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Abstract

Salicylic acid (SA) is an important growth regulator that participates in both biotic as well as abiotic stress re-
sponse in plants. Both-biotic and abiotic stresses are characterized by elevated cellular reactive oxygen species
(ROS). We examined the biochemical and molecular effects of SA on the ROS scavenging system in maize. Pre-
treatment of maize plants with SA prior to stress, reduced electrolyte leakage, enhanced protein accumulation,
improved root biomass and grain yield. SA application also led to a general enhancement in the biochemical
activities of three major ROS scavenging antioxidant enzymes, viz. superoxide dismutase (SOD), catalase (CAT)
and peroxidases (POX). However, corresponding transcripts of various antioxidant isozymes depicted a dynamic
response for different SA doses. Under stress, pre-treatment with 0.5 mM SA led to enhanced expression of all
the Sod genes analyzed while higher SA concentration repressed many Sod genes. Cat 7 showed clear dose-
dependent repression in response to graded concentrations of SA, while Cat 3 showed inverse dose-dependent
activation in response to graded concentrations of SA. Apx 7 was found to be up-regulated at 0.5 mM SA, while
higher doses of SA, i.e. 1.0 and 1.5 mM led to its repression. All the three concentrations of SA repressed Apx 2
gene. Taken together, our results indicate that SA has the potential to alleviate oxidative stress in maize through
biochemical and transcriptional modulation of ROS scavenging pathway. Also, the concentration of SA has a great
bearing in its alleviating role, with lower concentrations (viz 0.5 mM) being more desirable.
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important regulatory physiological processes (Yusuf
et al, 2013). There have been conflicting views on the
effect of SA on ROS-mediated oxidative damage. Ini-
tial evidence indicated that SA was a potent inhibitor
of heme-containing enzymes, viz. CAT and POX, and
an inducer of hydrogen peroxide (H,0,) (Harfouche et
al, 2008), thus further exacerbating accumulation of
ROS under stress conditions. SA was also proposed
as both a potent inducer of the NADPH-oxidase and
an inhibitor of alternative oxidase, thus capable of in-
direct regulation of the redox status of the plant. To
reconcile a considerable body of contradictory views
on the question, whether SA is upstream of ROS or
vice versa, several researchers proposed that SA and
H,O, form a self-amplifying feedback loop (Viot et al,
2009).

There have been several studies, where pre-treat-
ment of plants with SA has been shown to confer
abiotic stress tolerance of various degrees. Cucum-

Introduction

Salicylic acid (SA) has long been known for its role
in the responses to biotic stresses in plants, espe-
cially, its ability to induce systemic acquired resis-
tance against viral diseases (Gaffney et al, 1993). It
participates in diverse signalling pathways and has
cross-talk with various plant growth regulators and
hormones. Recent studies have suggested that it
can also modulate pathways leading to adaptation
to abiotic stresses in plants (Kang et al, 2014). One
of the common consequence of pathogen attack as
well as that of incidence of abiotic stress is the rapid
burst of reactive oxygen species (ROS). Persistent
accumulation of high levels of ROS is detrimental for
plant survival. Therefore, plants have evolved mecha-
nisms to scavenge harmful ROS, in which, antioxi-
dant enzymes like superoxide dismutase (SOD), cata-
lase (CAT) and peroxidases (POX) play a major role.
There is an increasing interest in the interactive role

between SA and ROS (Dat et al, 2007). SA occurs
naturally in plants in very low amounts and it is known
to be involved in transpiration, stomatal closure, nu-
trient uptake, protein synthesis, inhibition of ethylene
biosynthesis, plant growth, thermogenesis, flower in-
duction, photosynthesis, enzyme activities and other

ber and tobacco plants pre-treated with SA exhib-
ited enhanced protection to oxidative stress induced
by methyl viologen (MV) application at 3 days after
the SA pre-treatment (Strobel and Kuc, 1995). Simi-
larly, pre-treatment of barley seedlings with SA in the
dark via the transpiration stream fully blocked the
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subsequent light-induced inhibitory effect of MV on
photosynthesis and also decreased the MV-induced
production of H,O,, lipid peroxidation, and electrolyte
leakage (Ananieva et al, 2002), while inducing the ac-
tivities of certain antioxidant enzymes (Ananieva et al,
2004). These results were also confirmed using SA-
deficient NahG transgenic rice plants, which showed
great sensitivity to MV. These plants also had lower
glutathione content, which may explain the greater
sensitivity of these plants to oxidative damage and
also suggests that SA may regulate glutathione syn-
thesis in rice (Kusumi et al, 2006).

Although exogenous SA mediated perturbation in
cellular redox state under stress has been studied in
many plants, its mechanism of action, especially its
effect on transcriptional dynamics is unexplored. This
study was undertaken to determine the physiological
and biochemical changes in maize plants treated with
SA during MV-induced oxidative stress, and to inves-
tigate the role of this plant growth regulator in altering
the transcriptional dynamics of the antioxidant genes.
Elucidating the mechanisms of plant growth regulator
mediated stress adaptation in plants would pave way
for developing appropriate spray based technologies
or transgenic crops that are resilient to environmental
stresses.

Materials and Methods

Plant growth and treatments

This experiment was conducted at the Maize
Physiology Field Research Facility, ICAR- Indian Ag-
ricultural Research Institute, New Delhi, India (Lati-
tude: 280°38°23”N, Longitude: 770°09°27”E, Altitude:
228.61 masl) during July-October 2012. The mean
maximum and minimum temperatures during the
period of study were 39.1 and 13.9°C, respectively,
while total rainfall was 481.8 mm. HQPM 1, a single
cross (HKI 193-1 x HKI 163) quality protein maize
hybrid was grown in micro-plots of 3 rows with 2 m
row length with 10 plants in each row. The crop was
irrigated only once just after sowing and remained
completely rainfed thereafter. Recommended fer-
tilization and management practices were followed.
Plants were sprayed with different doses of SA @ 0.5,
1.0 and 1.5 mM at the flowering stage. All the spray
formulations contained Tween 20 (0.1%) as surfac-
tant. The control plants were mock sprayed with only
Tween 20 dissolved in distilled water. Artificial oxi-
dative stress was induced in the plants by spraying
200 pM MV. Leaves were harvested from five differ-
ent plants per treatment at two stages i.e. after 48 h
from application of SA (post treatment) and after 48 h
from MV application (post stress); snap freezed and
stored at -70°C.

Root growth and yield

At harvest, the data on total root biomass and
root length were recorded and expressed as g per
plant and cm per plant, respectively. The cobs were
harvested from the SA treated and untreated plants

at physiological maturity (30 % grain moisture). The
final grain yield at 14% grain moisture was calculated
as g per plant.

Membrane stability

Five leaf discs weighing 100 mg each from five
different plants per treatment were washed, dried and
placed in a glass test tube containing 20 ml deionized
water in replicates of three for each treatment. The
samples were kept for 24 hrs at room temperature
and initial conductance values (E1) were recorded
with conductivity meter. The content was then boiled
for 30 min in a boiling water bath (100°C), cooled to
room temperature and final conductivity values (E2)
were determined. Cell membrane injury was repre-
sented in terms of total electrolyte leakage (%) and
calculated by following formula:

__ Conductivity before boiling (E1)

= x100
Conductivity after boiling (E2)

Electrolyte Leakage (%)

Total soluble proteins and anti-oxidant enzyme
assays

Leaf samples (1 g) were homogenized in 10 ml
ice-cold 50 mM potassium phosphate buffer (pH 7)
containing 100 mg g™ of polyvinyl pyrrolidone (PVP)
in mortar and pestle and centrifuged at 10,000 rpm
for 30 min at 4°C. The supernatant was then collected
and stored at -20°C. The supernatant collected was
used for different antioxidant enzyme assays after es-
timating total protein content (Bradford, 1976) using
bovine serum albumin as standard.

Superoxide dismutase (SOD) was assayed ac-
cording to the method of Kakkar et al (1984). The
assay mixture contained 1.2 ml of sodium pyrophos-
phate buffer (0.025 M, pH 8.3), 0.1 ml of phenazine
methosulphate (PMS) (186 pM), 0.3 ml of nitro blue
tetrazolium (NBT) (300uM), 0.2 ml of the enzyme ex-
tract and water in a total volume of 2.8 ml. The reac-
tion was initiated by the addition of 0.2 ml of NADH.
The mixture was incubated at 30°C for 90 s and ar-
rested by addition of 1.0 ml of glacial acetic acid. The
reaction mixture was then shaken with 4.0 ml of n-
butanol, allowed to stand for 10 min and centrifuged.
The intensity of the chromogen in the butanol layer
was measured at 560 nm in a spectrophotometer.
One unit of enzyme activity is defined as the amount
of enzyme that gave 50% inhibition of NBT reduction
in one minute. Catalase (CAT) activity was assayed
using the method of Aebi (1983). The assay solution
contained 50 mM potassium phosphate buffer (pH
7) and 30 mM H,0, and 50 pl enzyme extract. The
activity was estimated by monitoring the decrease in
absorbance of H,O, within 30 s at 240 nm. Unit of
enzyme activity was taken as the change in absor-
bance per minute at 240 nm. The non-specific peroxi-
dases (POX) activity was assayed using the method
of Reddy et al (1995). To 3.0 ml of pyrogallol solution
(0.05 M), 0.1 ml of the enzyme extract was added and
the spectrophotometer was adjusted to read zero at
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Table 1 - List of primer pairs used for the gRT-PCR ampli-
fication of 11 antioxidant genes in maize.

S No. Gene name Primer Sequence

1 Zm Sod2 F-GATCATTGGCCGAGCTGTTGTTGT
R-TCTATGGTGTTTGCCTCGGAGGTT

2 Zm Sod4 F-AAACAAATGGGTCGCTGGACTTCG
R-ACAGTTCAGCTCATCGGGTGCTTA

3 Zm Sod9(4A) F-CGTGTTGCTTGTGGGATCATTGGA

R-TCGGTGGCTACAGGTGCATAATGA

4 Zm Cu-Zn Sod (chl) F-TGTTGCAAATGCTGAGGGCATAGC
R-CCAACAACACCACATGCCAGTCTT

5 Zm Fe Sod F-AGCACAGGTCTGGAACCATCACTT
R-ACAGCTGTAAGGCTGAGCGGATAA
6 Zm Mn Sod F-TTGTGTACCTGCTGGACCAAGTGT
R-ACTACGAGCAGCAGAAAGTGGAGT
7 Zm Apx1 F-TGCTGCCTGTATGGAATCATGTGG
R-TACCAACAACAGCCTAAGGGCTCA
8 Zm Apx2 F-TTGTTGACAAATACGCAGCGGACG
R-ACACTCTTCTGGTTCGTTACGCCT
9 Zm Apx 8 F-AGTATGCAGATGACCAGGAAGCGT
R-TCGGAAGGTGAAGAGCTTGTGTCA
10 Zm Cat1 F-ACCTGAAGCCGAGCATGTAAGGAT
R-ATAATCGACCACCGACCATCAGCA
11 Zm Cat3 F-CCGGCTCAACATGAAGGCAAACAT

R-TTCTCTTGTTCCTGGCGACGACAT

430 nm. To the test cuvette, 0.5 ml of H,0, (1%) was
added and mixed. The change in absorbance was
recorded every 30 s up to 3 min in a spectropho-
tometer. One unit of peroxidase was defined as the
change in absorbance per min at 430 nm.

Total RNA isolation and cDNA preparation

Total RNA was extracted from pools of three
plants for each experimental sample using the
RNeasy mini kit (Qiagen, Hilden, North Rhine- West-
phalia, Germany) followed by treatment with DNase
| to remove any genomic DNA contamination. Con-
centrations were determined with a NanoDrop spec-
trophotometer (Thermo scientific NanoDrop 1000).
The cDNA was synthesized using Superscript lll Kit
(Invitrogen) from 1 pg of total RNA according to the
manufacturer’s protocol. The reverse transcription
reaction was carried out at 44°C for 60 min followed
by 92°C for 10 min. The reaction without template
was included as control.

Quantitative Real Time -PCR Analysis

The sequences of the corresponding maize genes
of the ROS scavenging system were obtained from
the GenBank. Using these sequences, 11 sets of
primers were designed using IDT PrimerQuest for
further gene expression analysis (Table 1). For the
quantitative real-time PCR (QRT-PCR), 1 yL cDNA
(10 ng) was used in 25 pL reactions using Hot start-IT
SYBR green qPCR master mix (Affymetrix) accord-
ing to the manufacturer’s instructions. Amplification
was performed on the Mx3005P multiplex quantita-
tive PCR system (Stratagene). For each sample, at
least three replications were performed in one experi-
ment. The threshold cycles (CT) of each test target
were averaged for triplicate reactions. 18S rRNA
was used as internal control (Schmittgen and Livak,
2008). The gene expression values were normalized

by subtracting the mean reference gene (18S rRNA)
CT value from individual CT values of corresponding
target genes (ACT). The fold change value was calcu-
lated using the expression, where AACT represents
difference between the ACT condition of interest (i.e.
gene expression in SA treated plants after MV stress)
and ACT control (i.e. gene expression in mock treated
plants after MV stress).

Results and Discussion

Root growth and yield

The SA treated plants were monitored till the
physiological maturity stage. Significantly higher root
biomass and grain yield were observed in SA treated
plants over the control. Although marginal increase
in root length was also observed in SA treated plants
over control but this increase was non-significant.
The most effective concentration of SA was 1 mM,
which improved root biomass and grain yield by 45.7
and 32.9% over untreated plants (Table 2), indicat-
ing that SA is capable of alleviating harmful effects of
oxidative stress in maize.

Previous studies corroborate that lower concen-
trations of SA (viz. 0.1 mM to 0.5 mM) are most op-
timal in imparting stress tolerance in plants with low
levels of resident SA, maize being one of them (Janda
et al, 1999; Ding et al, 2002; Kang and Saltveit, 2002;
Kang et al, 2003; Nemeth et al, 2002; Tasgin et al,
2003; He et al, 2005; Shi et al, 2006). Many previ-
ous studies demonstrate that SA could be a poten-
tial compound for the reduction of abiotic stress
sensitivity of the crops against a range of abiotic
stresses, like ozone (Rao and Davis 1999; Koch et
al, 2000), salt and osmotic (Borsani et al, 2001; Mo-
lina et al, 2002), UV-B (Surplus et al, 1998; Nawrath
et al, 2002), drought (Nemeth et al, 2002; Munne-
Bosch and Penuelas, 2003), paraquat (Yang et al,
2004), heat (Clarke et al, 2004; He et al, 2005; Shi et
al, 2006), cold (Janda et al, 1999; Kang and Saltveit,
2002; Kang et al, 2003; Tasgin et al, 2003; Scott et al,
2004) and metal stress (Metwally et al, 2003; Yang et
al, 2003; Pal et al, 2005). Application of ascorbic acid
has also been reported to have similar effects on root
biomass and grain yield in maize under MV induced
oxidative stress (Yadava et al, 2013).

Membrane stability

In order to understand the effect of SA in impart-
ing stability to the cell membrane, we compared total
electrolyte leakage in SA treated plants under stress
with that of untreated plants under stress. SA treat-
ment led to significant reduction in electrolyte leak-
age under stress. Under stressed condition, each of
the SA treatment, i.e. 0.5, 1.0, and 1.5 mM reduced
the electrolyte leakage by 2.7, 4.4 and 3.3%, respec-
tively over the mock treated control. Interestingly,
SA was capable of reducing ion leakage under un-
stressed conditions also, indicating its general role
in imparting stability to the membrane. A reduction
of 10.4, 15.4, and 11.77% in electrolyte leakage was
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Table 2 - Root biomass, root length and grain yield per plant at maturity for different treatments of SA under stressed condi-
tions. Each value represents mean of three independent replications +SE.

SA Conc. Root biomass Root length Grain weight
(mM) (g plant?) (cm plant™) (g plant™)

0.0 12.39 = 1.45 27.36 = 1.21 38.42 + 2.87
0.5 15.32 = 2.31 28.12 = 2.07 43.42 + 1.94
1.0 18.05 = 1.79 29.37 = 1.94 51.07 = 3.17
1.5 16.21 = 1.03 28.61 = 1.78 46.37 + 2.86

observed in response to 0.5, 1.0, and 1.5 mM SA un-
der unstressed conditions (Figure 1A).

In another study also, SA application was found
to reduce electrolyte leakage under different abiotic
stresses. In tomato plants, application of 0.1 mM SA
led to 44% and 32% reduction in electrolyte leakage
in plants subjected to 150 mM NaCl and 200 mM
NaCl, respectively, compared to the untreated plants
(Stevens et al, 2006). Supporting evidences for SA
mediated reduction in electrolyte leakage have also
been reported in maize, rice and cucumber hypocot-
yls under chilling stress (Kang and Saltviet, 2001).
Maintaining integrity of cellular membranes under
stress conditions is considered an integral part of the
tolerance mechanism.

Total soluble proteins

In plants, oxidative stress generally leads to en-
hanced synthesis and accumulation of certain pro-
teins, especially those related to ROS scavenging
and chaperone functions (Horvath et al, 2007). We
also found enhanced total soluble proteins in all the
plants sprayed with MV in comparison to unstressed
plants. Next, we were interested to know whether
application of SA had any effect on accumulation of
total soluble proteins. In unstressed conditions, 48 h
after SA treatment, total soluble protein content of
the samples showed an inverse dose dependent re-
sponse. The protein content increased by 17.8, 14.4,
and 12.5% in response to 0.5, 1.0, and 1.5 mM SA,
with 0.5 mM concentration being most effective in
increasing the protein content. Further, we studied
the effect of SA treatment on protein content under
stress conditions. Under stress, different doses of SA
were found to be capable of enhancing the protein
content by 8.3, 3.6, and 1.2% in comparison to the
mock control. Here also, inverse dose dependence
as seen for unstressed conditions was observed, with
0.5 mM concentration being statistically most signifi-
cant (Figure 1B).

Since, SA acts as a signalling molecule; it has po-
tential to up-regulate several genes and their prod-
ucts. We also observed enhanced accumulation of
total soluble proteins in response to SA application,
especially so with lower concentration of 0.5 mM.
Evidence for SA mediated accumulation of several
classes of proteins, viz. topoisomerases, elonga-
tion factors, transcriptionally active long terminal re-
peat retrotransposon families, heat-shock proteins
(Hsp70, Hsp17.6, Hsc70), cyclophilins, dehydrins,

pathogenesis related proteins, glycine-betaine etc.
have been provided in various studies (Horvath et al,
2007). Also, physiologically lower concentrations, viz
0.1 to 0.5 mM have been reported to be most effec-
tive in various studies.

Antioxidant enzyme activities

Plants exhibit a fine homeostasis between pro-
duction and scavenging of ROS. The ability of the
plant to rapidly quench extra ROS production dur-
ing stress determines its tolerance capacity (Gill and
Tuteja, 2010). SOD, CAT and POX are the important
ROS scavenging enzymes in plants. Therefore, we
assayed the biochemical activities of these enzymes
in response to different doses of SA before and after
application of oxidative stress (Figure 2). We observed
that MV can drastically reduce the specific activity of
SOD. There was 54.4% reduction in SOD activity in
mock sprayed plants after application of MV. During
unstressed conditions, lower doses of SA application
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Figure 1 - Total electrolyte leakage (a) and total soluble pro-
tein (b) in response to different concentrations of SA under
control and stressed conditions in maize. Each value repre-
sents mean of three independent replications + S.E, aster-
isk indicates significant difference compared to the control
post stress at P<0.05.
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(0.5 mM and 1.0 mM) led to reduced SOD activities
while the higher dose of SA (1.5 mM) increased SOD
activity marginally by 9.0% . However, under stressed
conditions, SA was found to have considerable effect
in enhancing SOD activity. An increase of 62.6, 104.8,
and 144.8% in SOD activity was observed in stressed
plants pre-treated with 0.5, 1.0, and 1.5 mM SA re-
spectively, as compared to the mock treated plants.
In contrast to SOD, a general enhancement in CAT
activity was observed upon induction of oxidative
stress. SA was found to further increase CAT activity
under stress. Under stress, CAT activity increased by
7.3, 49.3, and 41.3% in response to 0.5, 1.0, and 1.5
mM SA, with later two concentrations having most
significant effect. Like SOD, non-specific POX activity
also showed a general reduction under MV induced
oxidative stress. Once again, confirming its role in al-
leviating oxidative stress, SA was found to enhance
POX activity. Application of all the concentrations of
SA increased POX activity in both stressed as well
as unstressed conditions. Under stressed conditions,
pre-treatment of 0.5, 1.0, and 1.5 mM SA increased

POX activity by 5.3, 8.9, and 7.9% respectively as
compared to mock sprayed plants. Thus, SA applica-
tion led to enhanced activities of all the three ROS
scavenging enzymes (SOD, CAT, and POX) under
stress, highlighting its positive role in alleviating oxi-
dative stress.

In our experiment, SA application led to enhanced
activities of all the three scavengers, i.e. SOD, CAT,
and POX. In many previous studies, SA mediated al-
teration in various antioxidant enzyme activities under
stress has been reported. However, there exist con-
siderable inconsistencies and variations in changes
in enzyme activities. The response has been largely
dependent on genotypes in question, the dose of SA,
time of application and nature of abiotic stress. For
example in a recent study in wheat, treatment with
SA alone increased all the antioxidant activities in
Gerek-79 genotype (Multu and Atici, 2013). However,
the same treatments with SA decreased the activi-
ties of CAT and SOD in Bezostaya genotype, while
increased that of POX. On the other hand, salt ap-
plications alone increased the activities of POX and
SOD, while decreased that of CAT in Bezostaya
genotype. The same salt applications increased the
POX activity, while decreased the activities of CAT
and SOD in Gerek-79 genotype. In plants under sa-
line conditions, except 0.75 M NaCl, treatments with
SA increased the activities of CAT, POX, and SOD
in both the varieties compared with plants applied
with salt alone. In plants applied with 0.75 M NaCl,
however, treatments with SA decreased CAT activ-
ity. In another study, incubation of Arabidopsis leaves
with SA enhanced SOD activity in a dose-dependent
manner, while treatment of leaves with 5 mM SA de-
creased CAT by 33% compared with control leaves.
In the same study, concentrations of 0 to 5 mM SA
had no major effect on POX activity (Rao et al, 1997).
We observed that MV application can drastically re-
duce SOD activity. Loss of ROS scavenging capacity
due to reduction in SOD activity might be a major fac-
tor contributing to lethal effects of MV induced oxi-
dative burst. In contrast to SOD, a general enhance-
ment in CAT activity was observed upon induction of
oxidative stress. This may be due to the crucial need
of the plant to expeditiously remove harmful H202
produced due to MV induced severe oxidative stress.

Antioxidant gene expression analysis

In order to understand more about the molecular
mechanisms that may contribute to the variation of the
ROS scavenging enzymes, we studied the transcrip-
tional dynamics of the corresponding genes. Though
biochemically indistinguishable, some of these
scavenging enzymes have a number of isozymes.
For example, SODs are classified into three types:
Mn-, Fe-, and Cu/Zn-SOD, depending on the metal
found in the active site. In the higher plants, SODs
are found in the cytosol, plastids, and mitochondria.
In maize, different SOD isozymes are reported: four
Cu/Zn cytosolic isozymes (SOD-2, SOD-4, SOD-4A,
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Figure 3 - Fold change in transcript abundance of various
Sod (a), Cat (b), and Apx (c) genes in SA pre-treated plants
under stress as compared to control plants under stress.
Each value represents mean of three independent replica-
tions = S.D. Negative values show gene repression.

and SOD-5), four mitochondrial-associated Mn SODs
(SOD-3.1, SOD-3.2, SOD-3.3, and SOD-3.4), and
one Cu/Zn chloroplast-associated isozyme (Baum
and Scandalios, 1979; Scandalios, 1997; Guan and
Scandalios, 1998). Also, in maize genome, there ex-
ist multiple gene homologs coding for one group of
scavenging enzymes. We designed DNA primers that
were capable of distinguishing various homologs of
these genes (Table 1).

Figure 3 depicts fold change of transcript accu-
mulation in SA pre-treated plants after 48 hrs of MV
treatment as compared to mock treated controls.
Under stress, pre-treatment with 0.5 mM SA led to
enhanced accumulation of transcripts of all the Sod
genes analyzed. The fold increase ranged from 1.4
times for Sod 4 to 3.2 times for Fe Sod transcript. The
positive fold change for other Sod transcripts was
2.3, 2.6, 1.5, and 1.8 times for Cu/Zn Sod, Mn Sod,
Sod 2 and Sod 9 respectively. When the concentra-
tion of SA was doubled to 1.0 mM, fold increase in
transcript accumulation for various Sod genes was
decreased as compared to that of 0.5 mM dose, with
Sod 2 showing repression. At 1.0 mM SA concen-
tration Cu/Zn Sod, Fe Sod, Mn Sod, Sod 4 and Sod
9 genes were up-regulated by 1.3, 1.7, 1.4, and 1.1
times respectively as compared to the mock control.
On the other hand, Sod 2 was repressed by 1.0 fold.
When, the concentration of SA spray was further en-
hanced to 1.5 mM, even more number of Sod genes
showed repression. In this condition, Mn Sod exhib-
ited a repression of 4.9 times, while Sod 4 and Sod
9 showed 2.5 and 1.6 fold repression respectively.
Thus, a dynamic response of transcript accumulation

of various Sod genes was observed, which was also
affected by the concentration of SA, with 0.5 mM
SA being most effective in uniformly up-regulating
various isozymes of Sod. At the protein level also,
SA mediated enhancement of SOD enzyme activity
under stress was most significant for 0.5 mM concen-
tration. This also correlates with significantly higher
total protein accumulation observed in samples pre-
treated with 0.5 mM SA concentration.

We analyzed two Cat genes, Cat 7 and Cat 3 and
both these genes showed contrasting transcriptional
profile. Cat 1 showed clear dose dependent repres-
sion in response to graded concentrations of SA,
while Cat 3 showed inverse dose dependent activa-
tion in response to graded concentrations of SA. Also,
sensitivity of Cat genes to SA was seen to be very
high for both activation and repression. Cat 7 expres-
sion reduced by 5.0, 15.7, and 34.1 fold respectively
in response to 0.5, 1.0 and 1.5 mM SA. On the other
hand, Cat 3 expression increased by 22.3, 4.6, and
2.6 folds respectively in response to 0.5, 1.0, and 1.5
mM SA, with 0.5 mM SA once again being most ef-
fective. Transcriptional profile of the three Apx genes
analyzed exhibited dynamic response. Apx 1 was
found to be up-regulated by 1.6 fold at 0.5 mM SA,
while higher doses of SA, i.e. 1.0 and 1.5 mM led to
repression of Apx 1 by 2.5 and 1.4 times respectively.
All the three concentrations of SA repressed Apx 2
gene. Apx 2 transcript accumulation was reduced by
1.2, 4.6, and 2.2 times respectively in stressed plants
pre-treated with 0.5, 1.0, and 1.5 mM SA. On the oth-
er hand, Apx 8 transcript abundance increased 2.5
and 1.2 folds in response to 0.5 mM and 1.5 mM SA,
while it decreased 1.4 fold in response to 1.0 mM SA.

The dynamic transcriptional profile of various
genes of the ROS scavenging pathway in response
to various doses of SA suggest that different ROS
genes are differentially regulated by SA and may also
likely to form a feedback system. For example, origi-
nally, H,O, was proposed to function downstream of
SA on the basis of evidence that high levels of SA
can bind and inhibit H,0,-removing enzymes, such
as CAT and APX (Durner and Klessig, 1996; Cham-
nongpol et al, 1998). Furthermore, APX is post-tran-
scriptionally suppressed by SA (Mittler et al, 1998;
Yuan and Lin, 2004), and CAT is downregulated at
the level of steady-state mMRNA (Dorey et al, 1998).
Later, it was found that increased H,0O, levels also act
upstream of SA to induce endogenous SA (Leon et al,
1995). Thus, SA and H,O, compose a positive feed-
back loop. Moreover, endogenous SA concentration
of the plant can directly affect accumulation of ROS.
This has been shown in SA deficient transgenics and
mutants in Arabidopsis. Transgenic Arabidopsis ex-
pressing a bacterial salicylate hydroxylase NahG, and
Arabidopsis mutant sid2 (SA induction deficient) and
eds5 (enhances disease susceptibility), which have
a very low level of SA (below 1 ug g™ fresh weight),
accumulate a high level ROS and therefore prone to
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more severe damages from abiotic stress (Lederer
and Bdger, 2003; Nawrath and Metraux, 1999; Rao
and Davis, 1999; Nawrath et al, 2002; Clarke et al,
2004). Recent studies have also shown that SA is ca-
pable of inducing promoters and transcription factors
(Van der Does et al, 2013).

In conclusion, our results suggest that SA have
potential to alleviate oxidative stress and biochemi-
cal and transcriptional modulation of ROS scaveng-
ing pathway might be a key mechanism behind its
protective role. Also, the concentration of SA is im-
portant in its alleviating role, with lower concentra-
tions (viz. 0.5 - 1.00 mM) being more favourable. The
increase in SOD, CAT, and POX activities and associ-
ated transcriptional modulation with the application
of SA, strengthen the conjecture that SA might have
neutralized the harmful ROS by not only acting as an-
tioxidant molecule itself but also as a signalling mol-
ecule causing up-regulation of expression of genes
and specific factors related to synthesis of antioxidant
enzymes. The results of the investigation confirm the
importance of exogenously applied SA in conferring
protection against oxidative stress in maize through
modulation of antioxidant pathway.

Acknowledgements

Financial support from Indian Council of Agri-
cultural Research (ICAR) funded Network Project
on Transgenics in Crops- Functional genomics for
drought tolerance in maize (NPTC 3015) is thankfully
acknowledged.

References

Aebi H, 1983. Catalase. In: Methods of enzymatic
analysis. Bergmeyer H ed. Verlag Chemical,
Weinheim

Ananieva EA, Alexieva VS, Popova LP, 2002. Treat-
ment with salicylic acid decreases the effects of
paraquat on photosynthesis. J Plant Physiol 159:
685-693

Ananieva EA, Christov KN, Popova LP, 2004. Exog-
enous treatment with salicylic acid leads to in-
creased antioxidant capacity in leaves of barley
plants exposed to paraquat. J Plant Physiol 161:
319-328

Baum JA, Scandalios JG, 1979. Developmental ex-
pression and intracellular localization of superox-
ide dismutases in maize. Differentiation 13: 133-
140

Borsani O, Valpuesta V, Botella MA, 2001. Evidence
for a role of salicylic acid in the oxidative damage
generated by NaCl and osmotic stress in Arabi-
dopsis seedlings. Plant Physiol 126: 1024-1030

Bradford MM, 1976. Rapid and sensitive method for
the quantitation of microgram quantities of pro-
tein utilizing the principle of protein-dye binding.
Anal Biochem 72, 248-254

Chamnongpol S, Willekens H, Moeder W, Langebar-

tels C, Sandermann H, Van Montagu A, Inze D,
Van Camp W, 1998. Defense activation and en-
hanced pathogen tolerance induced by H202 in
transgenic tobacco. Proc Natl Acad Sci USA 95:
5818-582

Clarke SM, Mur LAJ, Wood JE, Scott IM, 2004. Sali-
cylic acid dependent signaling promotes basal
thermotolerance but is not essential for acquired
thermotolerance in Arabidopsis thaliana. Plant J
38: 432-447

Dat, JF, Capelli N, Breusegem FV, 2007. Salicylic
acid: a plant hormone, pp. 247-276. In: The inter-
play between salicylic acid and reactive oxygen
species during cell death in plants. Hayat and Ah-
mad eds. Springer Netherlands

Ding CK, Wang CY, Gross KC, Smith DL, 2002. Jas-
monate and salicylate induce the expression of
pathogenesis-related-protein genes and increase
resistance to chilling injury in tomato fruit. Planta
214: 895-901

Dorey S, Baillieul F, Saindrenan P, Fritig B, Kauff-
mann S, 1998. Tobacco class | and class |l cata-
lases are differentially expressed during elicitor-
induced hypersensitive cell death and localized
acquired resistance. Mol Plant—Microbe Interact
11:1102-1109

Durner J, Klessig DF, 1996. Salicylic acid is a modula-
tor of tobacco and mammalian catalases. J Biol
Chem 271: 28492-28501

Gaffney T, Friedrich L, Vernooij B, Negrotto D, Nye
G, Uknes S, Ward E, Kessmann H, Ryals J, 1993.
Requirement of salicylic acid for the induction of
systemic acquired resistance. Science 261: 754-
756

Gill SS, Tuteja, N, 2010. Reactive oxygen species and
antioxidant machinery in abiotic stress tolerance
in crop plants. Plant Physiol Biochem 48(12): 909-
930

Guan L, Scandalios JG, 1998. Two structurally simi-
lar maize cytosolic superoxide dismutase genes,
sod4 and sod4a, respond differentially to abscisic
acid and high osmoticum. Plant Physiol 117(1):
217-224

Harfouche AL, Rugini E, Mencarelli F, Botondi R,
Muleo R, 2008. Salicylic acid induces H,O, pro-
duction and endochitinase gene expression but
not ethylene biosynthesis in Castanea sativa in
vitro model system. J Plant Physiol 165(7): 734-44

He YL, Liu YL, Cao WX, Huai MF, Xu BG, Huang BR,
2005. Effects of salicylic acid on heat tolerance
associated with antioxidant metabolism in Ken-
tucky bluegrass. Crop Sci 45: 988-995

Horvath E, Szalai G, Janda T, 2007. Induction of abi-
otic stress tolerance by salicylic acid signalling. J
Plant Growth Regul 26: 290-300

Janda T, Szalai G, Tari |, Paldi E, 1999. Hydroponic
treatment with salicylic acid decreases the effects
of chilling injury in maize (Zea mays L) plants.
Planta 208: 175-180

60 ~ M21

Maydica electronic publication - 2015



Yadava et al

Kakkar P, Dos B, Viswnathan PN, 1984. A modified
spectrophotometric assay of superoxide dis-
mutase. Indian J Biochem 21: 130-132

Kang G, Li G, Guo T, 2014. Molecular mechanism of
salicylic acid-induced abiotic stress tolerance in
higher plants. Acta Physiol Plant 36: 931-943

Kang GZ, Wang ZX, Sun GC, 2003. Participation of
H202 in enhancement of cold chilling by salicylic
acid in banana seedlings. Acta Bot Sin 45: 567-
573

Kang, HM, Saltveit ME, 2001. Activity of enzymatic
antioxidant defense systems in chilled and heat
shocked cucumber seedling radicles. Physiologia
Plantarum 113(4): 548-556

Kang HM, Saltveit ME, 2002. Chilling tolerance of
maize, cucumber and rice seedling leaves and
roots are differentially affected by salicylic acid.
Physiol Plant 115: 571-576

Koch JR, Creelman RA, Eshita SM, Seskar M, Mul-
let JE, Davis KR, 2000. Ozone sensitivity in hybrid
poplar correlates with insensitivity to both salicylic
acid and jasmonic acid. The role of programmed
cell death in lesion formation. Plant Physiol 123:
487-496

Kusumi K, Yaeno T, Kojo K, Hirayama M, Hirokawa
D, Yara A, Iba K, 2006. The role of salicylic acid
in the glutathione-mediated protection against
photooxidative stress in rice. Physiol Plant 128:
651-666

Lederer B, Boger P, 2003. Antioxidative responses of
tobacco expressing a bacterial glutathione reduc-
tase. Z Naturforsch 58c: 843-849

Leon J, Lawton MA, Raskin |, 1995. Hydrogen per-
oxide stimulates salicylic acid biosynthesis in to-
bacco. Plant Physiol 108: 1673-1678

Metwally A, Finkemeier |, Georgi M, Dietz KJ, 2003.
Salicylic acid alleviates the cadmium toxicity in
barley seedlings. Plant Physiol 132: 272-281

Mittler R, Feng XQ, Cohen M, 1998. Post-transcrip-
tional suppression of cytosolic ascorbate per-
oxidase expression during pathogen-induced
programmed cell death in tobacco. Plant Cell 10:
461-474

Molina A, Bueno P, Marin MC, Rodriguez-Rosales
MP, Belver A, Venema K, Donaire JP, 2002. In-
volvement of endogenous salicylic acid content,
lipoxygenase and antioxidant enzyme activities in
the response of tomato cell suspension cultures
to NaCl. New Phytol 156: 409-415

Munne-Bosch S, Penuelas J, 2003. Photo- and
anti-oxidative protection, and a role for salicylic
acid during drought and recovery in field-grown
Phillyrea angustifolia plants. Planta 217: 758-766

Mutlu S, Atici O, 2013. Alleviation of high salt toxicity-
induced oxidative damage by salicylic acid pre-
treatment in two wheat cultivars. Toxicol Indus-
trial Health 29(1): 89-96

Nawrath C, Metraux JP, 1999. Salicylic acid induc-
tion-deficient mutants of Arabidopsis express

PR-2 and PR-5 and accumulate high levels of ca-
malexin after pathogen inoculation. Plant Cell 11:
1393-1404

Nawrath C, Heck S, Parinthawong N, Metraux JP,
2002. EDS5, an essential component of salicyl-
icacid-dependent signaling for disease resistance
in Arabidopsis, is a member of the MATE trans-
porter family. Plant Cell 14: 275-286

Nemeth M, Janda T, Horvath E, Paldi E, Szalai G,
2002. Exogenous salicylic acid increases poly-
amine content but may decrease drought toler-
ance in maize. Plant Sci 162: 569-574

Pal M, Horvath E, Janda T, Paldi E, Szalai G, 2005.
Cadmium stimulates the accumulation of salicylic
acid and its putative precursors in maize (Zea
mays) plants. Physiol Plant 125: 356-364

Rao MV, Davis KR, 1999. Ozone-induced cell death
occurs via two distinct mechanisms in Arabidop-
sis: the role of salicylic acid. Plant J 17: 603-614

Rao MV, Paliyath G, Ormrod DP, Murr DP, Watkins
CB, 1997. Influence of salicylic acid on H,O, pro-
duction, oxidative stress, and H,O,-metabolizing
enzymes. Salicylic acid-mediated oxidative dam-
age requires H,0,. Plant Physiol 115(1): 137-149

Reddy KP, Subhani SM, Khan PA, Kumar KB, 1995.
Effect of light and benzyl adenine on dark-treated
growing rice leaves, Il: Changes in peroxidase ac-
tivity. Plant Cell Physiol 24: 987-994

Scandalios JG, 1997. Molecular genetics of super-
oxide dismutase in plants, pp. 527-568. In: Oxi-
dative Stress and the Molecular Biology of Anti-
oxidant Defenses. Scandalios JG ed. Cold Spring
Harbor, NY: Cold Spring Harbor Laboratory Press

Schmittgen TD, Livak K, 2008. Analyzing real-time
PCR data by the comparative CT method. Nature
Protoc 3(6): 1101-1108

Scott IM, Clarke SM, Wood JE, Mur LAJ, 2004. Sa-
licylate accumulation inhibits growth at chilling
temperature in Arabidopsis. Plant Physiol 135:
1040-1049

Shi Q, Bao Z, Zhu Z, Ying Q, Qian Q, 2006. Effects of
different treatments of salicylic acid on heat tol-
erance, chlorophyll fluorescence, and antioxidant
enzyme activity in seedlings of Cucumis sativa L.
Plant Growth Regul 48: 127-135

Stevens J, Senaratna T, Sivasithamparam K, 2006.
Salicylic acid induces salinity tolerance in tomato
(Lycopersicon esculentum cv. Roma): associ-
ated changes in gas exchange, water relations
and membrane stabilisation. Plant Growth Regul
49(1): 77-83

Strobel NE, Kuc JA, 1995. Chemical and biological
inducers of systemic resistance to pathogens
protect cucumber and tobacco plants from dam-
age caused by paraquat and cupric chloride. Phy-
topathol 85: 1306-1310

Surplus SL, Jordan BR, Murphy AM, Carr JP, Thomas
B, Mackerness SAH, 1998. Ultravio-let-B-induced
responses in Arabidopsis thaliana: role of salicylic

60 ~ M21

Maydica electronic publication - 2015



salicylic acid in Zea mays

acid and reactive oxygen species in the regulation
of transcripts encoding photosynthetic and acidic
pathogenesis-related proteins. Plant Cell Environ
21: 685-694

Tasgin E, Atici O, Nalbantoglu B, 2003. Effects of sali-
cylic acid and cold on freezing tolerance in winter
wheat leaves. Plant Growth Regul 41: 231-236

Van der Does, D, Leon-Reyes A, Koornneef A, Van
Verk MC, Rodenburg N, Pauwels L, Pieterse, CM,
2013. Salicylic acid suppresses jasmonic acid
signaling downstream of SCFCOI1-JAZ by target-
ing GCC promoter motifs via transcription factor
ORADA59. Plant Cell 25(2): 744-761

Viot AC, Dempsey DA, Klessig DF, 2009. Salicylic
acid, a multifaceted hormone to combat disease.
Annu Rev Phytopathol 47: 177-206

Yadava, P, Kaur, P, Singh, I, 2013. Exogenous appli-
cation of ascorbic acid alleviates oxidative stress
in maize. Indian J Plant Physiol 18: 339-343

Yang YN, Qi M, Mei CS, 2004. Endogenous salicylic
acid protects rice plants from oxidative damage
caused by aging as well as biotic and abiotic
stress. Plant J 40: 909-919

Yang ZM, Wang J, Wang SH, Xu LL, 2003. Salicylic
acid-induced aluminum tolerance by modulation
of citrate efflux from roots of Cassia tora L. Planta
217:168-174

Yuan S, Lin HH, 2004. Transcription, translation, deg-
radation and circadian clock. Biochem Biophys
Res Commun 321: 1-6

Yusuf M, Hayat S, Alyemeni MN, Fariduddin Q, Ah-
mad A, 2013. Salicylic acid: Physiological roles
in plants, pp. 15-30. In: Salicylic Acid. Springer
Netherlands

60 ~ M21

Maydica electronic publication - 2015



