
Paivoke and Simola [38] and Duquesnoy [21]. 
Shri et al. [41] observed a decreased of fresh 
weight in rice plants with the presence of As, 
MDA increased, decreased length root, APX 
decreases with high concentrations of As and 
GSH decreased by its conversion to PCs. They 

observed that the leaves synthesize greater 
protein concentration than the roots, therefore 
enzyme activity in roots are markedly lower than 
those observed in the leaves. Therefore it must 
be analyzed in the treated groups with their 
respective controls to draw conclusions. The 
presence of heavy metals in higher plants is 
often accompanied by a variety of intracellular 
changes, some of which directly contribute to the 
sensitivity or tolerance of the plants to As. Similar 
observations have been made by Requejo and 
Tena [42]. Studies by Woolson et al. [43] 
reported a reduced growth of Phaseolus vulgaris 
plants, Phaseolus limensis (beans), Spinacia 
oleracea (spinach), Brassica oleracea (cabbage), 
Lycopersicum esculentum (tomato) and 
Raphanus sativus (radish) when exposed to 
various concentrations of arsenic added as 
sodium arsenate in the soil. Kiss et al. [44] 
observed a reduction in the value of the 
harvested crops of Oryza sativa (rice) from the 
addition of sodium arsenite at a concentration of 
As 50 mg/kg soil. In studies on the uptake, 
distribution and accumulation of arsenic in 
Brassica napus L. crops, Carbonell et al. [1] 
found that the exposure of plants to a nutrient 
solution with As (10 mg/l) - administered as 
sodium arsenite- damaged root membranes. 
Biochemical responses of plants to toxic metals 
are complex and, in this case, several defense 
strategies have been suggested. These include 
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chelation of ions, reduced influx, and enhanced 
production of antioxidants that detoxify free 
radicals produced in response to them [6]. If the 
scavenging system of a plant does not cope well 
with the formation of free radicals or reactive 
oxygen species, uncontrolled oxidation and 
radical chain reactions are produced, which 
result in oxidative stress to the plant. Biochemical 
changes due to changes in antioxidant enzyme 
activities were observed by Duquesnoy et al. 
[21]. Total fresh weight is decreased only when 
the exposure is for 72 h due to dehydration of the 
leaves and marked decrease in the length of the 
stems. The biochemical changes observed in our 
experimental model, in the molecules that are 
generated by oxidative stress and molecules 
involved in antioxidant defense response are 
different in leaves respect to the root. While all of 
these parameters increased in leaves, those 
values decreased in roots with respect to the 
controls. With respect to the levels of MDA an 
increased at 24 h with respect to its control, was 
seen in leaves, but not in a significant way in any 
of the treatments TI and TII. At 72 h the levels of 
MDA increased very significantly. The analysis of 
these results show an induction of a strong lipid 
peroxidation, the results agree with those 
obtained by Gallego et al. [45,46], this is because 
much of the free radicals generated during the 
stress react with membrane lipids, especially 
those fatty acids containing double bonds, 
releasing MDA. In roots, a significant decreased 
at 24 and 72h with TI and TII was observed, so 
we suggest that the H2O2 scavenged by CAT, 
decreases during senescence due to the 
decreased activity of SOD [47]. Glutathione 
reacts chemically with a wide range of ROS. The 
reduced coenzyme NADPH is a basic electron 
donor in many biosynthetic and detoxification 
reactions in living cells. NADPH is required for 
maintenance of the ascorbate-glutathione cycle, 
since it is necessary for the activity of GR, which 
recycles GSH from its oxidized form (GSSG) in 
order to be used for removing ROS [48]. The pair 
GSH / GSSG probably has more influence in 
controlling gene expression and protein function 
that the total size of the pool of GSH. So, like 
GSH, GSSG can initiate or enhance signaling 
cascades. The levels of reduced glutathione 
(GSH), in leaves increased in an extremely 
significance at 24 and 72 h with TI and TII. This 
increase is mainly due to glutathione is very 
active in front to oxidative stress as part of the 
ascorbate-glutathione cycle. Thus it is logical that 
GSH levels increase in conditions where 
activated oxygen species increase, in stress 
caused by the metal under study. These free 

radicals are recruited by the ascorbate (ASC) 
that is first oxidized to monodehydroascorbate 
(MDA) by APX and dehydroascorbate (DHA) is 
reduced to ASC by GSH by action of DHAR, and 
finally the reduction of GSSG to GSH in 
presence of NADPH and GR, closes the cycle 
mentioned above. On the other hand, GSH is the 
main precursor of phytochelatins (PCs), 
compounds that are synthesized by enzymes 
activated by heavy metals. In roots GSH levels 
fall with respect to their controls, in all the 
treatments. The non-protein thiols (NPT) and 
PCs in leaves and roots showed the same 
behavior that GSH. The biosynthesis of PCs 
plays a crucial role in the detoxification and 
homeostasis of As in plants [49]. Soybean plants 
showed a notably high contribution of GSH to the 
pool of thiols in shoots under arsenate exposure. 
We observed the same pattern of variation 
between NTPs, GSH and PCs: an increased 
level in leaves of plants treated with As. This 
increase was observed with greater intensity with 
increasing concentration of As and the exposure 
time. In contrast, the values of PCs and NTPs 
decreased with higher As concentration and the 
exposure time in the roots. The theoretical 
calculation of the contents of PCs proposed by 
Gallego et al. [45] indicates that the stress 
caused by As leads to the synthesis of the 
compound. This tendency of the samples that 
come in contact with As to a higher content of 
PCs was mainly due to the enzymes responsible 
for its synthesis are activated by the presence of 
various heavy metals, among it the As [4]. 
NAPD-ICDH activity is used in ascorbate-
glutathione cycle during senescence in leaves 
[50]. The changes we observed with this enzyme 
are due to the increasing concentrations of As 
that exceeded the enzymatic antioxidant defense 
system over the time. This enzyme is responsible 
for providing the reducing equivalents for the 
proper maintenance of the ascorbate-glutathione 
cycle [51,52]. We propose that in this type of 
extreme reduction equivalents necessarily have 
to come from other enzymes such as glucose-6-
phosphate dehydrogenase or any other 
dehydrogenases. APX with the coordinated 
action of catalase degraded H2O2, which could 
be involved in antioxidant processes by acting as 
a signal molecule. A significant decrease in SOD 
activity was observed in the leaves and roots of 
Z. mays with the majority of As treatments, [21]. 
An increase in the concentration of As increased 
APX activity in leaves and roots. We observed an 
increase in SOD activity only in leaves of 
soybean plants treated for 24 h with 5 ppm of As, 
in other treatments we have not observed a 
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significant difference. With other stresses such 
as the increased light intensity and low 
temperatures on two Dunaliella salina strains, 
showed a decrease of GSH and SOD activity 
[53]. In rice roots the PCs and the activity of 
MAPK increases because of the As effect, 
however, in our soybean crops under our 
experimental conditions we observed a decrease 
in gene expression for MAPK1 both at 24 and 72 
h of treatment with As, and this decrease was 
greater with the increment of As concentration. 
We believe that oxidative stress parameters in 
the leaves increase because the activity of the 
cells of this organ is conserved; therefore, the 
enzymes synthesize the defense compounds 
and oxidative stress occur due to free radicals 
and other signaling molecules arriving from the 
root indicating the presence of As or a decrease 
in available P [54]. This is supported by our 
results in the determination of total inorganic As, 
which is 200 times less in leaves than in the 
roots. In contrast, root cells are unable to 
produce defense molecules and carry out 
oxidative stress enzymatic reactions because the 
presence of As causes a decrease of P that 
leads to a decrease in ATP. This decrease in 
ATP is responsible for the inability of the root cell 
to adequately perform the transcription 
processes of mRNA [55]. This is supported by 
our results obtained from RT-PCR assay of the 
enzymes responsible for synthesis of GSH, such 
as GR; a decrease in expression of genes 
involved in signals for programmed cell death 
such a MAPK is also observed, which means 
that cells lose responsiveness which leads to 
death. In contrast with other metals, the 
biochemical responses of plants to arsenic are 
not well understood. In some plant species, the 
arsenic-tolerance mechanisms are defined as 
suppression of the high- affinity phosphate 
arsenate uptake system [6,56,57]. In this study 
we observed that the synthesis has not been 
committed but there is a stimulation of many 
enzymes involved in defense against oxidative 
stress. In root that mechanism decreases due to 
the competition of As with P, leading to a 
decrease of ATP and protein synthesis. This is 
consistent with the decrease of all enzymatic 
specific activities measured. [58]. Concomitant 
occurrence of genotoxicity and the generation of 
free radicals, indicate that reactive oxygen 
species may contributes to genotoxicity of As in 
soybean. The toxic effect of As is evidenced by 
an inhibition of root growth, it may involve 
reduction mechanisms of cell division kinetics. 
Deficiency in protein synthesis affects the 
formation of chromosomal proteins. [59]. 

Duquesnoy et al. [23] showed that high 
concentrations of As also caused a significant 
decrease in the mitotic index, and micronucleus 
chromosomal aberrations in the root meristems 
of both species: Zea mays and Vicia faba. 
Cotelle et al. [60] suggested that MI effects can 
be considered as the initial mutagen impact of 
arsenic, leading to chromosomal abnormalities, 
such as micronuclei. For this reason, the 
changes in the MI especially with the highest As 
concentration, could be due to inhibition of DNA 
synthesis or to blocking of the G2-phase as 
Patlolla et al. [61] and Mahoney et al. [62] 
showed in their studies.  
 

5. CONCLUSION 
 
On the basis of our results, we propose that 
leaves have an active antioxidant defense 
system, while roots accumulate arsenic as 
phytochelatins complexes and did not show 
oxidative stress because the signals like H2O2 
are low. Although the observation of the nucleus 
demonstrated that the genotoxic effect of Arsenic 
has an effective impact on the soybean roots.  
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