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Abstract Nitric oxide (NO), hydrogen peroxide (H,O,),
and salicylic acid (SA) are well-known signaling molecules
that play multifaceted roles in the stress tolerance of plants;
however, their interactions during stress alleviation have not
been well studied. We investigated the possible regulatory
role of NO in H,0,- and SA-induced reduction of oxidative
damage in salt-exposed rice seedlings. For this purpose, hy-
droponically grown 14-day-old seedlings were pretreated
with 100 pM H,0, or 100 pM SA in the presence or absence
of 100 uM hemoglobin (Hb, a potent NO scavenger) for 24 h
followed by salt stress (200 mM NaCl) for 72 h. Salt stress
significantly increased the levels of HO,, malondialdehyde,
and proline whereas H,O, and SA pretreatment reduced the
values of these parameters. HO, and SA pretreatment also
inhibited salt-induced loss of total chlorophyll and relative
water content. Histochemical detection of reactive oxygen
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species [ROS: superoxide (O3 ) and H,O,] indicated evident
oxidative burst in the seedlings stressed with salt alone. Salt
stress modulated the non-enzymatic and enzymatic an-
tioxidants differentially; however, HO, and SA treatment
prior to salt stress enhanced these antioxidants compared with
the salt-stressed seedlings alone. HO, and SA pretreated salt-
stressed seedlings also showed higher induction of the
methylglyoxal (MG) detoxification system. Endogenous NO
content was elevated following H,O, and SA pretreatment
over the experimental period. Adding Hb reduced the level of
NO and subsequently abolished the beneficial effects of H,O,
and SA. Our results, therefore, suggest that NO might be in-
volved in H,O,- and SA-induced reduction of oxidative
damage through the upregulation of the antioxidant defense
and MG detoxification systems to confer salt tolerance in rice
seedlings. The data are of considerable value in elucidating the
biochemical mechanisms of salt-stress tolerance and will
augment the goal of developing appropriate and efficient
methods for crop protection in saline environment.

Keywords Salinity - Oxidative stress - Hydrogen
peroxide - Salicylic acid - Antioxidant system -
Glyoxalase - Nitric oxide - Salt tolerance - Plant hormone
signaling

Introduction

Abiotic stress, being a natural part of every ecosystem,
represents a major environmental constraint that confines
plant biodiversity and accounts for more than 50 % yield loss
of most major crops (Wang et al. 2007). Among various
abiotic stresses, salinity is considered one of the brutal stress
factors because of its effect on the growth, development, and
productivity of plants (Igbal et al. 2014). High soil salinity

@ Springer


http://dx.doi.org/10.1007/s10725-015-0061-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s10725-015-0061-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10725-015-0061-y&amp;domain=pdf

266

Plant Growth Regul (2015) 77:265-277

imposes various deleterious effects on plants such as ion
toxicity, osmotic stress, nutritional imbalances, and oxida-
tive stress (Tiirkan and Demiral 2009; Han et al. 2014).
Salinity, like most abiotic stresses, elicits excessive pro-
duction of reactive oxygen species (ROS) such as hydrogen
peroxide (H,0,), hydroxyl radical (HO'), superoxide radical
(O>) and singlet oxygen ('O,). Excess ROS are highly toxic
to cellular components causing oxidative stress and thereby
exacerbating cellular damage (Apel and Hirt 2004).

To minimize oxidative stress, plants have developed
various stress tolerance mechanisms; however, the most
important is the antioxidative system that encompasses both
the enzymatic and non-enzymatic arsenals. The enzymatic
mechanism underlies the interplay between various enzymes
such as superoxide dismutase (SOD), catalase (CAT), glu-
tathione peroxidase (GPX), glutathione S-transferase (GST),
and the ascorbate—glutathione cycle enzymes: ascorbate
peroxidase (APX), dehydroascorbate reductase (DHAR),
monodehydroascorbate reductase (MDHAR) and glu-
tathione reductase (GR). Non-enzymatic antioxidants such
as ascorbic acid (AsA) and glutathione (GSH) can quench all
kinds of ROS directly and also assist the enzymatic system to
efficiently detoxify ROS (Gill and Tuteja 2010).

Methylglyoxal (MG) is a cytotoxic compound generally
formed during amino acid, carbohydrate, and lipid meta-
bolisms (Kaur et al. 2014). At the onset of abiotic stresses,
cellular metabolism upturns and MG production reaches a
lethal level (Yadav et al. 2005; Hossain et al. 2009). To
protect cells from MG toxicity, plants possess an efficient
glyoxalase system which detoxifies MG with the help of
glyoxalase 1 (Gly I), glyoxalase II (Gly II), and GSH.
Under stress conditions, glyoxalases are differentially
regulated and their overexpression in transgenic plants
confers significant tolerance to multiple abiotic stresses
(Singla-Pareek et al. 2008; Alvarez Viveros et al. 2013
Mustafiz et al. 2014). A wealth of studies revealed that
antioxidative and glyoxalase systems are intertwined, and
their simultaneous induction offer increased resistance to
abiotic stresses (El-Shabrawi et al. 2010; Upadhyaya et al.
2011; Mostofa and Fujita 2013).

In a saline environment, plants must respond and adapt their
metabolism to survive in the harsh conditions. Acclimation
under stress conditions depends on the plant’s ability to per-
ceive the stimulus, transmit signals, and instigate biochemical
changes that ultimately secures plant survival and reproduction
(Hasegawa et al. 2000). Adaptation to oxidative stress is often
correlated with enhanced antioxidant capacity. However, un-
der severe stress conditions such as high salinity, antioxidant
capacity may not be sufficient to withstand the damaging effect
of oxidative stress (Gill and Tuteja 2010). Therefore, it is worth
investigating the role of signal molecules that mediate the
stress tolerance through enhancing antioxidant capacity.
Among diverse signal molecules, hydrogen peroxide (H,0,),

@ Springer

salicylic acid (SA), and nitric oxide (NO) have drawn sig-
nificant attention in current research into plant stress biology.

H,0,, SA, and NO are involved in regulating a number of
physiological processes and plant responses to several en-
vironmental stresses (Esim and Atici 2014; Miura and Tada
2014; Qiao et al. 2014). Numerous studies evinced that ex-
ogenous H,0,, SA, and NO exerted beneficial effects in al-
leviating salt-induced oxidative damage in various plant
species (Xu et al. 2008; Li et al. 2011; Khan et al. 2014). In
most cases, the protective mechanisms include the en-
hancement of antioxidant capacity against oxidative stress.
They are also known to interact with each other and also with
other signal molecules such as ABA, JA, Ca2+, and ethylene
to instigate signaling cascades associated with the expression
of ‘anti-stress’ genes (Saito et al. 2009; Petrov and Van
Breusegem 2012; Qiao etal. 2014). It is well reported that SA
induces the production of H,O,, and H,O, can also modulate
the biosynthesis of SA during various biotic and abiotic
stresses (Jayakannan et al. 2015). Hence, whether H,O, acts
upstream or downstream of SA is still a matter of debate. On
the other hand, H,O, induces NO synthesis and accumula-
tion, and NO may modulate H,O, levels (Zhang et al. 2007,
Neill et al. 2008). It is also hypothesized that NO signaling is
based on interactions with plant hormones like SA (Song and
Goodman 2001). SA may mediate or potentiate NO’s effects
by altering the activity of various NO-regulated enzymes
such as APX and CAT (Klessig et al. 2000). Therefore, a
relationship/network must exist between these signal mole-
cules and searching for the relationship between abiotic
stress, H>O,, SA, and NO is challenging.

Despite numerous reports detailing the mechanism of
NO in stress tolerance, the involvement of NO in H,0,-
and SA-induced oxidative stress reduction is not properly
demonstrated. Moreover, to the best of our knowledge,
there is little information available on the role of NO in-
duced by H,O, and SA pretreatment in the modulation of
the antioxidative and glyoxalase systems in rice seedlings
under salt stress. In this study, we aimed to examine the
role of NO in exogenous H,0,- and SA-mediated salt
tolerance in rice seedlings. Our results provide strong
evidence that H,O, and SA pretreatment induces the pro-
duction of NO, which then plays an important role in re-
ducing salt-induced oxidative damage through modulating
the antioxidant defense and glyoxalase systems.

Materials and methods
Plant materials, growth conditions and treatments
Rice (Oryza sativa L. cv. BR11) seeds were surface ster-

ilized with 1 % (v/v) sodium hypochlorite solution for
20 min, washed with distilled water and imbibed for 24 h.
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The seeds were sown on plastic nets floating on distilled
water in 250 mL plastic beakers and kept in the dark at
28 £ 2 °C for germination. After 48 h, uniformly germi-
nated seeds were transferred to a growth chamber and
grown in a commercial hydroponics solution (Hyponex,
Japan). The hyponex consisted of 8 % N, 643 % P,
2094 % K, 8 % S, 11.8 % Ca, 3.08 % Mg, 0.07 % B,
0.24 % Fe, 0.03 % Mn, 0.0014 % Mo, 0.008 % Zn, and
0.003 % Cu. The hyponex was diluted to 5000-fold and the
pH was adjusted to 5.5. The nutrient solution was renewed
every 3 days. Each plastic beaker contained about 60 rice
seedlings. The seedlings were grown under controlled
conditions (photon density: 100 pmol m~%s™', tem-
perature: 26 + 2 °C, RH: 65-70 %). Fourteen-day-old
seedlings were pretreated with hyponex solution containing
100 pM SA or 100 uM hydrogen peroxide (H,O,) in the
presence or absence of 100 pM hemoglobin (Hb, a potent
NO scavenger) for 24 h. The roots of the pretreated and
non-pretreated seedlings were then washed with distilled
water and exposed to salt stress by applying 200 mM
sodium chloride (NaCl) in the nutrient solution for 72 h.
This salt concentration was selected based on a preliminary
experiment where 200 mM NaCl application resulted in
visible toxicity symptoms such as chlorosis and leaf roll-
ing. This experiment consisted of nine treatments as fol-
lows: (1) control (Con), (2) 100 uM hydrogen peroxide
(H0,), (3) 100 uM SA, (4) 100 uM Hb, (5) 200 mM
sodium chloride (NaCl), (6) 100 uM H,O, + 200 mM
NaCl (H,O, + NaCl), (7) 100 pM  H,0, + 100 pM
Hb + 200 mM NaCl (H,O, + Hb + NaCl), (8) 100 pM
SA 4+ 200 mM NaCl (SA + NaCl), and (9) 100 uM
SA 4 100 pM Hb + 200 mM NaCl (SA + Hb + NaCl)
(Supplemental Figure and Table). After 72 h of growth
under the above conditions, the second leaf of rice seed-
lings was harvested to determine various physiological and
biochemical parameters. Each treatment was replicated
three times under the same experimental conditions.

Determining lipid peroxidation, hydrogen peroxide
and proline content

Lipid peroxidation of the second leaves was measured by
estimating malondialdehyde (MDA) according to the
method of Heath and Packer (1968). Fresh leaf samples
(0.5 g) were homogenized with 5 % (w/v) trichloroacetic
acid (TCA) and centrifuged at 11,500g for 12 min. The
supernatant was mixed with 20 % TCA containing 0.5 %
TBA and heated at 95 °C for 30 min. MDA content was
calculated by the difference in absorbance at 532 and
600 nm using an extinction coefficient of 155 mM~' cm™".
Hydrogen peroxide (H,O,) was extracted by homogenizing
0.5 g of fresh leaf samples with K-phosphate buffer (pH 6.5)
and determined after reaction with 0.1 % TiCly in 20 %

H,S0, following the method of Mostofa and Fujita (2013).
Proline (Pro) content was determined according to the
method of Bates et al. (1973).

Determining relative water content and total
chlorophyll content

Relative water content (RWC) was determined as de-
scribed by Mostofa et al. 2014a. To determine total
chlorophyll (Chl) content, leaves (0.5 g) were ho-
mogenized in 10 mL 80 % (v/v) chilled acetone and cen-
trifuged at 10,000g for 10 min. The absorbance of the
supernatant was recorded at 645 and 663 nm against 80 %
(v/v) acetone blank. Total Chl content was calculated ac-
cording to the formula of Arnon (1949).

Total Chl content (mgg’lFW)
= (20.2 x D645 + 8.02 x D663) x V/(1000 x W)

where V = volume of 80 %
W = weight of sample (g).

(v/v) acetone (mL),

Histochemical detection of reactive oxygen species
(02_ and H202)

Superoxide (05 ) and H,O, were detected in rice leaves
according to the method of Mostofa and Fujita (2013).
Briefly, the second leaves were stained in 0.1 % nitroblue
tetrazolium (NBT) or 1 % 3, 3-diaminobenzidine (DAB)
solution for 12 h under dark and light, respectively. Incu-
bated leaves were then decolorized by immersing in boiling
ethanol to detect blue insoluble formazan (for O3 ") or deep
brown polymerization product (for H,O,). After cooling,
photographs were taken by placing the leaves between two
glass plates.

Estimating non-enzymatic antioxidants

Fresh leaves (0.5 g) were homogenized in 3 mL of ice-cold
5 % meta-phosphoric acid containing 1 mM EDTA and
centrifuged at 11,500g for 12 min. Reduced and total AsA
content were determined following the method of Dutilleul
et al. (2003) with minor modifications. To estimate total
AsA, the oxidized fraction was reduced by 0.1 M dithio-
threitol. Reduced and total AsA content were assayed at
265 nm in 100 mM K-phosphate buffer (pH 7.0) with 1.0
U of ascorbate oxidase (AO). Oxidized ascorbate
(DHA) = total AsA — reduced AsA. Based on enzymatic
recycling, reduced glutathione (GSH), oxidized glutathione
(GSSG), and total glutathione (GSH + GSSG) were de-
termined according to the method of Griffiths (1980).
GSSG was determined after removing GSH by 2-vinyl-
pyridine derivatization. GSH was measured after sub-
tracting the value of GSSG from total GSH.
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Extracting and assaying enzymes

To extract enzymes, fresh leaf samples (0.5 g) were ho-
mogenized separately with a reaction mixture containing
50 mM K-phosphate buffer (pH 7.0), 100 mM KCl, 1 mM
AsA, 5 mM B-mercaptoethanol, and 10 % (w/v) glycerol
in pre-chilled mortars and pestles. The homogenate was
centrifuged at 11,500g for 15 min and the resultant su-
pernatants were collected to analyse enzyme activities and
protein content. All procedures were performed at 0—4 °C.

Superoxide dismutase (EC 1.15.1.1) activity was estimated
according to the method of El-Shabrawi et al. (2010), which is
based on a xanthine—xanthine oxidase system. The reaction
mixture contained K-phosphate buffer (50 mM), NBT
(2.24 mM), CAT (0.1 units), xanthine oxidase (0.1 units),
xanthine (2.36 mM), and enzyme extract. SOD activity was
expressed as units (that is, amount of enzyme required to
inhibit NBT reduction by 50 %) min~' mg™"' protein. CAT
(EC 1.11.1.6) activity was measured according to the method
of Mostofa and Fujita (2013). APX (EC 1.11.1.11) activity
was determined by monitoring the decrease in absorbance at
290 nm as AsA was oxidized, according to the method of
Nakano and Asada (1981). MDHAR (EC 1.6.5.4) activity was
measured by using 1 U of AO and the oxidation rate of
NADPH was determined at 340 nm (Hossain et al. 1984).
DHAR (EC 1.8.5.1) activity was measured by monitoring the
formation of AsA from DHA at 265 nm using GSH (Nakano
and Asada 1981). GR (EC 1.6.4.2) activity was measured by
monitoring the decrease in the absorbance of NADPH at
340 nm for GSSG-dependent oxidation of NADPH, as de-
scribed by Foyer and Halliwell (1976). GST (EC 2.5.1.18)
activity was determined according to the method of Hossain
et al. (2013b). GPX (EC: 1.11.1.9) activity was measured as
described by Elia et al. (2003) using H,O, as a substrate. Gly I
(EC 4.4.1.5) assay was carried out according to the method of
Hossain et al. (2009) using MG as a substrate. Gly II (EC
3.1.2.6) activity was determined according to the method of
Hossain et al. (2013a) by monitoring the formation of GSH at
412 nm. Protein content was determined following the
method of Bradford (1976) using bovine serum albumin
(BSA) as a standard.

Estimating nitric oxide content

Nitric oxide (NO) generation was determined by estimating
nitrite (NO, ™) content following the method of Zhou et al.
(2005). Leaves (0.5 g) were homogenized in a mortar and
pestle with 3 mL of 50 mM ice-cold acetic acid buffer (pH
3.6, containing 4 % zinc diacetate). The homogenates were
centrifuged at 11,500g for 15 min at 4 °C. The supernatant
was collected. The pellet was washed with 1 mL of ex-
traction buffer and centrifuged as before. The two super-
natants were combined and 0.1 g of charcoal was added for
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neutralization. After vortex and filtration, the filtrate was
leached and collected. The mixture of 1 mL of filtrate and
1 mL of the Greiss reagent (1 % sulfanilamide and 0.1 %
N-1-napthylethylenediamine dihydrochloride in 5 % phos-
phoric acid solution) was incubated at room temperature for
30 min. Absorbance of the reaction mixture was read at
540 nm and the content of NO was determined from a
calibration curve developed with sodium nitrite (NaNO,) as
standard.

Statistical analysis

The data were subjected to one-way analysis of variance
(ANOVA) and different letters indicate significant differ-
ences between treatments at p < 0.05, according to Duncan’s
multiple range test (DMRT) using IRRISTAT version 3.
Data represented in the table and figures are means =+ stan-
dard deviations of three replicates for each treatment.

Results
Oxidative stress
Hydrogen peroxide (H,0;) content and lipid peroxidation

The degree of oxidative injury of tissues is related to the
level of endogenous H,O,. In this experiment, salt expo-
sure (200 mM, 72 h) increased the level of H,O, by 99 %
compared with control (Table 1). On the other hand,
100 pM SA and 100 uM H,O, treatment prior to salt stress
significantly reduced the level of H,O, compared with the
seedlings stressed with salt alone. To ascertain the role of
NO in H,O,- and SA-induced salt tolerance, we used Hb as
a NO scavenger. Applying 100 pM Hb with SA and H,0,
increased the level of HO, by 70 and 78 %, respectively in
salt-exposed seedlings (Table 1) compared with control.
H,O, pretreatment also increased the level of H,O, by
16 % compared with control whereas in the case of SA and
Hb, the level remained at the control level.

Malondialdehyde content was measured as the indicator
of the extent of lipid peroxidation in the rice leaves. Salt
stress increased the level of MDA by 157 % compared with
control (Table 1). However, pretreatment with SA and
H,0, significantly decreased the salt-induced MDA level.
In comparison to control, applying Hb with SA and H,O,
resulted in a significantly higher level of MDA in salt-
exposed rice seedlings. The level of H,O, in H,O, + -
Hb + NaCl and SA + Hb + NaCl groups was even 8 and
14 % higher than that of the salt-stressed only seedlings,
respectively (Table 1). SA, H,O,, and Hb pretreatment did
not affect the level of MDA compared with control in the
non-stressed condition.
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Table 1 Effect of exogenous H,O, and SA on H,O,, MDA, Pro, RWC and Total Chl contents in rice seedlings with or without NaCl stress

Treatment H,0, (nmol g_1 FW) MDA (nmol g_1 FW)  Pro (umol g_l FW) RWC (%) Total Chl (mg g_l FW)
Control 22.59 + 2.26° 13.32 + 1.40° 0.13 + 0.02° 98.54 + 0.25°  1.59 + 0.08¢
H,0, 26.21 + 3.05 11.55 + 1.42° 0.14 + 0.03* 98.75 + 0.12°  1.59 + 0.02¢
SA 22.73 + 2.03 12.44 £ 1.13* 0.14 £ 0.02* 98.48 + 0.50°  1.60 £ 0.08¢
Hb 23.97 + 1.78° 11.46 + 1.03* 0.15 £ 0.01* 99.39 + 0.45°  1.66 & 0.06¢
NaCl 44.92 + 2.25° 3422 + 3.12° 1.00 £ 0.09° 81.74 + 1.81°  1.34 £+ 0.08°
H,0, + NaCl 24.68 £ 2.26% 17.29 + 1.65° 0.25 + 0.02° 9338 +2.68°  1.52 £ 0.15°
H,0, + Hb + NaCl 4031 + 2.30¢ 38.99 + 3.25¢ 2.09 £ 0.38° 75.64 + 0.83° 135 +£0.11°
SA + NaCl 27.22 + 1.75° 18.09 + 3.41° 0.19 + 0.06* 92.04 + 1.52¢ 152 £ 0.22°
SA + Hb + NaCl 38.47 + 2.01¢ 37.03 + 3.94¢ 1.65 + 0.29¢ 73.95 + 2.45°  1.19 + 0.08"

Data are represented as mean =+ standard deviations from three independent experiments. Different letters within the same column indicate
significant differences between treatments at p < 0.05, according to DMRT
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Fig. 1 Effect of exogenous H,O, and SA on O; (a) and H,O,
(b) production in rice seedlings with or without NaCl stress. Con,
NaCl, SA, H,0,, SA + NaCl, SA + Hb + NaCl, H,0, + NaCl, and
H,0, + Hb + NaCl correspond to control, 200 mM NaCl, 100 M

Reactive oxygen species (ROS: O and H,0;)

Reactive oxygen species (O, and H,0,) were overpro-
duced in the second leaves of the salt-stressed rice seed-
lings (Fig. 1a, b). NBT staining was used to confirm salt-
induced overproduction of O3 . Compared with the control
group, an increased amount of O; was observed as scat-
tered dark blue spots in the leaf plates of the salt-stressed
only seedlings (Fig. la). Similarly, DAB staining of the
leaves was performed to show H,0, accumulation. A
marked increase in brown polymerization products, which
indicates the over-accumulation of H,O,, was observed in
the salt-stressed seedlings compared with the control group
(Fig. 1b). However, SA and H,O, treatment prior to salt
stress considerably diminished O3 and H,0O, accumulation
in the leaves of the salt-stressed seedlings. On the other
hand, applying Hb abolished the capacity of SA and H,0O,

(B)
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SA, 100 pM H,0,, 100 pM SA + 200 mM NaCl, 100 uM
SA + 100 pM Hb + 200 mM NaCl, 100 uM H,0, + 200 mM
NaCl, and 100 uM H,0, + 100 pM  Hb + 200 mM NaCl,
respectively

to reduce the accumulation of O5 and H,O, in the salt-
stressed seedlings (Fig. la, b).

Proline (Pro) content

Salt treatment increased the level of Pro by 669 %
compared with control. On the other hand, SA and H,O,
treatment prior to salt stress significantly reduced the
level of Pro compared with the seedlings stressed with
salt alone (Table 1). Applying Hb with SA and H,O,
resulted in a noticeable increase in Pro level and it was
1169 and 1508 % higher than the control level. The
combination of H,0,, Hb, and NaCl (H,0, + -
Hb + NaCl) resulted in the highest level of Pro among
the treatments. SA, H,O,, and Hb pretreatment did not
affect the level of Pro compared with control in the non-
stressed condition (Table 1).
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Relative water content (RWC)

Relative water content decreased by 17 % in salt-stressed
seedlings compared with control (Table 1). However, SA
and H,O, pretreatment inhibited the loss of RWC in the salt-
stressed seedlings and the loss was only 7 and 5 %, re-
spectively compared with control. Applying Hb with SA and
H,0, decreased RWC by 25 and 23 %, respectively in the
salt-stressed seedlings compared with control (Table 1). SA,
H,0,, and Hb pretreatment did not affect RWC compared
with control in the non-stressed condition.

Total chlorophyll (Chl) content

Total Chl content decreased by 16 % in the salt-stressed
seedlings compared with control (Table 1). However, SA
and H,O, treatment prior to salt exposure significantly
rescued the level of total Chl compared with the salt-
stressed only seedlings. Applying Hb with SA and H,O,
decreased total Chl content by 25 and 15 %, respectively in
the salt-stressed seedlings compared with control. The loss
of total Chl was pronounced in the combination of SA, Hb,
and NaCl (SA + Hb 4 NaCl). SA, H,O, and Hb pre-
treatment did not affect total Chl content in the non-
stressed condition (Table 1).

Non-enzymatic antioxidants
Ascorbic acid (AsA) and AsA/DHA ratio

Salt exposure decreased the level of AsA by 49 % com-
pared with control (Table 2). SA and H,0, treatment prior
to salt stress showed 11 and 18 % loss of AsA level
compared with the salt-stressed only seedlings, respec-
tively (Table 2). Therefore, SA pretreatment maintained
higher AsA level than that of H,O, pretreatment. Applying
Hb with SA and H,O, was not effective in rescuing the loss
of the total AsA level in the salt-stressed seedlings.
Moreover, the level of AsA in H;O, + Hb + NaCl group
was 18 % lower than that of salt-stressed only seedlings.
SA pretreatment did not affect the level of ASA whereas
H,0,; pretreatment increased AsA level by 5 % compared
with control in the non-stress condition. The changes in the
ratio of reduced to oxidized ascorbic acid (AsA/DHA)
showed a significant decrease in the salt-stressed only
seedlings compared with control (Table 2). Although the
AsA/DHA ratios in the H,O,- and SA-pretreated seedlings
were lower than control, it was significantly higher than the
salt-stressed only seedlings. Applying Hb with H,O, and
SA also resulted in a lower AsA/DHA ratio compared with
control and the H,0O,- and SA-pretreated salt-stressed
seedlings.
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Glutathione (GSH) and GSH/GSSG ratio

GSH content increased by 84 % in response to salt stress
compared with control (Table 2). H,O, and SA pretreatment
did not affect the level of GSH in the non-stressed seedlings.
However, in stress conditions the GSH level significantly
decreased with H,O, and SA pretreatment but the level was
30 and 58 % higher than that of control (Table 2). Applying
Hb with H,O, and SA pretreatment significantly increased
the level of GSH and the level was even 10 and 19 % higher
than in the salt-stressed only seedlings, respectively. The
ratio of reduced to oxidized GSH (GSH/GSSG) showed a
significant decrease upon salt stress compared with control
(Table 2). On the other hand, H,O, and SA pretreatment
maintained significantly higher GSH/GSSG ratios upon ex-
posure to salt stress. Applying Hb with H,O, and SA pre-
treatment resulted in a significant lower GSH/GSSG ratios
compared with control, and the SA- and H,O,-pretreated
salt-stressed seedlings. H,O, pretreatment also significantly
reduced the GSH/GSSG ratio compared with control in the
non-stressed condition (Table 2).

Enzymatic antioxidants

Activities of ascorbate—glutathione cycle enzymes (APX,
MDHAR, DHAR, GR)

Ascorbate peroxidase activity increased by 36 % in re-
sponse to salt stress compared with control (Fig. 2a). H,O,
and SA treatment prior to salt stress further intensified the
activity of APX and it was 24 and 9 % higher than in the
salt-stressed seedlings. On the other hand, applying Hb
with HO, and SA pretreatment markedly diminished the
activity of APX in the salt-stressed seedlings, where the
decrease was more prominent with SA pretreatment.
Notably, APX activity also increased by 19 % in the H,O,-
pretreated non-stressed seedlings compared with control.
Monodehydroascorbate reductase activity increased by
59 % inresponse to salt stress compared with control (Fig. 2b).
On the other hand, HO, and SA pretreatment prior to salt
stress was not effective in increasing MDHAR activity in the
salt-stressed seedlings. However, applying Hb with HO, and
SA pretreatment markedly decreased (26 and 38 %, respec-
tively) the activity of MDHAR in the salt-stressed seedlings
compared with the seedlings stressed with salt alone.
Dehydroascorbate reductase activity also increased by
65 % in response to salt stress compared with control
(Fig. 2¢). H,O, pretreatment did not increase DHAR ac-
tivity, whereas SA pretreatment further increased the ac-
tivity in the salt-stressed seedlings. Applying Hb with H,O,
increased DHAR activity even higher than in the salt-
stressed only seedlings, but it decreased significantly when
Hb was applied with SA. Notably, DHAR activity
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Table 2 Effect of exogenous H,O, and SA on the levels of non-enzymatic antioxidants (AsA and GSH and their redox ratios) in rice seedlings

with or without NaCl stress

Treatment AsA level (nmol gfl FW) AsA/DHA ratio GSH level (nmol f,f1 FW) GSH/GSSG ratio
H,0,
Control 3065.04 + 242.62¢ 5.38 + 0.87° 417.21 + 14.98* 16.15 + 1.27¢
H,0, 3225.29 + 151.50° 4.96 + 0.63° 410.09 + 14.56* 14.58 + 0.65°
NaCl 1565.00 & 264.10° 1.63 + 0.31* 765.76 + 30.37° 11.27 £ 0.73°
H,0, + NaCl 2504.83 + 167.30° 3.60 + 0.42° 658.66 + 43.24° 15.76 + 2.07°
H,0, + Hb + NaCl 1279.47 + 113.21% 1.45 + 0.35% 911.37 + 52.22¢ 10.12 4+ 0.43*
SA
Control 3065.04 + 242.62¢ 5.38 + 0.87¢ 417.21 + 14.98* 16.15 + 1.27°
SA 2945.46 + 131.849 4.66 £+ 0.92° 422.18 + 28.49* 15.25 + 1.83°
NaCl 1565.00 + 264.10* 1.63 + 0.31* 765.76 + 30.37° 1127 &+ 0.73°
SA + NaCl 2741.80 + 190.41° 3.28 + 0.28° 542.01 + 14.86" 15.25 + 1.48°
SA + Hb + NaCl 2037.46 + 199.10° 1.93 + 0.25% 838.19 + 51.35¢ 9.63 + 0.98*

Data are represented as mean =+ standard deviations from three independent experiments. Different letters within the same column indicate
significant differences between treatments at p < 0.05, according to DMRT

= Control ®H,0:/SA ®"NaCl 8H,0,/SA+NaCl "H:02/SA+NaCl+Hb

(A) APX

pmol min! mg! protein

100 . (C)DHAR

90
80
70
60
50
40
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20
10

nmol min” mg! protein

H,0, SA

Fig. 2 Effect of exogenous H,O, and SA on the ascorbate—
glutathione cycle enzyme (APX, MDHAR, DHAR and GR) activities
in rice seedlings with or without NaCl stress. Vertical bars represent

increased by 39 and 50 % in the seedlings pretreated with
SA and H,O, under non-stress conditions.

Glutathione reductase activity increased by 45 % in
response to salt stress compared with control (Fig. 2d).

(B) MDHAR

nmol min-! mg! protein

pmol min! mg! protein

H,0, SA

standard deviation of the mean (n = 3). Different letters indicate
significant differences between treatments at p < 0.05, according to
DMRT

H,0,; and SA treatment prior to salt stress did not alter GR
activity compared with the salt-stressed only seedlings;
however, the activity was 42 and 30 % higher than that of
control. On the other hand, GR activity remained the same
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Fig. 3 Effect of exogenous H,O, and SA on the activities of SOD,
CAT, GPX, and GST in rice seedlings with or without NaCl stress.
Vertical bars represent standard deviation of the mean (n = 3).

as with the salt-stressed seedlings following application of
Hb with H,O, and SA prior to salt stress.

Activities of SOD, CAT, GPX, GST enzymes

Superoxide dismutase activity increased by 29 % in re-
sponse to salt stress compared with control (Fig. 3a). On
the other hand, H>,O, and SA treatment prior to salt stress
significantly decreased the activity of SOD compared with
the salt-stressed only seedlings; however, the activity was
13 and 17 % higher than that of control. Applying Hb with
H,0, and SA pretreatment prior to salt stress did not in-
crease SOD activity in the salt-stressed seedlings. Under
non-stress condition, SOD activity slightly decreased upon
H,0, and SA pretreatment (5 and 9 %, respectively)
compared with control.

Catalase activity decreased by 17 % in the salt-stressed
seedlings compared with control (Fig. 3b). In contrast, SA and
H,0, treatment prior to salt stress significantly restored the
activity of CAT compared with the salt-stressed only seedlings.
Applying Hb with H;O, and SA pretreatment markedly de-
creased the activity of CAT (20 and 12 %, respectively) in the
salt-stressed seedlings. Under non-stress condition, H,O,
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(B) CAT

pmol min! mg™! protein

40 . (D) GST

nmol min"! mg™! protein

H,0, SA

Different letters indicate significant differences between treatments at
p < 0.05, according to DMRT

pretreatment did not affect CAT activity, whereas SA pre-
treatment increased the activity by 11 % compared with
control.

Glutathione peroxidase activity increased by 46 % in the
salt-stressed seedlings compared with control (Fig. 3c). H,O,
and SA pretreatment prior to salt stress further intensified the
activity of GPX, and it was 17 and 18 % higher than that of
the seedlings stressed with salt alone. On the other hand,
applying Hb with H,O, and SA pretreatment markedly de-
creased the activity of GPX in the salt-stressed seedlings;
however, the decrease was more prominent with SA pre-
treatment. Under non-stress condition, H,O, pretreatment
did not affect CAT activity, whereas SA pretreatment in-
creased the activity by 56 % compared with control.

Glutathione S-transferase activity decreased by 23 % in
the salt-stressed seedlings compared with control (Fig. 3d).
On the other hand, H,O, and SA treatment prior to salt
stress significantly increased the activity of GST compared
with control and the salt-stressed only seedlings. Applying
Hb with H,O, and SA pretreatment drastically decreased
(30 and 41 %, respectively) the activity of CAT in the salt-
stressed seedlings. Under non-stressed conditions, H,O,
and SA pretreatment did not alter the activity of CAT.
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Fig. 4 Effect of exogenous H,O, and SA on the activities of the
glyoxalase cycle enzymes (Gly I and Gly II) in rice seedlings with or
without NaCl stress. Vertical bars represent standard deviation of the
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Fig. 5 Effect of exogenous H,O, and SA on endogenous level of NO
in the presence and absence of NO scavenger (Hb) in rice leaves with
or without salt stress. NO level was measured before pretreatment,
after pretreatment, and after treatment with NaCl. Vertical bars

Glyoxalase cycle enzymes (Gly I, Gly II)

Glyoxalase I activity increased by 24 % in the salt-stressed
seedlings compared with control (Fig. 4a). H,O, and SA
pretreatment prior to salt stress did not alter this activity
compared with the salt-stressed only seedlings. However,
applying Hb with H,O, and SA pretreatment prior to salt
stress decreased the activity of Gly I by 20 and 18 %,
respectively compared with the seedlings stressed with salt
alone. Under non-stress condition, H,O, and SA pretreat-
ment did not alter the activity of Gly I.

Glyoxalase II activity increased by 15 % in the salt-
stressed seedlings compared with control (Fig. 4b). H,O,
and SA pretreatment prior to salt stress further increased Gly

Before pretreatment  After pretreatment

After Salt stress

represent standard deviation of the mean (n = 3). Different letters
indicate significant differences between treatments at p < 0.05,
according to DMRT

II activity (20 and 23 %, respectively) compared with the
salt-stressed only seedlings. However, applying Hb with SA
and H,0O, pretreatment decreased the activity of Gly II in the
salt-stressed seedlings. Under non-stress condition, H,O,
and SA pretreatment increased Gly II activity by 15 and
25 %, respectively compared with control.

Nitric oxide (NO) content

To explore whether HO, and SA pretreatment induces NO
generation, we determined the endogenous nitrite (NO, ™)
level before pretreatment, after pretreatment, and after salt
treatment. After 24 h of H,O, and SA pretreatment, the NO
level increased by 85 and 96 %, respectively compared
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with control (Fig. 5). However, applying Hb with H,O,
and SA pretreatment reduced the level of NO, and the level
was similar to that of control. Salt treatment for 72 h de-
creased the level of NO by 12 % compared with control.
The NO level in the SA- and H,O,-pretreated salt-stressed
seedlings was 148 and 118 % higher, respectively than that
of the salt-stressed only seedlings. On the other hand, ap-
plying Hb with SA and H,O, pretreatment sustained the
decrease in NO content after 72 h of salt treatment
(Fig. 5).

Discussion

High soil salinity induces ionic toxicity and osmotic stress
which impair plant growth and development by affecting
normal plant metabolism. Furthermore, oxidative stress is a
common consequence of salinity leading to membrane
damage and cell death (Tiirkan and Demiral 2009). Plant
responses to oxidative stress are complicated and involve
many metabolic processes that are thought to be regulated
by signal molecules such as NO, H,O,, and SA (Igbal et al.
2014; Qiao et al. 2014). The individual roles of NO, H,0,,
and SA have been extensively studied, but their interactions
in salt tolerance are not properly understood. We investi-
gated the role of H,O, and SA in alleviating salt-induced
oxidative damage and considered NO as a part of this pro-
tective mechanism. Our results showed that salt stress re-
sulted in a significant accumulation of ROS (O, and H,0,)
(Table 1; Fig. 1), which can cause lipid peroxidation, pro-
tein oxidation, and DNA mutation (Tanou et al. 2012). In-
creased ROS accumulation has also been observed in the
leaves of Brassica and rice upon NaCl stress (Kumar et al.
2013; Khare et al. 2014, Mostofa et al. 2015). As expected,
the MDA level concomitantly increased with the level of
ROS, suggesting that salt stress triggered evident oxidative
burst through membrane damage in leaf tissues, which
corroborates previous findings (Mishra et al. 2013). In
contrast, H,O, and SA pretreatment significantly addressed
salt-induced oxidative stress by lowering the accumulation
of ROS and the levels of HO, and MDA. This study has
shown that H,O, and SA pretreatment increased NO con-
tent, which suppressed oxidative damage induced by salt
stress. It has been reported that an Arabidopsis mutant, Az-
noal, with a reduced endogenous NO level is more sensitive
to salt stress than wild type (Zhao et al. 2007). We observed
that salinity decreased the level of NO and the seedlings
subsequently suffered from more oxidative stress. On the
other hand, H,O,- and SA-induced NO accumulation has
been reported in maize leaves and Arabidopsis (Zhang et al.
2007; Sun et al. 2010), which also occurred in our study.
Therefore, our current study proposed that HO,- and SA-
induced alleviation of oxidative damage is attributed to NO
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accumulation under salt stress. The protective effect of NO
against oxidative stress has been reported in rice, cucumber,
and cotton seedlings under salinity stress (Uchida et al.
2002; Lin et al. 2012; Liu et al. 2014).

Pro has been considered an important metabolite for
acclimation of plants, especially during water deficit con-
ditions (Igbal et al. 2014). In this study, a salt-induced
increase in Pro level exhibited an inverse relationship with
RWC (Table 1), suggesting that the level of Pro accumu-
lation reflects stressed symptoms rather than stress resis-
tance. Decreased RWC further concentrated the ions in the
leaf tissues, which ultimately bleaches photosynthetic
pigments and diminishes photosynthesis in stressed plants
(Khan et al. 2014). Our results showed that H,O, and SA
pretreatment reduced salt-induced Pro accumulation, which
might be attributed to the increased activity of proline
dehydrogenase induced by NO (Lopez-carrion et al. 2008).
NO is also capable of maintaining water relations and Chl
biosynthesis under a saline condition (Khan et al. 2012).
Similar to our results, exogenous H,O, and SA improved
leaf water status and photosynthetic efficiency in salt-ex-
posed mungbean and wheat seedlings (Nazar et al. 2011;
Ashfaque et al. 2014).

Reactive oxygen species accumulation is an obvious
consequence of stress reactions and plants possess an in-
herent antioxidant system to detoxify ROS. Interconversion
of ROS and their subsequent elimination are mainly done by
SOD, CAT, peroxidases, and ascorbate—glutathione cycle
enzymes (Gill and Tuteja 2010). In the present study, higher
SOD activity increased the conversion of O; to H>O, under
salt stress (Fig. 3a; Table 1), which corroborates the finding
of Mishra et al. (2013) and indicated that SOD activity was
prompted by an increased O3 level. However, a profound
decrease in CAT activity trapped H,O, (Fig. 3b; Table 1)
and exacerbated oxidative stress through the production of
the deadly hydroxyl (OH) radical in the presence of redox
active metals (Apel and Hirt 2004). In contrast, H,O, and
SA pretreatment decreased SOD activity, which paralleled
the level of O5 (Figs. la, 3a) and suggested that H,O,- and
SA-induced NO scavenged O, directly rather than
modulated SOD activity. At the same time, elevating CAT
activity by pretreating with H,O, and SA prevented H,O,-
mediated oxidative damage (Fig. 3b; Table 1). Our results,
therefore, support the notion that NO itself is a ROS scav-
enger and modulator of the activities of antioxidant enzymes
that help to overcome oxidative stress. GPX and GST are
ubiquitous enzymes that play vital roles in cellular
detoxification of H,0O,, lipid hydroperoxides, and other en-
dobiotic substrates by conjugating GSH (Roxas et al. 2000).
We noted an increase in GPX activity and a decrease in GST
activity (Fig. 3c, d), which corroborates previous report
(Mostofa et al. 2015) and indicated that these enzymes are
differentially regulated by salinity stress. Our recent reports
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(Mostofa et al. 2015; Hossain and Fujita 2013; Hossain et al.
2013b) and other literature (Roxas et al. 2000) indicate that
higher GPX and GST activity correlates with enhanced salt
tolerance. We observed a significant increase in GPX and
GST activities following H,O, and SA pretreatment, which
indicated that both these enzymes increased GSH-dependent
peroxide scavenging that leads to reduced oxidative damage.

It is well known that the ascorbate—glutathione cycle
constitutes the key H,O, detoxification pathway and its high
efficiency is a requisite for oxidative stress tolerance. In this
cycle, APX decomposes H,0,, and MDHAR, DHAR, and
GR are involved in the regeneration of reduced AsA and
GSH (Gill and Tuteja 2010). Several studies on salt-sensi-
tive and salt-tolerant cultivars reported that the ascorbate—
glutathione cycle responded differentially during salinity
stress. Mishra et al. (2013) and Hossain et al. (2013a) re-
ported that salt-tolerant species exhibited enhanced activity
of this cycle in protecting against salt-induced oxidative
stress. In contrast, Lee et al. (2013) observed increased en-
zyme activity in salt-sensitive rice cultivars, which is
thought to be induced by oxidative-stress signaling associ-
ated with salt sensitivity rather than salt tolerance. In the
current study, despite enhanced activity of the ascorbate—
glutathione cycle enzymes, the H,O, level remained
elevated, indicating that inducing these enzymes might not
be sufficient to reduce the higher oxidative load (Figs. 1, 2a—
d; Table 1). On the other hand, a substantial decline in AsA
content, the AsA/DHA and GSH/GSSG ratios, and a sig-
nificant increase in GSH content (Table 2) suggested that
salt stress perturbed the whole antioxidant system, which
facilitated the accumulation of ROS. A decrease in AsA
content and the AsA/DHA ratio was previously reported by
Lee et al. (2013) and Mishra et al. (2013) in salt-sensitive
rice cultivars. In line with our findings, a time- and dose-
dependent progressive increase in GSH content was ob-
served in Vicia faba seedlings (Younis et al. 2010) and rice
cultivars (El-Shabrawi et al. 2010) under salt stress, which
suggest that the cellular GSH level correlates with the in-
tensity of stress. In contrast, HyO, and SA pretreatment
maintained a higher AsA level and AsA/DHA and GSH/
GSSG ratios, further enhanced the activities of APX and
DHAR, and reduced the activity of MDHAR, while it
maintained GR activity as it was in the seedlings stressed
with salt alone (Fig. 2a—d). Therefore, we assumed that
H,0, was reasonably detoxified by APX, and AsA regen-
eration was accomplished via DHAR activity instead of
MDHAR. Reduced GR activity might have contributed to
the decreased level of GSH in H,O,- and SA-pretreated salt-
stressed seedlings (Fig. 2d; Table 2). However, we suggest
that a coordinated and finely regulated action of all the en-
zymes of the ascorbate—glutathione cycle in conjunction
with that of other ROS-processing enzymes are functional in
H,0,- and SA-pretreated rice seedlings that helped to reduce

the level of ROS and thereby alleviated salt-induced ox-
idative stress.

Previously, we have shown that applying H,O, and SA
enhanced the activities of glyoxalase enzymes in Brassica
and rice under drought and copper stresses, respectively
(Hossain and Fujita 2013; Mostofa and Fujita 2013). In this
study, we found that pretreatment with H,O, and SA
maintained Gly I activity similar to salt stress but further
enhanced Gly II activity, indicating their imperative roles
in MG detoxification. We assumed that enhanced Gly II
activity also contributed to maintaining the physiological
level of GSH as well as a higher GSH/GSSG ratio, which
facilitated the higher activities of APX, DHAR, GPX, and
GST for scavenging ROS (Table 2; Figs. 2a, c, 3c, d). In
line with our previous findings (Mostofa and Fujita 2013;
Mostofa et al. 2014a, b, 2015), this result also suggests that
H,0, and SA pretreatment presumably assisted in cellular
detoxification of ROS and MG and thereby renders the rice
seedlings more tolerant to salt-induced oxidative stress.

The key feature of the current study is that when we
used NO scavenger (Hb) together with H,O, and SA dur-
ing pretreatment, all the beneficial effects of SA and H,0O,
were abolished. Reversal of activities of SOD, CAT, GPX,
GST, APX, MDHAR and GR, and Gly I and Gly II under
co-application of Hb with H,O, and SA pretreatment co-
incided with the increased accumulation of ROS (05,
H»0,), MDA, and Pro, and decreased levels of RWC, AsA,
and total Chl, which suggests the involvement of NO in
modulating oxidative stress under salt stress. Enhanced
activities of CAT, GPX, GST, APX, DHAR, and Gly II
coupled with higher NO content in H,O,- and SA-pre-
treated salt-stressed seedlings clearly suggest a regulatory
role for NO in the antioxidant defense and MG detoxifi-
cation systems. It is also known that NO interacts with
H,0, and SA at the level of biosynthesis, and regulation of
gene expression or protein activities (Klessig et al. 2000;
Zottini et al. 2007). NO induced by H,O, and SA might
have an immense effect on salt tolerance as NO is known to
maintain a diverse network with other growth regulators.
For instance, the cellular NO level is affected by ABA, JA,
SA, cytokinin, auxin, polyamine, and brassinosteroids, and
interplay with these molecules modulate molecular, cellu-
lar, and whole-plant responses to various environmental
stimuli (Xu et al. 2008; Saito et al. 2009; Khan et al. 2012;
Qiao et al. 2014).

In conclusion, our results revealed that salt treatment im-
posed evident oxidative stress, whereas H,O, and SA allevi-
ated oxidative damage through modulating the antioxidant
defense and glyoxalase systems. H,O, and SA pretreatment
elevated the level of endogenous NO that participated in re-
ducing oxidative parameters like ROS and MDA through its
antioxidant properties and signaling role. Removing NO by
Hb subsequently damaged the rice seedlings in the presence of
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H>0, and SA and confirmed that the beneficial role of H,O,
and SA, at least in part, depends on NO. It could be proposed
that SA and H,O, may use a common signaling mechanism
where NO plays the most vital role in improving oxidative
stress tolerance. Although our study did not emphasize os-
motic and ionic stresses, the obtained results have enormous
importance in elucidating the biochemical mechanism of salt
tolerance in crop plants. The present findings established a
NO-dependent role for H;O, and SA; however, further re-
search is required to find the direct targets and exact
mechanisms of H,O, and SA in NO metabolism that would
augment the molecular understanding of NO-mediated salt-
stress tolerance.
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