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Abstract
The present study aimed at investigating the effects of foliar applied nitric oxide (as SNP [sodium nitroprusside]) on sul-
fur (glutathione reductase, guaiacol peroxidase, and glutathione S-transferase) and nitrate assimilation (nitrite and nitrate 
reductase) pathway enzymes in maize (Zea mays L.) exposed to water deficit conditions. The seedlings of a drought tolerant 
(NK8711) and sensitive (P1574) maize hybrid were applied with various SNP doses (0, 50, 100, 150, and 200 µM) under 
normal and drought stress conditions. Foliar spray of 100 µM markedly improved water status and chlorophyll contents and 
alleviated drought-induced oxidative damages through increased antioxidant (catalase, ascorbate peroxidase, and superoxide 
dismutase) activities in both maize hybrids. Moreover, exogenous SNP supply increased nitrite and nitrate reductase activi-
ties and upregulated glutathione reductase, glutathione S-transferase, and guaiacol peroxidase compared to no SNP supply. 
Interestingly, the negative effects of excess NO generation at high SNP doses (150, 200 µM) were more pronounced in P1574 
than NK8711 leading to lower biomass accumulation in drought-sensitive hybrid.
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Introduction

Water scarcity is a major factor that causes extensive losses 
to agricultural production worldwide (Liu et al. 2017). The 
scant precipitation and non-uniform distribution of rain-
fall, particularly in arid–semiarid regions, is supposed to 
cause more than 30% reduction in global crop production 
by 2025 (Neufeldt et al. 2013). Plants respond to severe 
drought through adaptation on morphological, physiologi-
cal to molecular level (Daryanto et al. 2016; Fahad et al. 

2017). Limited water availability triggers generation of toxic 
reactive oxygen species (ROS) in various cellular compart-
ments (Kaur and Asthir 2017). The development of stra-
tegic defense mechanisms, including antioxidant system 
and diverse stress-responsive signal transduction pathways, 
has enabled plants to successfully adapt and survive lim-
ited water conditions (Forni et al. 2017; Nawaz et al. 2017). 
Drought stress induces metabolic adjustments and influences 
gene regulatory network to stimulate production of several 
antistress-signalling molecules and compounds such as gly-
cinebetaine, abscisic acid, ethylene, and nitric oxide (NO) 
in plants (Peñuelas et al. 2013). Moreover, plant species or 
even cultivars of the same species differ in their ability to 
tolerate drought stress, achieved mainly by activation of 
antioxidant machinery as reported in tolerant and sensitive 
maize (Azooz et al. 2009), wheat (Shabbir et al. 2016), and 
sesame cultivars (Kadkhodaie et al. 2014).

During the past few years, NO-regulated mechanisms have 
been subject of interest for researchers studying acclimation 
responses of plants in relation with abiotic stresses including 
drought (Li et al. 2013; Boogar et al. 2014; Cechin et al. 2015). 
Several artificial NO donors such as diethylamine (DEA) and 
sodium nitroprusside (SNP) have been used to study the natu-
ral production pathways of NO in plants (Fu et al. 2010; Kaur 
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et al. 2015). All of these NO generators, however, have draw-
backs, such as DEA generates a rapid NO burst, which fades 
out within seconds to minutes. By contrast, SNP dissociation 
into NO is low but long lasting, which also depends on pH of 
the medium as well as light intensity and quality (Gupta et al. 
2011). Supplemental SNP serves as a stress-signalling mol-
ecule that upregulates antioxidant machinery to mitigate the 
damaging effects of salts (Ahmad et al. 2016), metals (Khar-
bech et al. 2017), hypoxia (Peng et al. 2016), high (Li et al. 
2013) or low temperature (Amooaghaie and Nikzad 2013) and 
drought stress (Zhang et al. 2016a, b).

Nitrate reductase (NR) pathway is the best-characterized 
enzymatic pathway for NO production (Gupta et al. 2011), 
however; reports regarding effects of exogenous SNP (as NO 
donor) supply on nitrate assimilation pathway under water 
deficit conditions are scant. Studies involving wheat (Rosales 
et al. 2011) and Chlamydomonas reinhardtii (Sanz-Luque 
et al. 2013) showed that SNP application markedly inhib-
ited NR activity in these species. Contrarily, it promoted the 
enzymatic activity in tomato roots at low levels (Jin et al. 
2009), suggesting that it may either act as an antioxidant or 
may become pro-oxidant at high doses. In soybean, appli-
cation of high SNP dose (1 mM) markedly decreased cell 
viability and inhibited root growth (Böhm et al. 2010). Simi-
larly, Tian and Lei (2006) found that high SNP dose (2 mM) 
promoted lipid peroxidation and increased  H2O2 accumula-
tion to inhibit wheat growth. These reports clearly indicate 
the importance of SNP optimization before application to 
prevent the toxic effects of NO on plant species.

Considering the previous knowledge on SNP (as NO 
donor) regulated stress tolerance mechanisms in plants, the 
aim was to uncover the effects of NO on antioxidant and 
nitrate assimilation pathway enzymes in maize seedlings 
exposed to drought stress. Hence, this work was designed 
with the hypotheses that (1) does exogenous application of 
NO donor (SNP) successfully mitigates drought-induced 
oxidative stress in maize? (2) If yes, then how does drought 
tolerant and susceptible genotypes respond to different levels 
of SNP? And finally (3) How low or high SNP doses affect 
the sulfur and nitrate assimilation pathway enzymes under 
drought stress conditions? In this study, we showed how 
different doses of exogenous NO source (SNP) influence 
the enzymatic activities of a drought tolerant (NK8711) and 
sensitive (P1574) maize hybrids under normal and drought 
stress conditions.

Materials and methods

Plant material and experimental conditions

Indigenous maize hybrids available from different private 
seed agencies like Syngenta, Monsanto, and Pioneer were 

obtained and initially screened out for drought stress toler-
ance (data not presented). Two maize hybrids viz. NK8711 
(Syngenta Pvt. Ltd.) and P1574 (Pioneer Pvt. Ltd.) were 
identified as the most drought tolerant and sensitive geno-
types, respectively, and were selected for the present study. 
Healthy, physically pure, randomly selected seeds of each 
hybrid were surface sterilized with 5% sodium hypochlo-
rite solution and grown in plastic pots of 12 kg capac-
ity at 25/16 °C (day and night) with 16-h photoperiod in 
a growth chamber under semi-controlled environment. 
Plants were watered with Hoagland nutrient solution at 
the start of the experiment containing 4.5 mM  NH4NO3, 
2.5 mM  K2HPO4, 1.5 mM  K2SO4, 2.5 mM  CaCl2·2H2O, 
0.25  µM  CuSO4·5H2O, 1.0  µM  ZnSO4·7H2O, 0.4  µM 
 (NH4)6Mo7O24·4H2O, 1.2 mM  MgSO4, and 3.0 µM Fe-
EDDHA (Sánchez-Aguayo et al. 2004). The experimental 
layout was randomized complete block design (RCBD) with 
three repeats. Each repeat comprised of five seedlings in a 
pot.

Drought stress and SNP treatments

Initially, all pots were saturated with distilled water and kept 
for 24 h to drain off the excess water under gravitational 
effect before sowing. The seeds were allowed to germi-
nate under normal conditions for 1 week. Drought stress 
was imposed at V2 stage (i.e., 8th day of seed emergence) 
by withholding water to one set of pots, whereas the other 
set was regularly watered and served as a control for com-
parison. Amount of water evaporated was calculated using 
ML3—ThetaProbe Soil Moisture Sensor (Suppl. Figure 1) 
and control plants were re-watered accordingly.

Foliar spray treatments (0, 50, 100, 150, and 200 µM) 
were developed by dissolving sodium nitroprusside dihy-
drate  (Na2 [Fe (CN)5 NO]  2H2O; purity ≥ 98.0%; Mol. wt. 
297.95; Sigma-Aldrich Ltd., USA) in distilled water. Water 
spray was used as a control. All the treatments were added 
with 0.1% Tween-20 (v/v) to enhance fluid retention on leaf. 
Foliar spray was carried out at V3 stage (15th day of seed 
emergence) and repeated after 1 week. The leaf samples 
were collected after second foliar spray for the estimation 
of physiological and biochemical attributes. After 4 weeks, 
at appearance of wilting symptoms in stressed plants, the 
plants were harvested for the estimation of biomass param-
eters. Dry matter content was obtained by keeping the har-
vested seedlings in an oven at 65 °C for 72 h. The observed 
phenotypes of both maize hybrids supplemented with vari-
ous SNP doses under drought stress conditions are given in 
Fig. 1.
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Measurement of morphological and physiological 
indices

The physiological indices corresponding to plant height 
(PHSI), root length (RLSI), shoot and root fresh weight 
(SFSI, RFSI), and dry matter (DMSI) were calculated using 
the following formulae reported by Kausar et al. (2012):

where Ps, Rs, Ss, Fs, and Ds represent plant height, root 
length, shoot fresh weight, root fresh weight, and dry matter 
of stressed plants, respectively. Similarly, Pc, Rc, Sc, Fc, and 
Dc indicate the plant height, root length, shoot fresh weight, 
root fresh weight, and dry matter of normal or control plants, 
respectively.

Determination of leaf water status and chlorophyll 
contents

To estimate leaf relative water content (RWC), the youngest 
leaf from each treatment was weighed immediately (FW) 
and then soaked in deionized water at 4 °C for 24 h to record 
turgid weight (TW). The leaves were later incubated in an 
oven at 65 °C for 72 h to obtain dry weight (DW). The RWC 
was estimated using following formula proposed by Mayak 
et al. (2004):

For determination of excised leaf water loss (ELWL), the 
fully expanded youngest leaf from each group was immedi-
ately weighed (FW), incubated at room temperature for 6 h 

PHSI = [Ps∕Pc] × 100,

RLSI = [Rs∕ Rc] × 100,

SFSI = [Ss∕ Sc] × 100,

RFSI = [Fs∕ Fc] × 100,

DMSI =
[

Ds∕ Dc

]

× 100,

RWC = [(FW − DW) ∕ (TW − DW)] × 100.

to record wilted weight (LW), and later oven dried at 65 °C 
for 72 h to obtain DW as described by Clarke (1987):

A portable chlorophyll meter viz. SPAD-502 (Konica 
Minolta, Tokyo, Japan) was used to estimate the leaf chlo-
rophyll contents. Three plants in each pot were selected 
and the values were recorded from the two fully expanded 
uppermost leaves of each plant. The average of six SPAD 
values was considered as chlorophyll content of plants in 
each repeat.

Biochemical assays

Fully expanded, healthy and fresh leaves (second from the 
top) from each repeat were sampled at V5 stage (i.e., 22nd 
day after seed germination) to determine the ROS, NO, anti-
oxidant, and nitrate assimilation pathway enzymes. The leaf 
tissues were immediately frozen in liquid  N2 and later kept 
at − 80 °C until biochemical analyses.

Estimation of  H2O2, MDA and NO content

The ability of the leaf samples (crude plant extract) to scav-
enge  H2O2 was assessed by the method of Ruch et al. (1989). 
The  H2O2 content was measured using an extinction coef-
ficient (ε = 0.28 mM−1  cm−1) and expressed as nmol of  H2O2 
scavenged  g−1 DW.

The level of lipid peroxidation was estimated as malon-
dialdehyde (MDA content) following Cakmak and Horst 
(1991). The MDA content was estimated using its absorption 
coefficient (ε = 550 mM−1  cm−1) and expressed as nmol  g−1 
fresh mass according to the following formula:

where V represents the volume of crushing medium, W indi-
cates leaf fresh weight, and A600 and A532 represent the 
absorbance at 600 and 532 nm wavelength, respectively

ELWL = (FW − LW) ∕ DW × 100.

MDA =
[

(A532 − A600) × V × 1000∕�
]

× W,

Fig. 1  Effect of foliar applied 
SNP concentrations (0, 50, 100, 
150, and 200 µM) on growth 
of two contrasting maize (Zea 
mays L.) hybrids viz. NK-8711 
(drought tolerant) and P-1574 
(drought sensitive) under 
drought stress conditions

NK-8711 P-1574

0 μM 50 μM 100 μM 150 μM 200 μM 0 μM 50 μM 100 μM 150 μM 200 μM
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Reports published by Hu et al. (2003) and Ding et al. 
(1998) were used for the determination of NO content. 
Young leaves weighing 0.5 g were ground and homogenized 
in 3 ml of cool acetic acid buffer (50 mM), prepared by add-
ing 4% zinc diacetate, with pH 3.6. The homogenate was 
cold centrifuged (4 °C) at 10,000×g for 15 min and 0.1 g 
charcoal was added in the supernatant. The filtrate (1 ml) 
collected after filtration and vortex was mixed with Greiss 
reagent (1 ml) and incubated at 25 °C for 30 min. Absorb-
ance of solution was read at 540 nm and a standard curve 
was developed to calculate NO content using  NaNO2.

Assessment of antioxidant activities

The antioxidant activities were measured according to 
Venisse et al. (2001). Leaf samples (1.0 g) were ground and 
homogenized in a cold room (4 °C) with 10 ml of 50 mM 
cool sodium phosphate buffer (pH 7.5) containing polyeth-
yleneglycol (1 mM), phenylmethylsulfonyl fluoride (1 mM), 
polyvinylpyrrolidone (8%), and Triton X-100 (0.01%). The 
homogenate was cold centrifuged (10,000×g) at 4 °C for 
20 min. The supernatant (protein extract) was separated to 
quantify different enzyme activities at 25 °C using UV plate 
reader (96-well), Synergy HT, Biotek Instrument, USA.

The enzymatic activity of catalase (CAT) activity was 
assayed following Chance and Maehly (1955), whereas the 
reports of Elia et al. (2003) and Nakano and Asada (1981) 
were used to estimate ascorbate peroxidase (APX) and 
guaiacol peroxidase (GPX) activities expressed as µmol 
ascorbate  min−1  mg−1 protein and µmol guaiacol  min−1 
 mg−1 protein, respectively. The procedure reported by Ekler 
et al. (1993) was followed to record superoxide dismutase 
(SOD) activity measured as SOD mediated inhibition of 
photochemical reduction of nitro blue tetrazolium. The 
lipoxygenase (LOX) activity was determined as proposed 
by Anthon and Barrett (2001), whereas enzymatic activities 
of glutathione S-transferase (GST) and glutathione reductase 
(GR) were estimated according to the methods of Foyer and 
Halliwell (1976) and Habig et al. (1974), respectively.

Determination of NR and NiR activity

The enzymatic activity of nitrate reductase (NR) in leaf sam-
ples was measured according to the procedure of Sym (1984) 
using  KNO3 as a substrate, whereas the method reported by 
Ramarao et al. (1983) was used to determine nitrite reduc-
tase (NiR) activity using  NaNO2 as a substrate. The NR and 
NiR activities were expressed as µmol  NO2  g−1 DW  min−1.

Statistical analysis

The data collected consisted of the mean values obtained 
from experiment repeated three times. The statistical 

analysis was performed by STATISTICA Computer Program 
(Version 8.1) using ANOVA (analysis of variance) technique 
and mean values were compared by post-hoc Tukey test at 
5% probability level.

Results

Effect on morphological and physiological indices

Foliar SNP spray significantly affected (P ≤ 0.05) the mor-
phological and physiological indices of maize seedlings; 
however, both maize genotypes showed differential response 
to exogenous NO supply (Suppl. Table 1). Drought-tolerant 
hybrid NK8711 maintained significantly (P ≤ 0.05) higher 
SFSI (22%), RFSI (54%), RLSI (19%), and DMSI (23%) 
than drought-sensitive P1574 hybrid (Fig. 2b–e). Compared 
with the control (water spray), foliar treatment of SNP at 
100 µM gave significantly higher PHSI (24%), SFSI (69%), 
RFSI (65%), and DMSI (26%), whereas the seedlings 
sprayed with SNP at 150 µM exhibited maximum increase 
(34%) in RLSI (Fig. 2a–e).

Effect on leaf water status and chlorophyll contents

The leaf chlorophyll and water contents decreased signifi-
cantly (P ≤ 0.01) in plants exposed to drought stress (Suppl. 
Table 2). Foliar SNP treatment at 100 µM considerably 
(P ≤ 0.001) increased (20%) leaf RWC; however, leaf water 
contents were markedly reduced in seedlings sprayed with 
200 µM SNP (Fig. 3a). A marked reduction (P ≤ 0.01) in 
ELWL (80%) was recorded in seedlings sprayed with SNP 
at 100 µM as compared to water spray (Fig. 3b). Exogenous 
NO supply significantly improved leaf chlorophyll contents 
(13%) in seedlings sprayed with SNP at 100 µM; however, 
chlorophyll contents remain unchanged at higher or lower 
SNP doses as compared to control (Fig. 3c). Drought-toler-
ant hybrid NK8711 showed significantly higher chlorophyll 
contents (7%) and lower ELWL (8%) than drought-sensitive 
P1574 hybrid (Fig. 3b, c). Non-significant interaction was 
noted among water stress (W), NO foliar spray (N), and 
maize hybrids (G) for RWC and chlorophyll content (Suppl. 
Table 2).

Effect on lipid peroxidation,  H2O2, NO, and LOX

Drought stress triggered lipid peroxidation (57%) and 
strongly increased the  H2O2 production (156%) in both 
maize hybrids. Application of SNP considerably reduced 
(P ≤ 0.01) ROS generation by decreasing MDA (54%) and 
 H2O2 (88%) content in water-stressed seedlings supple-
mented with SNP at 100 µM compared to control (Fig. 4a, 
b).  H2O2 production was the highest (17.87 nmol  g−1 FW) in 
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P1574 seedlings supplemented with 200 µM; however, both 
maize hybrids differed non-significantly for MDA content at 
various SNP concentrations (Fig. 4b).

Accumulation of NO and activities of LOX were mark-
edly (P ≤ 0.001) increased in both maize hybrids under 
drought stress (Suppl. Table 2). Exposure to drought stress 
significantly enhanced NO concentration (108%) and LOX 
activity (75%) in the leaves of maize seedlings with respect 
to normal conditions (Fig. 4c, d). An increasing trend in leaf 
NO content and LOX activity was observed with increasing 
SNP levels. Maximum NO synthesis was recorded (71.96 
and 69.55 nmol  g−1 DW) in P1574 plants supplemented with 
SNP at 150 and 200 µM, respectively, under drought stress 
conditions (Fig. 4c). Similarly, the highest LOX activity 
(52.67 µmol  min−1  mg−1 protein) was recorded in P1574 
seedlings sprayed with SNP at 200 µM. Foliar SNP spray at 
100 µM resulted in the lowest (33%) enzymatic activity of 
LOX in both maize hybrids with respect to no SNP supply 
(Fig. 4d).

Effect on enzymatic activities

Drought stress markedly influenced the enzymatic activi-
ties of antioxidants in maize seedlings (Suppl. Table 3). 
Compared with normal seedlings, activities of CAT, GPX, 
SOD, and APX were considerably increased by 137, 148, 
131, and 346%, respectively, in maize seedlings exposed to 
drought stress. The seedlings treated with SNP at 100 µM 
showed further increase (P ≤ 0.001) in CAT (45%), GPX 
(47%), SOD (53%), and APX (111%) activity, whereas treat-
ment with the highest SNP level (200 µM) reduced CAT, 
SOD, and APX activities by 25, 47, and 48%, respectively, 
as compared to control (water spray). Interestingly, GPX 
activity remained unchanged at higher SNP doses of 150 
and 200 µM (Fig. 5a–d). Sharp increases in GR (148%) and 
GST (315%) content were recorded in water-stressed maize 
seedlings with respect to normal ones. Foliar SNP applica-
tion at 100 µM significantly increased GR (55%) and GST 
(98%) activity compared to control, i.e., no SNP application 
under drought stress (Fig. 5e, f).

Enzymatic activities of NR and NiR were markedly 
reduced (P ≤ 0.01) under drought stress. Exposure to drought 
stress incurred a marked decrease in NR (54%) and NiR 
(55%) activity compared to well-watered control. Maxi-
mum increase in NR (4.65 µmol  NO2  g−1 FW  min−1) and 
NiR (4.65 and 7.09 µmol  NO2  g−1 FW  min−1) activities was 
observed in P1574 seedlings foliar applied with 200 µM 
SNP under water deficit conditions (Fig. 6a, b). Drought-
sensitive hybrid P1574 maintained noticeably higher CAT, 
APX, SOD, GR, and NiR activities than NK8711, but both 
hybrids differed non-significantly in terms of GPX, GST, 
and NR activities (Suppl. Table 3).
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Fig. 2  Effect of exogenous SNP (as NO donor) foliar spray on Plant 
height stress tolerance index (a), root length stress tolerance index 
(b), shoot fresh weight stress tolerance index (c), root fresh weight 
stress tolerance index (d), and dry matter stress tolerance index (e) 
of 4-week-old seedlings of drought tolerant (NK8711) and sensi-
tive (P1574) maize (Zea mays L.) hybrids under normal and drought 
stress conditions. Capped bars above means represent standard error 
values (± SE) of three repeats. Small alphabets above means represent 
significant differences (P ≤ 0.05) among treatments
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Discussion

Harmful effects of drought stress on growth and dry mass 
accumulation in maize have been extensively studied 
in recent past (Quiroga et al. 2017; Anjum et al. 2017). 
Drought-induced production of toxic ROS results in pro-
gressive oxidative stress and damages cellular compartments 
(Signorelli et al. 2013). NO-mediated post-translational 
modification of antioxidative enzymes is considered critical 
to scavenge ROS in plants exposed to water deficit conditions 
(Begara-Morales et al. 2016). Research on NO donors has 
identified their positive role on germination, photosynthesis, 

and antioxidant activities in different stressed plants (Boo-
gar et al. 2014; Wu et al. 2017). In this study, we highlight 
the differential response of maize hybrids to various SNP 
(used as NO donor) levels under water deficit conditions. It 
particularly focused the interplay between antioxidant and 
nitrate assimilation enzymes at various SNP levels.

Drought-induced reduction in growth of maize seedlings 
may be the result of reduced cell expansion and enlarge-
ment due to loss in turgor (Yagmur and Kaydan 2008). The 
dehydration of protoplasm (Shabbir et al. 2016) or changes 
in cell-wall permeability due to lipid peroxidation (Cechin 
et al. 2015) result in reduced plant height (measured in 

Fig. 3  Effect of exogenous 
SNP (as NO donor) foliar spray 
on leaf relative water contents 
(a), excised leaf water loss 
(b), and chlorophyll contents 
(c) of 4-week-old seedlings 
of drought tolerant (NK8711) 
and sensitive (P1574) maize 
(Zea mays L.) hybrids under 
normal and drought stress 
conditions. Capped bars above 
means represent standard error 
values (± SE) of three repeats. 
Small alphabets above means 
represent significant differences 
(P ≤ 0.05) among treatments

a

b

c
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Fig. 4  Effect of exogenous SNP 
(as NO donor) foliar spray on 
lipid peroxidation (a),  H2O2 (b), 
NO contents (c), and lipoxyge-
nase activity (d) of 4-week-old 
seedlings of drought tolerant 
(NK8711) and sensitive (P1574) 
maize (Zea mays L.) hybrids 
under normal and drought stress 
conditions. Capped bars above 
means represent standard error 
values (± SE) of three repeats. 
Small alphabets above means 
represent significant differences 
(P ≤ 0.05) among treatments
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terms of PHSI in the present study) under water deficit con-
ditions (Fig. 2a). In plants, loss of turgor due to stomatal 
closure (Nawaz et al. 2015) restricts partitioning and trans-
location of photosynthates (Miao et al. 2006; Hussain et al. 
2016) that consequently decreases dry matter as evident by 
reduced DMSI. The positive effects of NO on SFSI, RFSI, 
DMSI, and RLSI indicate that it can stimulate root growth 
and seedling establishment (Yu et al. 2014; Hu et al. 2016). 

NO-stimulated increase in RLSI (Fig. 2b) might be the con-
sequence of increased NR activity (as observed in present 
study), thereby further supporting the evidence that NR-
derived NO actively participates in signalling and root tissue 
development (Pető et al. 2013). These data support the sug-
gestion that NO participates in key processes responsible for 
primary root elongation, root hair differentiation, and devel-
opment of lateral and adventitious roots (Yu et al. 2014). 

Fig. 5  Effect of exogenous SNP 
(as NO donor) foliar spray on 
activities of antioxidative and 
sulfur assimilation pathway 
enzymes viz. catalase (a), 
guaiacol peroxidase (b), super-
oxide dismutase (c), ascorbate 
peroxidase (d), glutathione 
reductase (e), and glutathione 
S-transferase (f) in 4-week-old 
seedlings of drought tolerant 
(NK8711) and sensitive (P1574) 
maize (Zea mays L.) hybrids 
under normal and drought stress 
conditions. Capped bars above 
means represent standard error 
values (± SE) of three repeats. 
Small alphabets above means 
represent significant differences 
(P ≤ 0.05) among treatments
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However, high SNP doses inhibit root elongation and stimu-
late lateral root formation (Correa-Aragunde et al. 2004).

The findings that higher doses (150 and 200 µM) of SNP 
reduced root length and seedling growth corroborate other 
studies that low SNP doses increase biomass and promote 
hypocotyl elongation during the vegetative growth phase of 
plants (Hebelstrup et al. 2013; Hu et al. 2016). It is note-
worthy that NO effects on plant growth are concentration 
dependent, so care must be taken to optimize NO doses 
before exogenous application to plant species (Cechin et al. 
2015). These findings are concurrent with the previous 
reports related to the dose-dependent effect of SNP (as a 

source of NO) in Solanum tuberosum (Beligni and Lamattina 
1999), A. thaliana (He et al. 2004), Triticum aestivum (Tian 
and Lei 2006), Pisum sativum (Leshem 1996), and Zea mays 
(An et al. 2005). Maize hybrids show different degrees of 
response to various abiotic stresses (Fu et al. 2017; Quiroga 
et al. 2017). Higher accumulation of biomass in drought-
tolerant (NK8711) than sensitive hybrid (P1574) suggests 
that variations exists among crop species or even within the 
species of the same crop in their response to exogenous NO 
supply (Lin et al. 2013).

Increasing evidence suggests that plants tend to maintain 
high water potential in their protoplasts to support growth 
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and function under drought stress (Nawaz et  al. 2015; 
Shabbir et al. 2016). The data clearly suggest that drought 
stress markedly reduced leaf RWC (Fig. 3a) that may have 
decreased leaf water potential, since there exists a positive 
correlation between RWC and leaf water status under limited 
water conditions (Askari and Ehsanzadeh 2015). Foliar SNP 
spray helped to achieve membrane stability due to reduced 
MDA content as reported earlier in T. aestivum (Bavita et al. 
2012), Helianthus annuus (Cechin et al. 2015), and Oryza 
sativa (He et al. 2014). NO acts like a hormone and employs 
key physiological processes to regulate water homeostasis 
through osmotic adjustment under water limited environ-
ment (Misra et al. 2011; Habib et al. 2013). Exogenous SNP 
supply decreased ELWL (Fig. 3b), which could be explained 
by reduced transpiration as a consequence of ABA mediated 
stomatal closure. Being a stress-signalling molecule, NO 
regulates ABA synthesis and influences protein S-nitros-
ylation and  Ca2+-sensitive ion channels to induce stomatal 
closure under water deficit conditions (Garcia-Mata et al. 
2003; Sokolovski and Blatt 2004).

Foliar SNP spray (100 µM) markedly increased the chlo-
rophyll contents of maize seedlings (Fig. 3c). These results 
suggest that optimum NO supply stimulates chlorophyll bio-
synthesis and chloroplast differentiation by increasing iron 

availability in guard cells (Zhang et al. 2006). Previously, 
SNP application was observed to protect the photosynthetic 
apparatus of water-stressed Poncirus trifoliata (Fan and Liu 
2012) and T. aestivum (Alavi et al. 2014) seedlings. The 
improvement in photosynthetic performance was ascribed to 
NO ability to detoxify ROS that degrade pigments and cause 
instability of chlorophyll complexes (Simaei et al. 2012). 
Contrarily, Cechin et al. (2015) reported that SNP treatment 
failed to influence photosynthetic pigments of H. annuus 
seedlings. The inconsistent findings about effects of exog-
enous NO supply on chlorophyll contents may be related to 
variation in doses and time of application as well as differ-
ences in sensitivity among various crop species (Santisree 
et al. 2015).

Abiotic stresses including drought trigger ROS produc-
tion that induces molecular damage in crop plants (Askari 
and Ehsanzadeh 2015; Fu et al. 2017). Drought stress dis-
rupts cellular homeostasis and increases lipid peroxidation 
leading to oxidative stress in plants (Quiroga et al. 2017). 
In this study, increased damage to membrane stability was 
evident by higher levels of MDA in drought stressed than 
normal seedlings (Fig. 4a). Drought-induced lipid peroxi-
dation influences the normal functioning of membranes 
and alters the lipid composition that negatively impacts 

Fig. 6  Effect of exogenous SNP 
(as NO donor) foliar spray on 
activities of nitrate assimila-
tion pathway enzymes viz. 
nitrate reductase (a) and nitrite 
reductase (b) in 4-week-old 
seedlings of drought tolerant 
(NK8711) and sensitive (P1574) 
maize (Zea mays L.) hybrids 
under normal and drought stress 
conditions. Capped bars above 
means represent standard error 
values (± SE) of three repeats. 
Small alphabets above means 
represent significant differences 
(P ≤ 0.05) among treatments
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physiological activities linked to plasma membrane in maize 
(Fu et al. 2017). Exogenous SNP supply helped to reduce 
lipid peroxidation as indicated by the low MDA contents 
and LOX activity in NO treated (100 µM SNP) seedlings 
under drought stress. It highlights the importance of NO 
to scavenge free radicals (Dwivedi et al. 2016), linked to 
lipid peroxidation, thereby increasing antioxidative ability 
to enhance drought tolerance in plants (Izabela et al. 2013). 
There was a significant reduction in LOX activity (33%) 
in seedlings foliar applied with 100 µM SNP in contrast to 
higher SNP doses (150 and 200 µM) (Fig. 4d). These results 
provide further evidence that high SNP doses aggravate lipid 
peroxidation and  H2O2 production under oxidative stress 
conditions (Böhm et al. 2010; Lin et al. 2013). Indirect cel-
lular damages by ROS could also be manifested by increased 
 H2O2 (highly reactive to biomolecules or membranes and 
leads to  OH− production) or NO production (as observed 
in present study) under oxidative stress conditions (Yildiz-
tugay et al. 2014). Increased SOD activity, as a result of 
exogenous SNP supply, might also be the outcome of more 
 H2O2 or NO production (Fig. 4b, c) and high LOX activity 
(Zhao et al. 2008), since SOD is a key player in conversion 
of toxic  O2

·− to less harmful  H2O2 under water deficit condi-
tions (Askari and Ehsanzadeh 2015). It has been shown that 
exogenous SNP supply enhances SOD activities that pro-
mote the conversion of  O2

·− to  H2O2 under oxidative stress 
(Yildiztugay et al. 2014). Suppression of SOD activity at 
high doses (150 and 200 µM) could be explained by the 
direct scavenging of  O2

·− by NO (Bavita et al. 2012).
The detoxification of harmful  H2O2 to  H2O is acceler-

ated by upregulation of antioxidative machinery in plant 
cells (Nawaz et al. 2015). CAT, GPX, APX, and GR are 
the most prevalent antioxidants produced in water-stressed 
plants (Mittler 2002). It was noted that NO donor (SNP) 
upregulated enzymatic activity of antioxidants supporting 
the evidence that NO stimulates activity of iron contain-
ing enzymes (Wang et al. 2004; Zhang et al. 2016a, b). 
NO-mediated alleviation of oxidative damage was evident 
by reduced  H2O2 levels in water-stressed maize seedlings 
treated with 100 µM SNP. CAT activity is thought to be not 
induced by water stress (Smirnoff 1993), as it is located in 
peroxisomes and other related organelles (Wang et al. 2011). 
Hence, increased CAT activity (Fig. 5a) might be attrib-
uted to its ability to detoxify  H2O2 in water-stressed seed-
lings (Wang et al. 2011). Contrarily, foliar SNP spray did 
not affect GPX activity in Cicer arietinum (Sheokand et al. 
2010) and Z. mays (Yildiztugay et al. 2014) seedlings sub-
jected to salinity and drought stress, respectively. This con-
flicting result might be related to the use of very high SNP 
doses (300 µM and 1 mM) by these researchers as high SNP 
supply may also inhibit the enzymatic activities of antioxi-
dants (Lin et al. 2013). Foliar SNP spray (100 µM) increased 
GST activity (Fig. 5f), which is another important  H2O2 

scavenger involved in decomposition of organic hydrop-
eroxides under oxidative stress conditions. Application of 
NO has been found to increase GST activity in T. aestivum 
(Hasanuzzaman et al. 2012) and Glycine max (Dinler et al. 
2014) that might be ascribed to increased glutathione syn-
thesis and regeneration to prevent  H2O2 mediated membrane 
degradation.

NR is an important enzyme of nitrate assimilation path-
way primarily involved in NO generation (Gupta and Kaiser 
2010) due to nitrite accumulation in cells of plants exposed 
to various biotic and abiotic factors such as fungal attack 
(Srivastava et al. 2009), aphids infestation (Sytykiewicz 
2014, 2016), hypoxia (Benamar et al. 2008), floral transi-
tion (Seligman et al. 2008), salinity (Hayat et al. 2012), 
and drought stress (Sang et al. 2008). Compared to no SNP 
supply,  H2O2-induced enzymatic activities of antioxidants 
(SOD, APX, CAT, GR, and GPX) were markedly increased 
in maize seedlings treated with SNP (100 µM) under water 
deficit conditions (Fig. 5). This finding implies that drought-
induced  H2O2 accumulation mediates NO production and, 
in turn, activates protein kinases to stimulate antioxidant 
activity (Du et al. 2008; Wu et al. 2017). NR-mediated NO 
oscillation was observed to facilitate antioxidant enzymes 
in Ulva compressa (González et al. 2012), T. aestivum (Sun 
et al. 2014), and Zea mays (Zhang et al. 2007). Interestingly, 
high SNP dose (200 µM) markedly increased the activity of 
nitrite pathway enzymes (Fig. 6). These findings imply that 
high SNP doses facilitate endogenous NO production (as 
observed in present study, Fig. 4c), which in turn, stimu-
late the post-translational regulatory pathways of NR. An 
increase in NiR by SNP application (Fig. 6b) might be asso-
ciated with NR catalyzed nitrite reduction due to enhance-
ment in NR activity and nitrite production. Contrarily, Jin 
et al. (2009) observed that low SNP supply promoted NR 
activity in Solanum lycocarpum, which was significantly 
inhibited at high SNP doses. Likewise, Rosales et al. (2011) 
reported a marked decrease in NR activity of T. aestivum 
leaves treated with SNP dose of 500 µM. These contrasting 
reports suggest that the factors such as crop species, SNP 
levels, and environmental conditions influence NO-mediated 
NR activity in plants.

Concluding remarks

The studies investigating the effects of low or high SNP (as 
NO donor) doses on sulfur and nitrate assimilation pathway 
enzymes are scant. Our findings highlight the importance of 
NO (as SNP)-regulated enzymatic processes in improving 
drought tolerance in maize at early growth stages. Drought-
mediated oxidative stress, evident by increased  H2O2 and 
MDA content, markedly reduced seedling growth properties 
of maize. Foliar SNP treatment at 100 µM triggered sulfur 
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and nitrate assimilation pathway enzymes to effectively ame-
liorate drastic effects of drought stress in maize seedlings. 
Interestingly, higher SNP doses (150 and 200 µM) aggra-
vated the toxic effects of oxidative stress by increased MDA, 
 H2O2, and NO content and enhanced the activity of LOX that 
inhibited the enzymatic activities of antioxidants. Differen-
tial response of maize hybrids to SNP supply supports our 
hypothesis and suggests that NO-mediated stress tolerance 
mechanisms may vary even within species of same crop and 
influence regulatory processes in a dose-dependent manner.
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