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Abstract The present study was designed to examine

whether exogenous sodium nitroprusside (SNP) supple-

mentation has any ameliorating action against PEG-

induced osmotic stress in Zea mays cv. FRB-73 roots.

Twenty percent or 40 % polyethylene glycol (PEG6000;

-0.5 MPa and -1.76 MPa, respectively) treatment alone

or in combination with 150 and 300 lM SNP was applied to

hydroponically grown maize roots for 72 h. Although only

catalase (CAT) activity increased when maize roots were

exposed to PEG-induced osmotic stress, induction of this

antioxidant enzyme was inadequate to detoxify the extreme

levels of reactive oxygen species, as evidenced by growth,

water content, superoxide anion radical (O2
•-), hydroxyl

radical (OH•) scavenging activity, and TBARS content.

However, supplementation of PEG-exposed specimens

with SNP significantly alleviated stress-induced damage

through effective water management and enhancement of

antioxidant defense markers including the enzymatic/non-

enzymatic systems. Exogenously applied SNP under stress

resulted in the up-regulation of glutathione peroxidase

(GPX), glutathione S-transferase (GST), ascorbate peroxi-

dase (APX), glutathione reductase (GR), total ascorbate,

and glutathione contents involved in ascorbate–glutathione

cycle. On the other hand, growth rate, osmotic potential,

CAT, APX, GR, and GPX increased in maize roots

exposed to both concentrations of SNP alone, but activities

of monodehydroascorbate reductase (MDHAR) and dehy-

droascorbate reductase decreased. Based on the above

results, an exogenous supply of both 150 and 300 lM SNP

to maize roots was protective for PEG-induced toxicity.

The present study provides new insights into the mechanisms

of SNP (NO donor) amelioration of PEG-induced osmotic

stress damages in hydroponically grown maize roots.
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Introduction

Drought stress is one of the most serious environmental

problems with well characterized limiting effects on plant

growth and productivity. Plants exposed to drought stress

tend to exhibit stomatal closure, which prevents water loss,

but decreases CO2 influx. This consequently leads to a

decrease in carbon fixation and in NADP? reduction in

photosynthesis. As a result of this, electrons are shuttled to

an alternative electron acceptor, oxygen, producing toxic

reactive oxygen species (ROS) (Gill and Tuteja 2010).

ROS including the superoxide anion radical (O2
•-),

hydrogen peroxide (H2O2), and the hydroxyl radical (OH•)

can directly damage important vital molecules of plants

such as proteins, amino acids, or nucleic acids (Mittler and

others 2004). Survival under stress conditions depends on

the plant’s capacity to scavenge these extreme ROS levels.

Stress-induced ROS accumulation is counteracted by

enzymatic/non-enzymatic antioxidant systems that include

E. Yildiztugay (&) � M. Kucukoduk

Department of Biology, Faculty of Science, Selcuk University,

42031, Selcuklu, Konya, Turkey

e-mail: eytugay@selcuk.edu.tr

M. Kucukoduk

e-mail: mkucukoduk@selcuk.edu.tr

C. Ozfidan-Konakci

Department of Molecular Biology and Genetics, Faculty of

Sciences, Necmettin Erbakan University, 42090, Meram,

Konya, Turkey

e-mail: cozfidan@konya.edu.tr

123

J Plant Growth Regul (2014) 33:683–696

DOI 10.1007/s00344-014-9417-1



a variety of scavengers, such as superoxide dismutase

(SOD), catalase (CAT), peroxidases (POX), glutathione

peroxidase (GPX), ascorbate peroxidase (APX), glutathi-

one reductase (GR), monodehydroascorbate reductase

(MDHAR), dehydroascorbate reductase (DHAR), ascor-

bate, and glutathione contents (Shi and others 2007). Also,

osmotic regulators such as proline (Pro) are helpful against

the consequences of oxidative damage.

Nitric oxide (NO) is a small diffusible signaling mole-

cule participating in a wide variety of physiological pro-

cesses including germination, flowering, fruit ripening, and

organ senescence (Crawford and Guo 2005). NO signaling

is usually related to its cross-talk with ROS. For example,

the defense response in plants results from the simulta-

neous and balanced production of NO and O2
•-or H2O2

(Wu and Wu 2008). Moreover, NO is believed to be

involved in activation of antioxidant enzymes by ROS

accumulation in that NO has been demonstrated to enhance

the expression of genes encoding antioxidative enzymes

(Kopyra and Gwózdz 2004). Such evidence may suggest a

role for NO in the up-regulation of antioxidant isozymes by

ROS accumulation, although the mechanism involved is

ambiguous. On the other hand, NO promotes normal

growth and development of plants at lower concentrations

under stress (Beligni and Lamattina 2001). For example,

Zhang and others (2004) reported that NO enhanced salt

tolerance by increasing K? accumulation and decreasing

Na? accumulation in maize roots and leaves. Sodium

nitroprusside (SNP), a NO donor, has been found to have

similar protective effects on NaCl-induced impairment of

PSII in rice seedlings (Uchida and others 2002). In addition

to having cytoprotectant properties, NO may also have a

role as a cytotoxin in plants (Beligni and Lamattina 2001).

NO clearly perturbs normal metabolism of plants when

applied at high doses (Yamasaki 2000). For instance, high

levels of NO are associated with potential impairment of

photosynthetic electron transport, inhibition of shoot and

root development, DNA damage, and cell death (Gould and

others 2003). These results indicate that NO mediates

either negative or positive effects depending upon con-

centrations and plant species. Therefore, there is still a

debate about protective or toxic effects of SNP in plants

under stress.

Most previous studies have focused on shoot and leaf

material and cell cultures, but roots have been much less

investigated with respect to the effects of NO under stress.

Although there are a number of studies using SNP inhibi-

tors, information about ameliorative effects of exogenous

SNP on plant roots exposed to stress could not be found in

these studies. Therefore, understanding of these physio-

logical and biochemical changes in which osmotic stress

triggers peroxidation or antioxidant defense-related

responses and an amelioration mechanism induced by NO

in roots is of critical importance. Some chemicals such as

polyethylene glycol (PEG) cause osmotically-induced

stress when added to soil or growth media of plants.

Considering the pivotal role of SNP on tolerance mecha-

nisms in stressed plants, the present work was undertaken

to investigate the efficacy of SNP in alleviating PEG-

induced alterations. For this, a general relationship was

established among the regulation of the antioxidant defense

system, osmo-protectant accumulation, and the induced

tolerance with exogenously applied SNP in maize plants

grown under different intensities of PEG-induced osmotic

stress. This work may increase our understanding of the

mechanisms of NO amelioration of osmotic-stress damage

in maize roots.

Materials and Methods

Plant Material and Experimental Design

Seeds of Zea mays cv. FRB-73 were provided from Bahri

Dagdas International Agricultural Research Institute, Ko-

nya, Turkey. Seeds were treated with 5 % hypochloric acid

for 10 min, rinsed five times with sterile distilled water, and

then allowed to germinate on double-layer filter paper wetted

with distilled water. Germinated Z. mays seedlings were

transferred to half strength Hoagland solution and were

grown under controlled conditions (16/8 h light/dark regime

at 23 �C, 70 % relative humidity and 350 lmol m-2 s-1

photosynthetic photon flux density). The seedlings were

grown for 21 days in this solution and subsequently trans-

ferred to fresh Hoagland solution containing various con-

centrations of polyethylene glycol (20 % -0.5 MPa osmotic

potential- and 40 % PEG6000 -1.76 MPa osmotic poten-

tial-) with or without the NO donor sodium nitroprusside

(SNP, 150 and 300 lM) treatments for 72 h. Plants were

harvested after 72 h of treatment and then stored at -86 �C

until further analyses.

Determination of Growth Rate, Relative Water Content

and Osmotic Potential

Six plants were used for the control group and for each

treatment group. After the samples were dried, dry weights

(DW) were measured. RGR values were calculated according

to the following formula by Hunt and others (2002):

RGR ¼ ln DW2ð Þ� ln DW1ð Þ½ �= t2� t1ð Þ;

where DW1 dry weight (g) at t1; DW2 dry weight (g) at t2,

t1 initial harvest, and t2 final harvest.

After the stress exposure period, six roots were weighed

and their fresh weights (FW) were recorded. The samples

were kept in ultrapure water for 8 h and then the turgid
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roots (TW) were measured again. After oven drying at

75 �C for 72 h, DW was reported. Root RWC was calcu-

lated by the formula given by Smart and Bingham (1974):

RWC %ð Þ ¼ FW � DWð Þ= TW � DWð Þ½ � � 100

Roots were homogenized by a glass rod. After centrifu-

gation (12,0009g) for 10 min, the extraction was directly

used for Wp determination. Root osmolarity (c) was mea-

sured by a Vapro Vapor pressure Osmometer 5600 and

converted from mosmoles kg-1 to MPa using the formula

as follows: Wp (MPa) = -c (mosmoles kg-1) 9 2.58 9

10-3 according to the Van’t Hoff equation.

Determination of Proline Content

Determination of proline (Pro) content was done according

to the procedure defined by Bates and others (1973). The

roots of maize were treated with 2-hydroxy-5-sulfobenzoic

acid, and the extract was centrifuged at 5,0009g for 5 min.

The supernatant including acid ninhydrin and glacial acetic

acid was heated at 95 �C. After stopping the reaction,

toluene was added to the solution and the absorbance was

reported at 520 nm.

Determination of ROS Accumulation

O2
•- levels were estimated according to Xu and others

(2006), with some modifications. One milliliter of 1 mM

hydroxylammonium chloride was added to 0.5 ml of the

supernatant and incubated for 1 h at 25 �C. The addition of

1 ml 4-aminobenzenesulfonic acid (17 mM) and 1 ml a-

naphthylamine (7 mM) for 20 min at 25 �C altered the

color, and the specific absorption at 530 nm was deter-

mined. Sodium nitrite was used as a standard solution to

calculate the O2
•- levels.

Determination of H2O2 content was performed accord-

ing to Liu and others (2010). Roots were homogenized in

cold acetone and centrifuged at 3,0009g at 4 �C for

10 min. The supernatant was mixed with titanium reagent

(prepared in concentrated hydrochloric acid containing

20 % (v/v) titanium tetrachloride), and then ammonium

hydroxide was added to precipitate the titanium-peroxide

complex. The reaction mixture was centrifuged at

16,0009g at 4 �C for 10 min, and the pellet was washed

with cold acetone. The pellet was dissolved in 1 M H2SO4.

The absorbance of the solution was measured at 410 nm.

H2O2 concentrations were calculated using a standard

curve prepared with known concentrations of H2O2.

OH• scavenging activity was determined according to

Chung and others (1997), with minor changes. Competition

between deoxyribose and the sample for OH• generated

from the Fe3?/ascorbate/EDTA/H2O2 system was measured

to determine the OH• scavenging activity. The reaction

mixture contained 20 mM Na–phosphate buffer (pH 7.0),

10 mM 2-deoxyribose, 10 mM FeSO4, 10 mM EDTA,

10 mM H2O2, and sample. The mixture was incubated at

37 �C for 2 h. A mixture of 0.75 ml of 2.8 % (w/v) tri-

chloroacetic acid and 0.75 ml of 1 % (w/v) thiobarbituric

acid in 50 mM NaOH was boiled for 20 min. After the

mixture cooled, absorbance was measured at 520 nm

against a blank solution. The OH• scavenging activity was

calculated using the following formula:

OH�scavenging activity %ð Þ ¼ A0�A1ð Þ=A0½ � � 100;

where A0 is the absorbance of the blank and A1 is the

absorbance of the sample.

Enzyme Extraction and Determination of Enzyme and/

or Isozyme Composition

For protein and enzyme extractions, 0.5 g of each sample

was ground to a fine powder using liquid nitrogen and then

homogenized in 50 mM Tris–HCl (pH 7.8) containing

0.1 mM ethylenediaminetetraacetic acid (EDTA), 0.2 %

(w/v) Triton X-100, 1 mM phenylmethylsulfonyl fluoride,

and 2 mM dithiothreitol (DTT). For APX activity deter-

mination, 5 mM ascorbate (AsA) was added to the

homogenization buffer, and 2 % (w/v) polyvinylpyrroli-

done was used instead of DTT. Samples were centrifuged

at 14,0009g for 30 min, and supernatants were used for the

determination of protein content and enzyme activities.

The total soluble protein content of the enzyme extracts

was determined (Bradford 1976) using bovine serum

albumin as a standard. All spectrophotometric analyses

were conducted on a Shimadzu spectrophotometer (UV

1800).

Samples containing equal amounts of protein (85 lg)

were subjected to non-denaturing polyacrylamide gel

electrophoresis (PAGE) as described by Laemmli (1970)

with minor modifications. SOD activity was detected by

photochemical staining using riboflavin and NBT (Beau-

champ and Fridovich 1971). The units of activity for each

SOD isozyme were calculated by running a SOD standard

from bovine liver (Sigma Chemical Co., St. Louis, MO,

USA). The different types of SOD were discriminated by

incubating gels with different types of SOD inhibitors

before staining: Mn-SOD activity was resistant to both

inhibitor treatments, and Cu/Zn-SOD activity was sensitive

to 2 mM KCN. Cu/Zn-SOD and Fe-SOD activities were

inhibited by 3 mM H2O2 (Vitória and others 2001). The

total SOD (EC 1.15.1.1) activity assay was based on the

method of Beauchamp and Fridovich (1971), which uses

spectrophotometric analysis at 560 nm to measure the

inhibition of the photochemical reduction of nitro blue

tetrazolium (NBT). One unit of specific enzyme activity
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was defined as the quantity of SOD required to produce a

50 % inhibition of NBT reduction.

NADPH oxidase (NOX) isozymes were identified by the

NBT reduction method as described by Sagi and Fluhr

(2006). Non-denaturing PAGE was performed in 7.5 % (w/

v) polyacrylamide mini gels, and 40 lg protein sample was

loaded per lane. Gels were stained in 50 mM Tris–HCl

buffer (pH 7.4), 0.2 mM NBT, 0.1 mM MgCl2, and 1 mM

CaCl2, in the dark for 20 min. After 0.2 mM NADPH�Na4

was added, the appearance of blue formazan bands was

observed. Total NOX (EC 1.6.3.1) activity was measured

according to Jiang and Zhang (2002). The assay medium

contained 50 mM Tris–HCl buffer (pH 7.5), 0.5 mM 2,3-

bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide, disodium salt (XTT), 100 lM NADPH�Na4,

and 20 lg protein sample. After the addition of NADPH,

XTT reduction was followed at 470 nm. The corrections

for background production were determined in the pre-

sence of 50 units of SOD. Activity was calculated using the

extinction coefficient, 2.16 9 104 M-1 cm-1. One unit of

NOX was defined as 1 nmol XTT oxidized min-1 ml-1.

After electrophoresis of samples containing 40 lg pro-

tein, CAT isozymes were detected according to Woodbury

and others (1971). The electrophoretic separation was

performed on non-denaturing polyacrylamide mini slab

gels (8 9 10 cm2) under constant current (30 mA). The

gels were incubated in 0.01 % (v/v) H2O2 for 15 min and

were incubated for 20 min in staining solution containing

1 % (w/v) FeCl3 and 1 % (w/v) K3Fe(CN6). Total CAT

(EC 1.11.1.6) activity was estimated according to the

method of Bergmeyer (1970), which measured the initial

rate of H2O2 disappearance at 240 nm. The decrease in

absorption was followed for 3 min, and one unit of CAT

was defined as 1 mmol H2O2 decomposed min-1 ml-1.

POX isozymes were detected according to Seevers and

others (1971). Electrophoretic separation of samples con-

taining 40 lg protein was performed on non-denaturing

polyacrylamide mini slab gels (8 9 10 cm2) under con-

stant current (30 mA). The gels were incubated for 30 min

at 25 �C in 200 mM sodium acetate buffer (pH 5.0) con-

taining 1.3 mM benzidine and 3 % (v/v) H2O2. The gels

were stored in 7 % (v/v) acetic acid until the assay was

carried out. Total POX (EC 1.11.1.7) activity was based on

the method described by Herzog and Fahimi (1973). The

increase in the absorbance at 465 nm was followed for

3 min. One unit of POX activity was defined as mmol

H2O2 decomposed min-1 ml-1.

Electrophoretic APX separation was performed accord-

ing to Mittler and Zilinskas (1993). Non-denaturing PAGE

was carried out in 7.5 % (w/v) polyacrylamide mini slab

gels (8 9 10 cm2) supported by 10 % (v/v) glycerol.

Before the samples (40 lg protein) were loaded, gels were

equilibrated with running buffer containing 2 mM AsA for

30 min. Subsequently, electrophoresis gels were incubated

in 50 mM K–phosphate buffer (pH 7.0) containing 2 mM

AsA for 20 min and then were transferred to solutions

containing 50 mM K–phosphate buffer (pH 7.8), 4 mM

AsA, and 2 mM H2O2 for 20 min. The gels were washed in

the buffer for 1 min and submerged in a solution of 50 mM

K–phosphate buffer (pH 7.8) containing 28 mM N,N,N0,N0-
tetramethylethylenediamine and 2.5 mM NBT for

10–20 min with gentle agitation in the presence of light.

Total APX (EC 1.11.1.11) activity was measured according

to Nakano and Asada (1981). The assay depends on the

decrease in absorbance at 290 nm. The concentration of

oxidized AsA was calculated by using a 2.8 mM-1 cm-1

extinction coefficient. One unit of APX was defined as

1 mmol AsA oxidized min-1 ml-1.

GR isozymes were detected using 7.5 % native PAGE

according to Hou and others (2004). After electrophoresis

of the samples containing 40 lg protein, GR isozymes

were detected by incubating the gels in a solution con-

taining 10 mM Tris–HCl (pH 7.9), 4 mM GSSG, 1.5 mM

NADPH�Na4, and 2 mM 5,50-dithiobis (2-nitro-benzoic

acid) (DTNB) for 20 min. After a brief rinse with 50 mM

Tris–HCl buffer (pH 7.9), GR activity was negatively

stained by 1.2 mM MTT (Thiazolyl blue tetrazolium bro-

mide), 1 mM 2,6-dichloroindophenol, and 1.6 mM N-

methylphenazonium methyl sulfate for 5–10 min at room

temperature. Total GR (EC 1.6.4.2) activity was measured

according to Foyer and Halliwell (1976). Activity was

calculated using the extinction coefficient of NADPH

(6.2 mM-1 cm-1). One unit of GR was defined as 1 mmol

GSSG reduced min-1 ml-1.

Monodehydroascorbate reductase (MDHAR; EC 1.6.5.4)

activity was assayed by the method of Miyake and Asada

(1992). The reaction mixture contained 50 mM of Hepes–

KOH (pH 7.6), 1 mM NADPH, 2.5 mM AsA and 2.5 U AsA

oxidase (EC 1.10.3.3), and enzyme extract. The MDHAR

activity was measured by decrease in absorbance as the

amount of enzyme that oxidizes 1 mM NADPH per minute

at 340 nm. A molar extinction coefficient of 6.2 mM-1 -

cm-1 was used for the calculation of enzyme activity.

Dehydroascorbate reductase (DHAR; EC 1.8.5.1)

activity was measured according to Dalton and others

(1986). DHAR activity was measured by increase in

absorbance at 265 nm due to ascorbate formation. A molar

extinction coefficient of 14.6 mM-1 cm-1 was used for the

calculation of enzyme activity.

Glutathione-s-transferase (GST; EC 2.5.1.18) activity

was assayed according to Habig and Jacoby (1981). The

reaction mixture consisted of 0.2 M K–phosphate buffer

(pH 7.0), 0.1 M 1-chloro,2,4-dinitrobenzene (CDNB), and

distilled water. The reaction was started by the addition of

enzyme extract and the increase in absorbance was mea-

sured at 340 nm for 1 min. The activity was calculated
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using the extinction coefficient of the conjugate

(9.6 mM-1 cm-1).

Glutathione peroxidase (GPX; EC 1.11.1.9) activity was

measured as described by Elia and others (2003) with

minor modification. The reaction mixture consisted of

100 mM K–phosphate buffer (pH 7.0), 1 mM EDTA,

1 mM NaN3, 0.12 mM NADPH, 2 mM GSH, 1 unit GR

enzyme, 0.6 mM H2O2, and 20 ll of sample solution. The

oxidation of NADPH was recorded at 340 nm for 1 min,

and the activity was calculated using the extinction coef-

ficient of 6.62 mM-1 cm-1.

Content of total ascorbate (tAsA) was estimated

according to Mukherjee and Choudhuri (1983) with a slight

modification. Fresh root tissue was extracted with 6 %

trichloroacetic acid. Two milliliters of the extract was

mixed with 2 % dinitrophenylhydrazine followed by the

addition of one drop 10 % thiourea. The mixture was

boiled for 20 min in a water bath, and after cooling to room

temperature, 80 % (v/v) H2SO4 was added to the mixture

in an ice bath. The absorbance was recorded at 530 nm.

The glutathione pool (tGlut; reduced and oxidized gluta-

thione) was assayed according to Paradiso and others

(2008), utilizing aliquots of supernatant neutralized with

0.5 M K–phosphate buffer (pH 7.0). Based on enzymatic

recycling, glutathione is oxidized by DTNB and reduced by

NADPH in the presence of GR, and glutathione content is

evaluated by the rate of absorption changes at 412 nm.

Oxidized glutathione (GSSG) was determined after

removal of GSH by 2-vinylpyridine derivatization. Stan-

dard curves with known concentrations of GSH and GSSG

were used for the quantification.

Gels stained for SOD, CAT, POX, APX, GR, and NOX

activities were photographed with the Gel Doc XR? Sys-

tem and then analyzed with Image Lab software v4.0.1

(Bio-Rad, California, USA). Known standard amounts of

enzymes (0.5 units of SOD and CAT, and 0.2 units of

POX) were loaded onto gels. The units of isozyme activity

for each group were calculated by comparison with the

standard and are given as a graphic below each gel photo.

For each isozyme set/group, the average values (shown

with the same symbol) were not significantly different at

p [ 0.05 using Tukey’s post-test.

Determination of Lipid Peroxidation Levels

The level of lipid peroxidation was determined by thio-

barbituric acid reactive substances (TBARS) according to

Madhava Rao and Sresty (2000). TBARS concentration

was calculated from the absorbance at 532 nm, and mea-

surements were corrected for nonspecific turbidity by

subtracting the absorbance at 600 nm. The concentration of

TBARS was calculated using an extinction coefficient of

155 mM-1 cm-1.

Statistical Analysis

The experiments were repeated thrice independently and

each data point was the mean of six replicates. All data

obtained were subjected to a one-way analysis of variance

(ANOVA). Statistical analysis of the values was performed

by using SPSS 20.0. Tukey’s post-test was used to compare

the treatment groups. Comparisons with p \ 0.05 were

considered significantly different. In all the figures, the

error bars represent standard errors of the means.

Results

Effects of SNP on Growth Rate, Relative Water

Content and Osmotic Potential

With increasing PEG supply from 20 to 40 %, the root

growth rate significantly decreased (Table 1). Reduction in

RGR reached maximum levels at high-PEG concentration

(68 %). However, addition of 150 or 300 lM SNP mark-

edly decreased the symptoms of PEG toxicity on growth of

maize roots. On the other hand, both applied SNP treat-

ments increased RGR under normal conditions.

RWC gradually decreased with increasing concentration

of stressor (Table 1). A 12 % decline in RWC was

observed at 20 % PEG, which further decreased to

18–40 % PEG treatment. The higher SNP treatment was

the most effective on RWC with the 40 % PEG treatment,

resulting in 19 % amelioration. Moreover, both SNP

treatments alone had no effect on RWC.

PEG-induced osmotic stress caused a significant

decrease in Wp of roots as compared to controls (Table 1).

This trend was more pronounced for 40 % PEG stress. Wp

increased with addition of SNP under stress in compari-

son to the PEG treatments alone. For example, Wp

increased from -0.74 MPa (after 40 % PEG treatment) to

-0.59 MPa (after 40 % PEG plus 300 lM SNP treat-

ment) in maize roots for 72 h. On the other hand, under

non-stress conditions, exogenously applied SNP increased

Wp, especially pronounced in 300 lM SNP-treated maize

plants.

Effects of SNP on Pro Content

As shown in Table 1, Pro content increased after PEG-

stress treatment, reaching maximal levels (227 %) at 40 %

PEG. The enhancements in Pro content of maize roots

following 150 lM SNP treatment were 9 and 4 % after

72 h of 20 and 40 % PEG stress compared to PEG alone,

respectively. On the other hand, the 300 lM SNP treatment

under 40 % PEG stress did not create any remarkable

effect on Pro content. Similarly, 150 or 300 lM SNP alone
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did not change the Pro content of maize plants during the

experimental period.

Effects of SNP on ROS Accumulation

As shown in Fig. 1a, PEG caused a significant increase

in O2
•- content in roots. The highest O2

•- content was

observed at 40 % PEG stress, which was sevenfold higher

than that of the control. However, upon addition of SNP

together with PEG, a significant decrease in O2
•- content

was detected compared with PEG treatment alone. One

hundred fifty or 300 lM SNP treatments alone did not

create any remarkable effect on O2
•- content. After 72 h of

20 % PEG stress, H2O2 content in maize roots was close to

Table 1 Effect of exogenous

150 and 300 lM SNP treatment

on growth rate (RGR;

mg mg-1 days-1), root water

content (RWC; %), osmotic

potential (Wp; MPa), and

proline content (Pro; lmol g-1

FW) in Zea mays exposed to 20

and 40 % PEG-6000 for 72 h.

The letters were used to denote

the level of significance of the

difference among the treatment

groups

RGR RWC Wp Proline

Control 0.155 ± 0.045b 89.8 ± 5.18c -0.56 ± 0.012c 2.11 ± 0.45a

SNP1 0.164 ± 0.042c 90.6 ± 3.16c -0.43 ± 0.017d 2.15 ± 0.42a

SNP2 0.176 ± 0.05d 88.5 ± 0.74c -0.48 ± 0.044d 2.38 ± 0.42a

PEG1 0.055 ± 0.01a 79.4 ± 2.56b -0.67 ± 0.016b 5.63 ± 0.36c

PEG1?SNP1 0.183 ± 0.041e 87.9 ± 4.27c -0.56 ± 0.067c 6.11 ± 0.41d

PEG1?SNP2 0.201 ± 0.03f 88 ± 5.05c -0.58 ± 0.041c 5.32 ± 0.3b

PEG2 0.049 ± 0.01a 73.3 ± 1.88a -0.74 ± 0.031a 6.89 ± 0.87e

PEG2?SNP1 0.183 ± 0.018e 86.3 ± 2.89c -0.55 ± 0.038c 7.16 ± 0.18f

PEG2?SNP2 0.184 ± 0.03e 87.1 ± 2.67c -0.59 ± 0.037c 6.74 ± 0.03e

Fig. 1 Effect of exogenous 150 and 300 lM SNP treatment on O2
•- content (a), H2O2 content (b), and scavenging activity of OH• (c) in Zea

mays exposed to 20 and 40 % PEG-6000 for 72 h
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control levels, whereas H2O2 content showed a rapid

increase by 35 % in 40 % PEG-treated maize roots

(Fig. 1b). In contrast, except for PEG (20 %) and 150 or

300 lM SNP treatment, H2O2 content decreased in the

40 % PEG?SNP group as compared to PEG treatment

alone. The maximum decrease in H2O2 content (35 %) was

observed when plants were subjected to 40 % PEG stress in

combination with 150 lM SNP. Similar results were also

observed in SNP-treated maize roots alone. The OH•

scavenging activity decreased only with 40 % PEG-

induced osmotic stress (Fig. 1c). However, exogenously

applied SNP with increasing PEG concentrations caused an

increase in OH• scavenging activity. The degree of these

increases was higher in SNP?40 % PEG-treated maize

plants than SNP?20 % PEG-treated plants. The OH•

scavenging activity was not significantly affected by SNP

concentrations alone.

Effects of SNP on Enzymatic/Non-Enzymatic

Compounds

Using different specific inhibitors, nine SOD isozymes

were detected in extracts of root soluble proteins: six Mn-

SODs, two Fe-SODs, and one Cu/Zn-SOD (Fig. 2). The

Fig. 2 Effect of exogenous 150 and 300 lM SNP treatment on contribution of different types of SOD isozymes (a) and total SOD activity (b) in

Zea mays exposed to 20 and 40 % PEG-6000 for 72 h
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increase in SOD activity was only in 40 % PEG-treated

roots and seemed to be mainly due to the activity of Mn-

SOD isozymes in maize plants after 72 h (Fig. 2a). The

activity of Mn-SODs accounted for approximately 29 % of

the total SOD activity at 40 % PEG stress treatment for

72 h. However, except for 20 % PEG?300 lM SNP, the

addition of SNP to PEG treatment solution resulted in a

significant decrease in both activities of total SOD and

SOD isozymes (Cu/Zn-SOD) compared to PEG treatment

alone. On the other hand, a decline in total SOD activity

was observed when maize roots were treated with 150 lM

SNP (Fig. 2b).

As shown in Fig. 3, a significant decrease in NOX

activity was observed in PEG-treated roots. For instance,

NOX activity (NOX1 and NOX3 isozymes) of roots

exposed to 40 % PEG decreased from 2.11 to 1.05 U mg-1

protein, 50 % of the control group level (Fig. 3a, b).

Compared with PEG treatment alone, maize roots treated

with PEG?SNP had more the NOX activity. Similarly,

NOX activity in roots increased with SNP treatment alone

and reached the maximum levels (73 %) at the high-SNP

concentration.

In native PAGE, gel analyses revealed four CAT iso-

zymes: CAT1-4 (Fig. 4a). Total CAT activity increased

significantly even when PEG stress was rather severe. This

data was supported by native PAGE gels (Fig. 4a), which

revealed more intense CAT1, CAT2, and CAT3 isozymes

at both PEG stress treatments, over control groups. More-

over, except 40 % PEG?300 lM SNP, exogenous SNP

treatment under stress (SNP?PEG) maintained the induc-

tion in CAT activity compared with PEG stress alone.

Total CAT activity was 81 and 101 % in 150 and 300 lM

SNP-treated alone plants at 72 h, respectively (Fig. 4b).

Three POX isozymes were presented in the roots of maize

plants (Fig. 4c). In comparison with non-stress conditions,

the total activity of POX decreased and was close to control

levels in 20 and 40 % PEG-treated plants, respectively

(Fig. 4d). Both SNP?PEG and SNP treatments alone

caused a decline in POX activity in regards to intensities of

POX1.

After native PAGE analysis, only two APX isozymes,

denominated APX1 and APX2, were markedly detected in

roots (Fig. 5a). When maize roots were exposed to PEG

stress, both APX and GR activities remained almost

Fig. 3 Effect of exogenous 150

and 300 lM SNP treatment on

Native-PAGE separation of

NOX isozymes (a) and total

NOX activity (b) in Zea mays

exposed to 20 and 40 % PEG-

6000 for 72 h
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unchanged at low-PEG concentration, but decreased at

high-PEG treatment (Fig. 5b–d). This reduction in APX

(APX1 isozyme) and GR (GR1 isozyme) activity was 40

and 6 %, respectively, in the highest PEG treatment

(Fig. 5a–c). However, as compared to the group treated

with PEG alone, this decline induced by PEG stress was

Fig. 4 Effect of exogenous 150 and 300 lM SNP treatment on Native-PAGE separation of CAT isozymes (a), total CAT activity (b), Native-

PAGE separation of POX isozymes (c), and total POX activity (d) in Zea mays exposed to 20 and 40 % PEG-6000 for 72 h

Fig. 5 Effect of exogenous 150 and 300 lM SNP treatment on Native-PAGE separation of APX isozymes (a), total APX activity (b), Native-

PAGE separation of GR isozymes (c), and total GR activity (d) in Zea mays exposed to 20 and 40 % PEG-6000 for 72 h
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alleviated by exogenously applied SNP treatment. More-

over, SNP under optimal conditions caused a significant

increase in APX and GR activities throughout the

experiment.

Results presented in Table 2 show that both MDHAR and

DHAR activities in all PEG treatments decreased during the

experiment. For example, MDHAR and DHAR activity

decreased upon exposure to the high-PEG concentration,

where the reduction was 17 and 38 % as compared to control,

respectively. Similarly, the SNP supplemented PEG-stressed

plants maintained significantly lower activity of these

enzymes, as compared to the roots subjected to stress without

SNP. Also, drastic decreases in MDHAR and DHAR activ-

ities were observed in response to SNP treatment alone. GST

and GPX activities in maize treated with osmotic stress are

shown in Table 2. Although GST activity of maize roots

showed the most up-regulation, 43 %, in response to 40 %

PEG stress, the GPX activity remained unchanged at 72 h of

stress. SNP supplementation combined with PEG stress

significantly enhanced both GST and GPX activities com-

pared to stress alone. With SNP treatment alone, GST

activity slightly decreased, whereas GPX activity increased.

In maize roots treated with low- and high-PEG con-

centrations, tAsA content decreased 14 and 40 %,

respectively, compared to the controls, whereas

SNP?PEG treatments increased tAsA content in com-

parison to PEG stress alone (Table 3). Although tAsA

content decreased in 150 lM SNP-treated plants alone,

this content increased at 300 lM SNP treatment alone in

comparison to control levels. tGlut content was gradually

increased by increasing PEG concentrations (Table 3).

Also, a significant decrease in the GSH:GSSG ratio was

observed in response to 20 and 40 % PEG stress, which

was 37 and 6 % lower at 72 h when compared to control,

respectively. The increase of tGlut was prevented by

Table 2 Effect of exogenous 150 and 300 lM SNP treatment on

monodehydroascorbate reductase (MDHAR; lmol mg-1 protein),

dehydroascorbate reductase (DHAR; lmol mg-1 protein), glutathione

S-transferase (GST; lmol g-1 protein), and glutathione peroxidase

(GPX; lmol g-1 protein) in Zea mays exposed to 20 % and 40 %

PEG-6000 for 72 h. The letters were used to denote the level of

significance of the difference among the treatment groups

MDHAR DHAR GST GPX

Control 0.724 ± 0.06 g 37.14 ± 0.53e 0.904 ± 0.06d 7.2 ± 0.33a

SNP1 0.499 ± 0.09d 26.36 ± 0.71d 0.856 ± 0.05c 8.53 ± 0.76c

SNP2 0.484 ± 0.06c 24.36 ± 0.89c 0.852 ± 0.04c 9.02 ± 0.24e

PEG1 0.609 ± 0.04f 24.34 ± 1.16c 0.691 ± 0.03a 7.06 ± 0.33a

PEG1?SNP1 0.422 ± 0.04b 22.27 ± 0.94b 0.766 ± 0.09b 8.99 ± 0.33d

PEG1?SNP2 0.46 ± 0.03c 23.44 ± 0.55c 0.779 ± 0.04b 8.98 ± 0.14d

PEG2 0.599 ± 0.04e 23.02 ± 1.88c 1.292 ± 0.01e 6.57 ± 0.22a

PEG2?SNP1 0.475 ± 0.01c 20.82 ± 2.12a 1.676 ± 0.01 g 8.07 ± 0.78b

PEG2?SNP2 0.362 ± 0.04a 22.11 ± 1.16b 1.401 ± 0.04f 8.17 ± 0.24b

Table 3 Effect of exogenous 150 and 300 lM SNP treatment on

total ascorbate (tAsA; nmol g-1 FW), total glutathione (tGlut;

nmol g-1 FW), and GSH/GSSG ratio in Zea mays exposed to 20 and

40 % PEG-6000 for 72 h. The letters were used to denote the level of

significance of the difference among the treatment groups

tAsA tGlut GSH/GSSG

Control 846.58 ± 2.9e 235.67 ± 2.63a 4.08 ± 0.91c

SNP1 773.07 ± 10.4d 245.88 ± 5.54b 3.56 ± 0.71b

SNP2 857.51 ± 9.32f 246.31 ± 1.97b 4.12 ± 0.72c

PEG1 725.1 ± 3.36c 373.97 ± 6.43c 2.59 ± 0.46a

PEG1?SNP1 845.13 ± 3.91e 570.72 ± 9.12h 5.86 ± 0.49e

PEG1?SNP2 877.54 ± 6.93g 451.19 ± 7.56e 4.35 ± 0.52d

PEG2 509.71 ± 9.85a 438.29 ± 7.21d 3.84 ± 0.34b

PEG2?SNP1 768.92 ± 11.3d 520.93 ± 8.72g 6.04 ± 0.35f

PEG2?SNP2 608.08 ± 2.82b 514.75 ± 3.23f 4.19 ± 0.59c

Fig. 6 Effect of exogenous 150 and 300 lM SNP treatment on lipid

peroxidation (TBARS content) in Zea mays exposed to 20 and 40 %

PEG-6000 for 72 h
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exogenously applied SNP under the osmotic stress. Also,

tGlut content was strongly induced in maize roots treated

with both SNP treatments alone.

Effects of SNP on Lipid Peroxidation

PEG-induced osmotic stress adversely affected the mem-

brane integrity of maize roots. Maize plants treated with 20

and 40 % PEG for 72 h showed a 58 and 78 % increase in

TBARS content, respectively (Fig. 6). However, amelio-

ration against PEG-induced membrane injury was provided

by exogenous application of two SNP concentrations (150

or 300 lM) throughout the experiment. In other words,

both concentrations of SNP were effective in bringing

down the lipid peroxidation levels by 34–43 %. Moreover,

150 lM SNP treatment alone did not change TBARS

levels, whereas it decreased in 300 lM SNP-treated plants.

Discussion

Exposure to different osmotic potential causes visible

toxicity with symptoms such as reduction of plant growth

(Silva and others 2010). Compared with controls, the

growth rate of maize seedlings under PEG stress was

markedly lower. Exogenously applied 150 or 300 lM SNP

in plants exposed to osmotic stress exhibited a significant

promotion of growth rate as compared with the PEG-

treated plants. These significant differences in growth of

maize roots were also found when SNP was administered

in the absence of PEG. It was previously reported that

treatment with SNP alone resulted in much more growth

induction in Catharanthus roseus (Xu and others 2005), as

observed in our study. Such an induction might be due to

(i) root tip elongation induced by NO-releasing compounds

(Gouvea and others 1997) and/or (ii) induction of the

auxin-signaling pathway by SNP (Pagnussat and others

2002). Like growth inhibition, in maize plants, PEG-

induced osmotic stress also caused a decrease in RWC,

consistent with previous observations of Merewitz and

others (2011). However, supplementation of SNP effi-

ciently reduced the toxic symptoms of PEG-induced

decreases in water content. This result was consistent with

a previous study in which SNP-treated wheat seedlings

exposed to water stress tended to retain more water content

(Garcia-Mata and Lamattina 2001). The increase in water

retention induced by exogenously applied SNP in stress-

treated plants might be linked to (i) stomatal closure, (ii) a

reduced transpiration rate, or (iii) promoted adventitious

root development. PEG stress maximally decreased root

Wp in 40 % PEG-treated maize plants. The lower Wp of

maize is likely connected with its lower RWC under stress

conditions. Similarly, Lefèvre and others (2009)

demonstrated that the presence of PEG stress highly

affected Wp of Oryza sativa. In this study, after 72 h of

stress exposure, Wp increased in SNP-treated roots com-

pared to PEG stress alone; this may be explained by a re-

absorption of water and an increase in the root RWC. The

ability of 150 lM SNP to maintain a high RWC in stres-

sed-maize roots might be attributed to its contribution to

osmotic adjustment by increase in Pro levels. Our results

showed that Pro content in roots treated with 300 lM SNP

under PEG stress decreased or had no significant changes,

but it was greater in 150 lM SNP plus PEG-treated maize

plants than that in PEG treatment alone. These results seem

to indicate that Pro accumulation had no role in the osmotic

adjustment production in 300 lM SNP-treated Z. mays

under stress. These observations may be attributed to the

role of SNP as a potent mediator in stress-induced physi-

ological responses and water relations of maize plants.

Although ROS initiate several oxidatively destructive

processes, they also trigger various signaling pathways. NO

signaling and its cross-talk with ROS could interfere with

the signal transduction pathways of the defense mechanism

against stress (Zaninotto and others 2006). Osmotic stress

is reported to enhance the total activity and overexpression

of the isoenzymatic pattern of antioxidant enzymes for

scavenging of toxic ROS levels in plants (Mittler and

others Mittler and others 2004). Results of the present

study also revealed that 40 % PEG treatment induced ROS

accumulation as indicated by the increased O2
•- and H2O2

content. Although SOD activity, responsible for the elim-

ination of O2
•- in cells, did not change in 20 % PEG-treated

roots, it showed a remarkable increase after 40 % PEG.

Therefore, H2O2 content increased only at high-PEG con-

centrations due to promotion of the conversion of O2
•- to

H2O2, by SOD activity. On the other hand, the remaining

H2O2 content in the low-PEG concentration resulted from

the reduced activities of Fe-SODs and Cu/Zn-SOD iso-

zymes. Also, high-NOX activity in plants under stress

conditions suggests that NOX is involved in the induction

of oxidative stress through enhanced generation of O2
•-

(Jones and others 2007). However, in our study, NOX did

not contribute to O2
•- production in stress-treated plants.

Although plants with exogenous SNP treatment under

stress did not show an increase in SOD activity, a reduced

amount of O2
•- was observed in maize roots with

SNP?PEG treatment, which is an important step in pro-

tecting cells. Contrary to this result, positive effects of NO

on SOD activity under salt stress conditions have been

reported (Li and others 2008). Suppression of SOD acti-

vation may be explained by NO itself being a direct

scavenger of O2
•- (Bavita and others 2012). After SNP

treatment alone, the O2
•- content did not change in maize

roots, which was consistent with results observed by Ko-

pyra and Gwóźdź (2003). Our results indicated that 40 %
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PEG-induced accumulation of H2O2 in maize roots may be,

at least in part, due to PEG-enhanced SOD activity. Only

CAT activity (especially CAT1, CAT2, and CAT4 iso-

zymes) was increased to remove the high level of H2O2

content in 40 % PEG-treated plants. Besides, NO may

effectively reduce the level of ROS generated by stress

(Xiong and others 2010). SNP supplemention of maize

roots grown under 20 % PEG stress prevented increased

CAT activity. The increased CAT activities in NO-sup-

plemented plants under various forms of stress have been

reported earlier (Jin and others 2010). Also, APX and GR

could play a role in scavenging of H2O2 toxicity in maize

plants exposed to both SNP supplementations under both

PEG stresses, which indicates a protective role for exoge-

nous NO in scavenging H2O2 in maize under stress. It

seems that these results lead to alleviation of the oxidative

damage as indicated by the lowered H2O2 levels. The

present results are in agreement with Tian and Lei (2006)

and Yang and others (2008), who found that NO increased

the activity of CAT, APX, and GR under osmotic stress.

Furthermore, in our study, NO treatments had no obvious

effect on POX activity, just as reported by Sheokand and

others (2010) in chickpea plants. On the other hand, Ko-

pyra and Gwóźdź (2003) reported that CAT and POX

activities in Lupinus luteus were markedly increased and

decreased, respectively, after exposure to SNP treatment

alone as supported by our results.

As well as enzymatic antioxidants, non-enzymatic

antioxidants (ascorbic acid and glutathione) have a role in

mechanisms of ROS detoxification in plants (Mittler and

others 2004). The oxidized form of AsA produced by the

action of APX is regenerated via the glutathione–ascorbate

cycle involving MDHAR and DHAR and GSSG reduction

by GR using the reducing power of NADPH (Khatun and

others 2008). APX reduction requires AsA as a substrate

and DHAR conversion back to AsA needs glutathione as

substrate, so both glutathione and ascorbate are important.

As MDHAR and DHAR are equally important in regulat-

ing the level of AsA and its redox state under oxidative

stress (Eltayeb and others 2007), the decreases in these

enzyme activities were reflected by decreased AsA content

under stress conditions. In our study, the decreased tAsA

content was accompanied by a decline in MDHAR and

DHAR activities in maize roots exposed to PEG treatment.

Despite in our experiments, APX increased greatly with

SNP treatment under stress, which would indicate an ele-

vated use of tAsA to detoxify H2O2 through APX activity,

tAsA content also greatly increased.

Another important H2O2 scavenger that associates with

GSH is GPX, which may also play an important role for the

reduction of lipid peroxides and other hydroperoxides by

GSH. Increasing of GST with GPX activity provides pro-

tection against oxidative stress (Roxas and others 2000).

However, in our study, GST and GPX activities decreased

or remained similar to control levels in low-PEG concen-

tration treated-maize roots, respectively. The induction of

GST was only observed at 40 % PEG. This observation

agrees with Kuzniak and Sklodowska (2005) who sug-

gested that the enhanced level of GST activity resulted

from tomato plants exposed to salt stress. However, higher

levels of both GST and GPX persisted with exogenously

applied SNP treatments in PEG-treated maize roots. These

results suggested that GST/GPX over-expression provides

increased glutathione-dependent peroxidase scavenging

and alterations in ascorbate and glutathione metabolism,

leading to reduced oxidative damage (Sairam and Tyagi

2004). The induction of GST and GPX in the SNP?PEG

group was consistent with results of tAsA, tGlut, and

GSH:GSSG ratio. Li and others (1998) suggest that NO

could be playing a role in the elevation of GSH levels,

either by increasing the biosynthesis rate of this metabolite

or increased supply of cysteine.

H2O2 can also lead to the production of OH• and is very

reactive on important biomolecules or membranes in plants

(Karuppanapandian and others 2011). In this study, as

suggested by results in lipid peroxidation in root mem-

branes of maize plants, the OH• scavenging activity

decreased at high-PEG concentration. However, both SNP

concentrations under stress conditions improved the

capacity of OH• scavenging. Therefore, the enhanced

scavenging ability of OH• inhibited ROS accumulation in

maize roots, and thus plants were protected from lipid

peroxidation of membrane systems and oxidative damages.

On the other hand, no change in the scavenging of this

radical was observed with SNP treatment alone.

An enhanced level of lipid peroxidation under osmotic

stress indicated oxidative damage in maize roots, meaning

that lipid peroxidation might be a consequence of toxic

ROS generation. In this study, the reported changes in the

TBARS content were consistent with previous results

observed by Zhao and others (2009). NO reportedly pro-

tects membrane integrity by inhibition of lipid peroxida-

tion, either through scavenging of lipid peroxyl radicals or

by inhibiting peroxidation enzymes. The supplementation

of SNP-treatment solution with PEG caused a substantive

reduction in TBARS accumulation induced by stress. The

results were consistent with Jin and others (2010), includ-

ing a protective role of SNP by reacting with lipid radicals

and stopping the propagation of lipid oxidation. This may

be due to (i) the antioxidant activity of SNP itself against

induced-ROS under stress conditions, (ii) the signaling

effect of this SNP on the gene expression and the antiox-

idant enzyme activity, or (iii) maintaining higher ATP-ase

activity (Shi and Others 2007).

In conclusion, PEG-induced osmotic stress causes oxida-

tive damage in maize roots through excessive generation of
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ROS, and this effect is greater in 40 % PEG-treated plants.

Although only the increase of CAT activity is responsible for

the important protective effect when maize roots are exposed

to PEG stress, induction of this antioxidant enzyme is inade-

quate to detoxify high levels of ROS as evidenced by growth,

water content, OH• scavenging activity, and level of lipid

peroxidation, which suggests that maize roots are not able to

prevent damage caused by oxidative stress. However, exog-

enously applied SNP could improve the dehydration tolerance

against stress through effective water management and

osmoregulation as well as enhancing the antioxidant enzyme/

non-enzyme systems. Despite a decline in SOD and POX

activities, the principal ROS scavenging enzymes in SNP

treated-maize roots under PEG stress are GPX, GST, and

APX, GR, MDHAR, DHAR involved in ascorbate–glutathi-

one cycle, total ascorbate and glutathione which help to

decrease the oxidative damage to biomolecules. It is possible

that these antioxidant enzymes/non-enzymes can be activated

and cooperate with one another to scavenge ROS and alleviate

oxidative injury imposed by PEG in maize roots. The present

study provides new insights into the roles and interactions of

SNP, ROS, and antioxidants in hydroponically grown maize

roots under PEG-induced osmotic stress.
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Kopyra M, Gwóźdź EA (2003) Nitric oxide stimulates seed germi-

nation and counteracts the inhibitory effect of heavy metals and

salinity on root growth of Lupinus luteus. Plant Physiol Bioch

41:1011–1017
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