
BIOLOGIA PLANTARUM 61 (3): 540-550, 2017                                                                             DOI: 10.1007/s10535-017-0727-6 

540 

 

Functional characterization of the antioxidant enzymes in rice plants  
exposed to salinity stress 
 
 
I.L. VIGHI1*, L.C. BENITEZ1, M.N. AMARAL1, G.P. MORAES1, P.A. AULER1, G.S. RODRIGUES1,  
S. DEUNER1, L.C. MAIA2, E.J.B. BRAGA1 
 
Department of Plant Physiology, Federal University of Pelotas, Pelotas, 96160-000, RS, Brazil1 
Plant Breeding Center, Federal University of Pelotas, Pelotas, 96160-000, RS, Brazil2 
 
 
Abstract 
 
The objective of this study was to relate the activation of enzymatic antioxidant system to the production of reactive 
oxygen species induced by salt stress. Rice (Oryza sativa L.) genotypes BRS Bojuru and BRS Pampa, tolerant and 
sensitive to salinity, respectively, were subjected to 150 mM NaCl for 0, 6, 24, 48, and 72 h. A significant increase of 
superoxide anion and H2O2 and a decrease in malondialdehyde (MDA) content were observed in the tolerant genotype, 
whereas in the sensitive genotype, there was no change in superoxide anion content, reduced H2O2 content, and 
increased MDA content. The superoxide dismutase (SOD) activity increased significantly in both genotypes, and 
increases in amounts of transcript were observed for OsSOD3Cu/Zn and OsSODA1-Mn in the tolerant genotype and for 
OsSOD4-Cu/Zn, OsSOD3-Cu/Zn, OsSODCc1-Cu/Zn, OsSOD-Fe, and OsSODA1-Mn in the sensitive genotype. The 
activities of catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR) were not significantly and 
consistently changed, but OsCATA, OsAPX2 and OsGR1 were induced in both genotypes. OsCATB transcription was 
increased in the tolerant genotype and OsCATC and OsAPX3 in the sensitive genotype under salinity. It is concluded 
that OsAPX3, OsGR2, OsGR3, and OsSOD3-Cu/Zn genes are the most suitable to distinguish tolerant from sensitive 
genotypes under salt stress. 

Additional key words: ascorbate peroxidase, catalase, gene expression, glutathione reductase, NaCl, Oryza sativa, ROS, superoxide 
dismutase. 
 
 
Introduction 
 
Crop plants are often exposed to environmental stresses 
which interfere in a direct way in their growth and 
development. Among the cultivated species, rice (Oryza 
sativa L.) is the world´s most important food crop, 
however, it is quite vulnerable to adverse conditions, such 
as salinity, temperature extremes, drought and nutrient 
deficiency, which, together or separately, have an impact 
on its yield (Gao et al. 2007, Morison et al. 2007, 
Witcombe et al. 2008). 
In many areas of agricultural production, the use of low 
quality water for irrigation and the excessive fertilizer 
application are some of the main reasons for the increase 
of soil salinity. Although salt stress is related to drought 
due to the decrease in water availability in the soil-plant-
atmosphere continuum, the excessive presence of ions is 

also harmful for many metabolic processes. Thus, plants 
subjected to salinity face two parallel and simultaneous 
stresses, water stress and ionic stress (Dajic 2006). 
 Plant responses on phenotypic plasticity to adverse 
factors as salinity are complex and involve the activation 
of a signaling pathway and signal transduction which 
result in an increase of metabolites, such as abscisic acid, 
and proteins involved in cell protection and repair 
mechanisms, like enzymes specialized on the removal of 
reactive oxygen species (Ahmad et al. 2008, Bhatnagar-
Mathur et al. 2008, Jaleel et al. 2009). 
 The production of reactive oxygen species (ROS) is a 
process that occurs naturally and is associated to both, 
respiratory and photosynthetic metabolism, representing a 
normal metabolic status of plant cells. However, under  
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stressful situations, processes such as the electron 
transport in mitochondria and chloroplasts, fatty acid 
oxidation and detoxification reactions are reduced. This 
reduction causes an excessive increase in the production 
of ROS, such as superoxide anion, hydrogen peroxide, 
hydroxyl radical, and singlet oxygen, which are highly 
reactive and damage lipids, proteins, and nucleic acids 
(Mittler et al. 2004, Ahmad et al. 2010, Miller et al. 
2010, Sharma et al. 2012).  
Under these conditions, oxidative protection is dependent 
on the antioxidant systems, whose components are of 
enzymatic and non-enzymatic nature. The main 
antioxidant enzymes include superoxide dismutase (SOD, 
EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), ascorbate 
peroxidase (APX, EC 1.1.11.1), glutathione reductase 
(GR, EC 1.6.4.2 ), monodehydroascorbate reductase 
(MDHAR, EC 1.6.5.4), and dehydroascorbate reductase 
(DHAR, EC 1.8.5.1) (Ashraf 2009). 
 Antioxidant enzymes are encoded by multiple genes. 
For SOD enzyme, up to eight gene homologues have 
been identified so far in the rice genome, classified in 
accordance to the metal cofactor associated to the 
enzymes, e.g., copper/zinc (Cu/Zn-SOD), manganese 

(Mn-SOD), and iron (Fe-SOD), which are located in 
different cell compartments (Gill and Tuteja 2010). 
Catalase has a small multigene family, whose members in 
rice are called OsCatA, OsCatB, and OsCatC (Menezes-
Benavente et al. 2004). 
 Ascorbate peroxidase is encoded by eight genes, 
including two cytosolic isoforms (encoded by OsAPx1 
and OsAPx2); two peroxisomal isoforms (encoded by 
OsAPx3 and OsAPx4), and four chloroplastic isoforms 
(encoded by OsAPx5, OsAPx6, OsAPx7, and OsAPx8), 
and OsAPx6 is also located in the mitochondria (Teixeira 
et al. 2004, 2006). The reductase has three genes: OsGR2 
(cytosolic), and OsGR1 and OsGR3 (chloroplastic 
isoforms) (Wu et al. 2013). According to Gill and Tuteja 
(2010), the activity of antioxidant enzymes in several 
plants results in their increased tolerance to abiotic stress 
due to their ROS scavenging capacity. 
 Thus, the objective of this study was to relate the 
production of ROS to the activation of the antioxidant 
enzyme system in rice plants induced by salt stress 
through the specific enzyme activity analysis of SOD, 
CAT, APX, and GR and the differential expression of 
genes encoding protein of each enzyme isoform. 

 
 
Materials and methods 
 
The experiment was conducted using two rice genotypes 
with contrasting response to salinity: BRS Pampa 
(subspecies indica - salt sensitive) and BRS Bojuru 
(subspecies japonica - salt tolerant). The seeds were 
germinated in paper rolls at a temperature of 25 ± 2 °C 
for 10 d in a BOD-type germination chamber (Solab 
Cientifica, Piracicaba, Brazil). Subsequently, the seed-
lings were transferred to a hydroponic floating type 
system in a greenhouse and kept at a temperature of  
28 ± 2 °C, in trays containing 20 dm3 of nutrient solution 
as described by Yoshida et al. (1976). We used three 
trays per genotype, each tray nursing 75 seedlings until 
achieving four fully expanded leaves (vegetative stage 
V4). Following this stage, the Yoshida solution was 
modified according to Singh et al. (2010). NaH2PO4 was 
replaced by KH2PO4 and K2HPO4. Thus, the final NaCl 
concentration was 150 mM, and seedlings were exposed 
to it for periods of 0, 6, 24, 48, and 72 h. The experiment 
was laid in a completely randomized design (CRD) in a 
2  5 factorial (2 rice genotypes  5 stress periods), with 
three replicates per treatment, each replicate consisting of 
a bulk of 15 plants. 
 The content of superoxide radical (O2

•-) was 
determined according to Li et al. (2010). Leaf tissue (2 g) 
was macerated in 1.8 cm3 of 65 mM phosphate buffer 
(pH 7.8) and centrifuged at 5 000 g for 10 min. 
Subsequently, 1.5 cm3 of 130 mM phosphate buffer (pH 
7.8) was added to the supernatant, and 50 mm3 of 10 mM 
hydroxylamine hydrochloride for further incubation at 
25 °C for 20 min. Then, 100 mm3 of 17 mM sulfanil-
amide and 100 mm3 of 7 mM α-napthylamine were added 
to the mixture. After 20 min at 25 °C, the solution 

absorbance was measured at 530 nm. A standard curve 
with nitrogen dioxide radical (NO2

•) was used to calculate 
the generation rate of O2

•-. 
 The content of H2O2 was determined according to 
Velikova (2000). Leaf samples (2 g) were macerated and 
homogenized in 2.0 cm3 of trichloroacetic acid (TCA) 
(0.1 %, m/v) and centrifuged at 12 000 g for 15 min. 
After centrifugation, 0.8 cm3 of 10 mM potassium 
phosphate buffer (pH 7.0) and 1.0 cm3 of 1 M potassium 
iodide were added to the supernatant, spectrophotometer 
readings were performed at 390 nm, and H2O2 content 
was calculated by comparing the readings with a standard 
curve derived from different H2O2 concentrations. 
 Lipid peroxidation was determined by estimating the 
content of malondialdehyde (MDA) as described by 
Heath and Packer (1968). Approximately 2 g of fresh 
leaves were macerated in 2.0 cm3 of 0.1% TCA and 
centrifuged at 12 000 g for 15 min. The supernatant was 
mixed with thiobarbituric acid (TBA; 0.5 %, m/v) plus 
10 % TCA and heated in a water bath at 95 °C for 
30 min. The reaction was stopped by rapid cooling in an 
ice bath for 10 min. Absorbance was determined at 535 
and 600 nm. The concentration of the MDA-TBA 
complex was calculated by the equation: [MDA] =  
(A535 - A600)/ξ where ξ (coefficient of absorbance) =  
1.56 mM-1 cm-1). 
 The enzyme extract was prepared by macerating 
200 mg of leaf tissue in liquid N2 and homogenized in 2.0 
cm3 of extraction buffer composed of 100 mM potassium 
phosphate (pH 7.0), 0.1 mM EDTA, and 10 mM ascorbic 
acid. The homogenate was centrifuged at 13 000 g and 
4 °C for 15 min, and the resulting supernatant was used to 
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determine the activities of SOD, CAT, APX, and GR. 
 SOD activity was assessed according to its ability to 
inhibit the photoreduction of nitroblue tetrazolium (NBT) 
(Giannopolitis and Ries 1977) in a reaction medium 
containing 100 mM potassium phosphate (pH 7.8), 14 
mM methionine, 0.1 µM EDTA, 75 µM NBT, 2 µM 
riboflavin, enzyme extract, and water to complete the 
final reaction volume to 2 cm3. Readings were recorded 
at 560 nm. One unit of SOD equals the amount of 
enzyme capable of inhibiting NBT photoreduction by 
50 %. 
 CAT activity determination, based on consumption of 
H2O2, was performed as described by Azevedo et al. 
(1998). The reaction medium was composed of 100 mM 
potassium phosphate buffer (pH 7.0), 12.5 mM H2O2, 
enzyme extract and water to complete the final reaction 
volume to 2 cm3. The activity was monitored by the 
decrease in absorbance at 240 nm for 2 min  
(ξ = 39.4 mM-1 cm) and expressed as µmol(H2O2)  
mg-1(protein) min-1. 
 APX activity was determined according to Nakano 
and Asada (1981), considering the ascorbate oxidation 
rate at 290 nm (ξ = 2.8 mM cm-1). The reaction medium, 
incubated at 28 °C, consisted of 100 mM potassium 
phosphate buffer (pH 7.0), 0.5 mM ascorbic acid, 0.1 mM 
H2O2, enzyme extract, and water to complete the final 
reaction volume to 2 cm3. The activity was monitored by 
the decrease in absorbance at 290 nm for 2 min and 
expressed as µmol(ASC) mg-1(protein) min-1. 
 GR activity was calculated according to Cakmak et al. 
(1993), by decreasing absorbance at 340 nm due to 
NADPH oxidation (ξ = 6.2 mM cm-1). The reaction 
consisted of 50 mM phosphate buffer (pH 7.8), 1 mM 
oxidized glutathione (GSSG), 75 uM NADPH, an aliquot 
of enzyme extract, and water to complete the final 
reaction volume to 2 cm3. The values were expressed as 
µmol(NADPH) mg-1(protein) min-1. 
 All enzymatic activities were expressed on the basis 
of soluble protein, whose content was estimated 
according to Bradford (1976), using bovine serum 
albumin as standard and absorbances were determined 
using a spectrophotometer Ultrospec™ 7000 (GE 
Healthcare, Little Chalfont, UK). 
 Data were submitted to analysis of variance (P ≤ 0.05) 
in order to test the sources of variation and their possible 
interactions. Means were compared by Tukey test at 5 % 
probability, using SAS 9.3 software package (SAS 
Institute, Cary, NC, USA). 
 Total RNA was extracted from 0.1 mg of leaf tissue 
using the PureLink® kit (Invitrogen™, Carlsbad, USA). 

To degrade DNA contaminants, samples were treated 
with DNAse I (Invitrogen™). The quality, quantity, and 
purity of total RNA was tested through 1 % agarose gel 
electrophoresis and the NanoVue (GE Healthcare) 
spectrophotometer. Using reverse transcription cDNA 
was obtained for each sample, using the commercial kit 
SuperScript First-Strand system for reverse transcription 
(RT)-PCR (Invitrogen™). 
 Primers were designed in the transcript region of rice 
gene isoforms SOD (OsSOD4-Cu/Zn, OsSOD3-Cu/Zn, 
OsSOD2-Cu/Zn, OsSODCc1-Cu/Zn, OsSOD-Cu/Zn, 
OsSODB-Fe , OsSOD-Fe and OsSODA1-Mn), CAT 
(OsCATA, OsCATB and OsCATC), APX (OsAPX1, 
OsAPX2, OsAPX3, OsAPX4, OsAPX5, OsAPX6, OsAPX7 
and OsAPx8) and GR (OsGR1, OsGR2 and OsGR3) 
using the sequences available through the RAP-DB 
database and PerlPrimer v.1.1.21.  

The stability of expression of UBQ10 (AK101547) 
gene was evaluated, by our research group, as reference 
gene in rice leaves that were subjected to salt stress (150 
mM) (Moraes et al. 2015) and was used as an internal 
normalizer for RT-qPCR reactions in this work. Only 
primers that had dissociation curves with a single peak 
and amplification efficiency close to 100 % were used in 
this study. Primers are listed in Table 1 Suppl. 
 The RT-qPCR reaction volume was 12 mm3, of which 
6.25 mm3 of FastStart Universal Master SYBR Green 
(Roche™, Basel, Switzerland) fluorophore, 0.25 mm3 
(10 mM) of each primer (sense and antisense), 1 mm3 of 
cDNA (1:5 dilution, previously defined), and 4.25 mm3 
of ultra-pure water. The reactions were conducted in a 
thermal cycler Bio-Rad CFX (Hercules, USA) using the 
following amplification parameters: 95 °C for 10 min, 
40 cycles at 95 °C for 15 s, 60 °C for 1 min with insertion 
of curve melt at 65 - 95 °C, with an increment of 5 °C for 
each fluorescence measurement. The relative quanti-
fication of the expression for each gene was obtained as 
described by Livak and Schmittgen (2001). 
 The principal component analysis was based on the 
average of data from 29 variables, including expression 
of genes encoding for isoforms and activities of 
antioxidant enzymes, superoxide anion, hydrogen 
peroxide, and lipid peroxidation. Based on the principal 
components, a biplot graph was designed with the first 
and second principal components for each genotype. Data 
obtained for both genotypes were used for the selection of 
the principal components that contributed to the 
variability between them. Statistical analyses were 
performed using the SAS 9.3 software package. 

 
 
Results 
 
Results from the analysis of variance showed that the 
content of superoxide anion (O2

•-), H2O2, and MDA was 
significantly influenced by the interaction between rice 
genotype and exposure time. In BRS Bojuru, a gradual 
increase in O2

•- content was observed during the stress 

exposure, reaching its maximum at 72 h. However, for 
the BRS Pampa , O2

•- content did not differ significantly 
across the different stress periods (Fig. 1A). In BRS 
Bojuru, H2O2 content also increased up to the stress 
period of 72 h, however, BRS Pampa showed the 
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maximum H2O2 content in the control treatment, differing 
only in the 24-h stress period (Fig. 1B). In BRS Bojuru, 
lipid peroxidation decreased over the days of exposure to 
salt stress when compared to the control treatment. 
However, BRS Pampa showed a different response 
pattern, significantly increasing lipid peroxidation during 
the stress period (Fig. 1C). 
 

 
Fig. 1. Superoxide anion (A), hydrogen peroxide (B), and lipid
peroxidation (C) in two rice genotypes (BRS Bojuru and BRS
Pampa) as affected by salt stress (150 mM NaCl). Means ± SDs,
n = 3. Different capital letters mark statistically significant
differences among stress periods and different lowercase letters
between genotypes (Tukey test at 0.05 level). 
 
 The results of analysis of variance indicated that the 
activities of SOD, CAT, and APX were affected by the 
interaction between genotype and stress exposure, while 
no significant effect on any of these variation sources was 
observed for the GR activity. The SOD activity in BRS 
Bojuru increased throughout the stress exposure periods 
compared to the control treatment, with the highest value 
recorded after 24 h. In BRS Pampa, the observed 
response trend was equal to that of the tolerant genotype, 
with the highest activity also after 24 h of stress 
(Fig. 2A). 

 No significant differences in CAT activities were 
observed for both rice genotypes at any stress period, but 
differences between genotypes were recorded for stress 
periods of 6 and 48 h, with the higher activities in BRS 
Pampa (Fig. 2B). 
 Similarly, no significant differences were observed in 
the APX activities in BRS Bojuru for all stress-exposure 
periods. In contrast, BRS Pampa showed an increase for 
all stress periods when compared to the control, although 
a significant difference was only observed for the 48-h 
stress period. When comparing both genotypes, it was 
noted that the sensitive genotype showed higher values of 
APX activity than the tolerant genotype (Fig. 2C). 
 Unlike the other enzymes studied in this work, no 
significant effects were determined for any of the factors 
on the activity of GR (Fig. 2D). 
 The analysis of the expression of different genes 
encoding for SOD, CAT, APX, and GR showed that they 
respond differently to salinity, according to the genotype 
and the time of exposure to stress. In the tolerant 
genotype BRS Bojuru, the highest values for the 
expression of the gene family encoding for SOD were 
observed at the 72-h stress period for all of the eight 
genes tested. Gene homologues OsSOD3Cu/Zn relative 
quantification (RQ) = 27.16, OsSOD-Cu/Zn (RQ = 8.39), 
and OsSODA1-Mn (RQ = 9.51) showed the highest 
response, while the other genes exhibited minor changes 
in their expression under salinity (Fig. 3). In the sensitive 
genotype, increases in gene expression for all stress 
periods were observed for OsSOD4-Cu/Zn, OsSOD3-
Cu/Zn, OsSOD-Fe, and OsSODA1-Mn. The highest 
expression exhibited OsSODA1-Mn (RQ = 8.67), whereas 
the expression of OsSOD2-Cu/Zn decreased in all stress 
levels compared to control treatment (Fig. 3).  
 The genes OsCATA, OsCATB, and OsCATC in BRS 
Bojuru differed in their responses. The OsCATA was the 
gene  most responsible to salt stress, increasing its 
expression at stress periods 6 and 24 h (RQ = 6.65 and 
3.03, respectively), followed by reduction in the 
subsequent times. For gene OsCATC, the observed values 
were lower than those of the control treatment, except for 
the 48-h stress period, suggesting that this gene had the 
lowest impact on responses to salt stress in the salinity-
tolerant genotype (Fig. 4). Similarly, BRS Pampa showed 
the highest expression for gene OsCATA at 6 and 24 h 
(RQ = 15.7 and 17.23, respectively). Moreover, OsCATC 
had higher values than that of the control treatment 
through all stress exposure periods, differing from the 
tolerant genotype, while OsCATB was modulated in a 
similar fashion in both genotypes (Fig. 4).  
 Among the eight genes encoding for APX, OsAPX1 
and OsAPx8 maintained expressions similar under stress 
and in the control treatment in both genotypes, whereas 
OsAPX2 gene was the most induced by salinity, reaching 
peak expression at 24 h of stress period (QR = 22.44 for 
BRS Bojuru and QR = 26.29 for BRS Pampa). The 
largest contrasting response between genotypes was 
observed for the gene encoding for the isoform OsAPX3. 
It was slightly induced in the tolerant genotype and 
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positively modulated in the sensitive genotype with  
QR = 12.77 after 48 h of exposure, which makes it a 
possible molecular marker for the different response to 
salinity between contrasting genotypes (Fig. 5).  
 The tolerant genotype showed increased expression of 
three genes encoding different GRs in all stress periods, 
when compared to the control treatment. In OsGR1, the 
expression reached QR = 15.11 at 24 h of stress and 
maintained this pattern during the following stress 

periods. The OsGR2 and OsGR3 were significantly 
induced by salt stress, both peaking their expression after 
48 h of stress (RQ = 87.58 and 66.22, respectively). In 
the sensitive genotype, an increase in the expression of 
gene OsGR1 was observed in all stress treatments, with 
the highest value recorded after 24 h (RQ = 2.97), while 
the expressions of genes OsGR2 and OsGR3 decreased 
under salinity stress, indicating a contrasting response 
between genotypes (Fig. 6). 

 

 
Fig. 2. Activities of antioxidant enzymes SOD (A), CAT (B), APX (C), and GR (D) in two rice genotypes (BRS Bojuru and BRS
Pampa) as affected by salt stress (150 mM NaCl). Means ± SDs, n = 3. Different capital letters mark statistically significant 
differences among stress periods and different lowercase letters between genotypes (Tukey test at 0.05 level; ns - not significant). 
 
 The principal component analysis (PCA), based on 
the mean of data from the 29 variables studied in this 
work, provides the eigenvalues (variance) of each 
principal component, the percentage of variance, and the 
cumulative values. A similar procedure was used for both 
genotypes, choosing the first two principal components 
that explained 89 and 80 % of the variation for BRS 
Bojuru and BRS Pampa, respectively, when subjected to 
salt stress (Table 2 Suppl.). 
The traits with greater weight in the principal component 
1 for BRS Bojuru were OsCATA (-0.21), OsCATB  
(-0.23), OsSOD3-Cu/Zn (0.22), and the content of 
superoxide anion (0.23), while for BRS Pampa the most 
relevant traits were OsCATA (0.27), OsGR1 (0.20), and 
OsSODA1-Mn (0.24). 
 Principal component 2 in BRS Bojuru showed the 
expression of genes OsAPX2 (0.23), OsGR2 (0.30), and 

enzyme activity of GR (0.24) as the variables with the 
greatest weight on stress response, while in BRS Pampa 
these variables corresponded to the expression of genes 
OsAPX2 (0.26), OsCATC (0.21), OsAPX5 (-0.28), 
OsSODCc1-Cu/Zn (0.27), and hydrogen peroxide content 
(-0.23). 
 In the biplot graph, in which major components 1 and 
2 were plotted, quadrant I contains, for BRS Bojuru, the 
variables O2

•-, gene OsCATC OsAPX2, OsGR2 
expressions and GR activity, whose eigenvectors ranged 
from 0.23 to 0.30. In quadrant IV, we observed the 
expression of genes encoding for all isoforms of SOD as 
well as CAT activity (Fig. 1 Suppl.). As for BRS Pampa, 
the expression of genes encoding isoforms of SOD and 
APX were distributed throughout all four quadrants, 
highlighting the difference in response between both 
genotypes (Fig. 1 Suppl.). Data obtained for both 
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genotypes were used simultaneously for the selection of 
the principal components that contributed the most to the 
variability between them. The traits with greater weight 
(eigenvectors) in the principal component 1 were the 
expression of genes OsAPX3 (-0.24), OsGR2 (0.25), 
OsGR3 (0.26), and OsSOD3-Cu/Zn (0.21). Hydrogen 
peroxide (0.28) was considered to be one of the most 

relevant factors contributing to the differences between 
genotypes. Variables with lower impact on differences 
between both rice genotypes were OsAPX4 (0.07), 
OsAPx8 (-0.05), and OsAPX2 (-0.05), which turns them 
of low importance to distinguish between tolerant and 
sensitive genotypes under the experimental conditions in 
this work. 

 

 
Fig. 3. Relative expression of superoxide dismutase genes in rice genotypes BRS Bojuru and BRS Pampa under salt stress (150 mM 
NaCl). Means ± SDs, n = 3. 
 
 
Discussion 
 
The increase in production of ROS is a metabolic 
alteration indicative of plants subjected to biotic or 
abiotic stresses (Foyer and Noctor, 2005, Asada 2006). 
Superoxide radical is the first to be produced by adding 
one electron to the molecular oxygen. However, 
superoxide cannot traverse biological membranes and is 

readily dismuted to H2O2 by the superoxide dismutase. 
Subsequently, H2O2 can be eliminated by catalase, 
preferably in peroxisomes, as well as by ascorbate 
peroxidase, acting in different cell components, through 
ascorbate-glutathione cycle (Aydin et al. 2013).  
 The results of this study showed different responses in 
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the production of ROS between both rice genotypes. 
Increases in the salt stress exposure time caused 
significant increases of O2

• - and H2O2 content in leaves of 
the tolerant genotype, even though a decrease in MDA 
content was observed. The H2O2 increase can be 
explained partly by the increased activity of SOD; 
however, the decrease in MDA content cannot be 
attributed to the CAT, APX, and GR activities, since they 
were not statistically different throughout all salt stress 
periods (Fig. 2A,B,C). Thus, it is believed that H2O2 
produced during salt stress was not in a direct relation to 
lipid peroxidation. It is suggested that H2O2 could be 
directed to other processes, such as stomata closure, 
peroxisome biogenesis, formation of transverse 
connections in the cell wall, and inactivation of the 
enzymes of Calvin Cycle (Neill et al. 2002, Foyer and 
Noctor 2003). 
 A sensitive to salt stress cv.BRS Pampa did not show 
changes in O2

•- content, but there was a reduction in H2O2 
content and an increase in MDA content with increasing 
 

 
Fig. 4. Relative expression of catalase genes in rice genotypes
BRS Bojuru and BRS Pampa under salt stress (150 mM NaCl).
Means ± SDs, n = 3. 

duration of the stress treatments. In this case, a decreased 
H2O2 content could not be explained by changes in CAT, 
APX, and GR activities, because their increase was not 
statistically significant except for APX in the 48-h 
treatment. According to Courtney et al. (2016), the 
peroxidase (POD) is also capable of the elimination of 
H2O2. As concerns the increased lipid peroxidation, it 
might be caused by toxic molecules other than H2O2, 
such as hydroperoxides (HO2

-), which are formed from 
O2

•- and are capable of traversing membranes and take 
away hydrogen atoms from polyunsaturated fatty acids 
and lipid hydroperoxides, thus starting lipid self-
oxidation (Neill et al. 2002). Similar results were found 
in rice plants subjected to stresses, where salt stress 
induced an increase in MDA content in the salt-sensitive 
genotype (Demiral and Türkan 2005). 
 In this work, both rice genotypes showed increased 
activity of SOD (Fig. 2A), which was also observed by 
Turan and Tripathy et al. (2013) and Khare et al. (2014) 
in rice plants under salt stress. Among the genes encoding 
SOD, the most significant increases were observed for 
homologues OsSOD3Cu/Zn and OsSODA1-Mn in the 
tolerant genotype, suggesting that most of SOD activity 
was due to these genes (Fig. 3). We observed increases in 
the expression of genes OsSOD4-Cu/Zn, OsSOD3-Cu/Zn, 
OsSODCc1-Cu/Zn, OsSOD-Fe and OsSODA1-Mn in the 
sensitive genotype, indicating that chloroplasts and the 
cytosol may be important locations for superoxide 
cleaning, since the products of these genes act in these 
organelles (Fig. 3). Kaminaka et al. (1999) observed the 
differential gene expressions of rice SOD isoforms under 
environmental stresses. The expressions of abscisic acid 
(ABA)-inducible genes, Mn-SOD gene and one of the 
cytosolic Cu/Zn-SOD genes, were strongly induced by 
drought and salinity. The Fe-SOD gene and the cytosolic 
Cu/Zn-SOD gene (sodCc1) were also induced by ABA. 
 The CAT activity did not differ among treatments in 
both genotypes; however, the highest activity was 
observed after 72 h of salt stress in the tolerant genotype 
and after 48 h in the sensitive genotype. Similarly, 
Simova-Stoilova et al. (2010) reported increased CAT 
activity in wheat cultivars sensitive to drought stress. 
Regarding genes encoding catalase isoforms, OsCATA 
gene was the most responsive in both genotypes, whereas 
gene OsCATC was modulated by salt stress only in the 
sensitive genotype. Khare et al. (2014) reported an 
increase in OsCATA expression in rice plants tolerant to 
salinity and a decrease in the sensitive ones. The results 
obtained by Yamane et al. (2010) suggest that the 
increase in CAT enzyme activity in rice leaves of plants 
tolerant to salt stress is related to the expression of the 
OsCATB and OsCATC genes. However, Menezes-
Benavente et al. (2004) report that salt stress in rice 
plants does not alter the expression of OsCATA and 
OsCATC genes, however, increases the expression of 
OsCAT, indicating that a single gene can be induced or 
repressed depending on the genotype. According to Lee 
et al. (2002), the interaction of cis-elements, presented in 
the promoter region of each genotype, leads to the 
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activation or repression of gene expression. Thus, the 
presence and/or absence of specific cis-elements within a 

genotype may modulatee in a positive or negative way 
the expression of these genes in response to salt stress. 

 

 
Fig. 5. Relative expression of ascorbate peroxidase genes in rice genotypes BRS Bojuru and BRS Pampa as affected by salt stress
(150 mM NaCl). Means ± SDs, n = 3. 
 
 The first enzyme of the ascorbate-glutathione cycle, 
APX, plays a vital role in the elimination of H2O2. APX 
has higher affinity to H2O2 when compared to CAT, 
being capable of eliminating it even at low concentrations 
(Gill and Tuteja 2010). Research on the activity by APX 
in soybean and rice salt-tolerant genotypes (Moradi and 
Ismail 2007, Hakeem et al. 2012, Mishra et al. 2013), 
show increased activity of this enzyme when compared to 
susceptible genotypes. However, in our study, the 
sensitive genotype showed the highest activity of APX, 
although it differed only at 48 h compared to the other 
stress periods (Fig. 2C). The results of this study are in 
agreement with Turan and Tripathy (2013) and Khare et 
al. (2014), who reported an increase in APX activity in 

rice plants sensitive to salinity. The analysis of the 
expression profile of APX genes showed that the 
expression of OsAPX2 was the most responsive to salt 
stress in both genotypes (Fig. 5). However, the increased 
expression had no effect on the enzyme activity, 
especially in the tolerant genotype, suggesting that APX 
inhibition might occur during the stress periods. One 
reason for this inhibition may be irreversible inactivation 
of APX in the absence of reduced ascorbate (Shikanai 
et al. 1998, Asada 1999). Morita et al. (2011) reported 
correlation between the increases in the expression of 
genes OsAPX2 and OsAPX1 and the increase of APX 
activity in rice plants subjected to drought stress. Turan 
and Tripathy (2013), studying the response of contrasting 
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rice genotypes to salt stress, have found that an increase 
in the expression of gene OsAPX2 is correlated with the 
enzyme activity. 
 

 
Fig. 6. Relative expression of glutathione reductase genes in
rice genotypes BRS Bojuru and BRS Pampa as affected by salt 
stress (150 mM NaCl). Means ± SD, n = 3. 
 

 The increase in the GR activity under different 
stresses conditions was observed in many plant species, 
e.g., rice, wheat, peanut, maize, and tobacco (Guo et al. 
2006, Tang et al. 2010a,b, Tan et al. 2011). However, in 
this study there was no difference in the GR enzyme 
activity in any of the rice genotypes (Fig. 2D). However, 
the three genes encoding GR isoforms showed an 
increase in the expression patterns in the tolerant 
genotype, OsGR2 and OsGR3 being the most induced 
under salt stress (Fig. 6). The lack of observed correlation 
between enzyme activity and gene expression can be 
explained by post-transcriptional and post-translational 
modifications and existing protein-protein interactions, 
which result in the non-functional enzyme. Moreover, 
Hong et al. (2009), working with rice roots reported that 
the increased expressions of genes OsGR2 and OsGR3 is 
associated with increased GR activity, and that this 
increase is significantly induced by salinity and mediated 
by H2O2. In this work, H2O2 content increased in the 
tolerant genotype, indicating that it may act as an inducer 
of the expression of the three GR gene homologues. In 
rice cv. BRS Pampa, increase in gene expression was 
observed only for OsGR1, whereas OsGR2 and OsGR3 
decreased their expression in the presence of salt stress 
(Fig. 6). Turan and Tripathy et al. (2013), working with 
rice plants under salt stress, reported increased expression 
of the gene OsGR2 in both tolerant and sensitive 
genotypes. 
 The PCA allows the identification of compounds 
exhibiting the greatest variation within a population and 
determines the closely related compounds (Kim et al. 
2010). Furthermore, in possession of the PCA results, 
elimination of redundant and difficult-to-measure 
characteristics is possible, thus reducing the time and cost 
of experimentation (Paiva et al. 2010). This study 
allowed us the observation that genes OsAPX3, OsGR2, 
OsGR3, and OsSOD3-Cu/Zn contributed the most to the 
variability between genotypes, indicating their potential 
for use as references to differentiate between tolerant and 
sensitive genotypes under salt stress conditions (Fig. 1 
Suppl.). 

 
Conclusions 
 
The presented results from this work allow to conclude 
that there are differences in the response to salt stress 
between tolerant and sensitive rice genotypes, especially 
in the production of ROS and lipid peroxidation. As 
concerns antioxidative enzymes, only SOD activity 
significantly increased under salt stress in both 
genotypes. The expressions of genes OsSOD3Cu/Zn, 
OsSODA1-Mn, OsCATA, OsCATB, and OsAPX2 in 
tolerant genotype and OsSOD4-Cu/Zn, OsSOD3-Cu/Zn, 

OsSOD-Fe, OsSODCc1-Cu/Zn, OsCATA, OsCATC, 
OsAPX2, and OsAPX3 in the sensitive genotype were 
positively regulated under salt stress, although the 
increase in the amount of transcripts did not result in a 
significant increase in the CAT and APX activities. It is 
suggested that OsAPX3, OsGR2, OsGR3, and  
OsSOD3-Cu/Zn genes are the most suitable to distinguish 
tolerant from sensitive genotypes under salt stress 
conditions. 
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