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Background
Agricultural farmers are faced with the challenge of ensuring 

food availability for an additional 2. 3 billion people in the coming 
decade. Recently, emphasis has been placed upon the efficient use 
of limited natural resources and adaptation of crops to climate 
change. Global environmental changes, such as devastating flooding, 
hurricanes, and tropical cyclones have resulted in the destruction of 
crops and economic losses [2]. Plants face many abiotic stresses such 
as flooding, drought, heat, salinity, depletion of the ozone layer, UV-
radiation, herbicides, and metal toxicity, as well as biotic stresses such 
as pathogens, microbes, and insects that threaten crop production [3]. 
Extreme conditions and global climate change are resulting in more 
adverse environmental conditions, threatening food security [4].

Flooding is a major environmental factor that limits crop 
production and development [5]. Flooding is detrimental to 
terrestrial plants, reducing growth and resulting in premature death. 
Inter specific variation has an impact on species distribution in flood-
prone eco systems worldwide [3]. Flood stress negatively influences 
the physiological processes of plants, often leading to poor hormonal 
balance, reduced nutrient uptake, and decreased photo synthesis, 

resulting in stunted growth and reduced yield [6]. Flooding can result 
in total submergence, which creates hypoxic conditions for non-
photosynthetic organs. Excess water imposes pressure on the plants, 
limiting the availability of oxygen, carbon dioxide, and light, and 
reducing photo synthetic rates causing leaf chlorosis [7]. In response 
to environmental changes, plants develop complex mechanisms 
involving physio-chemical changes, hormonal modulation, and 
regulatory genes, which arbitrate the transduction signals under 
stress-inducing conditions [8]. Plants respond to stresses by 
producing molecules such as reactive nitrogen intermediates, which 
subsequently regulate many biochemical and physiological processes.

Nitric Oxide (NO) is an important plant signaling molecule that 
gains much attention due to its functional role in many physiological, 
environmental, and developmental responses [9]. Nitric oxide is a 
very reactive species in the presence of oxygen it form other oxides 
such as N2O3, N2O4 and NO2, which react with thiols and cellular 
amines or hydrolyze to NO2 and NO3 [10]. NO can improve plant 
tolerance toward both biotic and abiotic stresses [11] and playsan 
important role in plant defense and stress resistance [12]. In soybean 
nodules, flooding with copper containing nitrite reductase down-
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regulates the expression of nitrogenase, suggesting that the oxygen 
carrier leg hemoglobin plays a major role in detoxifying NO and 
NO2 in response to flooding conditions [13].  In response to abiotic 
stress NO was reported to reduce the destructive effects of herbicides, 
drought, and heavy metal in plants [14]. Furthermore to evaluate the 
protective effects of NO sources on plants under abiotic stress was 
reported by many researchers through the activities of antioxidant 
enzyme and ROS scavenging activity [15]. Eventually nitric oxide 
educe the ROS level during the stress and limited the oxidative damage 
to plants cell, similarly NO application strongly enhance the growth 
along with maintain the PS II activity and increased the antioxidant, 
and increase the gene expression related to stress tolerance [16].

In response to abiotic stressors, NO performs antioxidant 
activities and acts as a signal to activate Reactive Oxygen Species 
(ROS). NO reacts with glutathione (GSH) to ensure the accumulation 
of S-nitrosoglutathione (GSNO3), which performs an endogenous 
trans nitrosylation function. GSNO3 is more stable than NO and acts 
as a physiological NO donor and long-distance NO transporter [17]. 
Sodium Nitroprusside (SNP) is an NO donor that alters NO bio-
regulatory functions; SNP also executes protective and toxic functions 
and can act as a signaling compound depending on its concentration. 
In addition, SNP regulates the concentration, time of production, and 
development of endogenous proline and polyamine metabolites [18]. 

In this study, we determined the interaction between exogenous 
sources of NO (SNP) at the physio-chemical and transcription levels 
under flooding stress. We subjected soybean (Glycine max L.) to 3 
and 7 days of flooding stress to investigate the function and effects of 
exogenous NO donor (SNP) on the physio-hormonal (abscisic acid) 
involvement and its effects on antioxidant defense system and ROS 
scavenging activity in soybeans plants during flooding. Additionally, 
we examined the role of abscisic acid receptors and promoters during 
exogenous NO treatments and flooding stress.

Material and Methods
Plant Growth Conditions

Soybean seeds (Glycine max L.) were provided by the Soybean 
Genetic Resource Center, Kyungpook National University Daegu, 
and Republic of Korea. The seeds were sterilized using 2.5% sodium 
hypochlorite for 10min and then washed three times with double 
distilled water. The seeds were placed in plastic trays filled with 
horticulture soil containing 10–15% peatmoss, 45–50% cocopeat, 
6–8% zeolite, ~0.205 mg/g NO3, 35–40% perlite, ~0.35 mg/g P, ~0.1 
mg/g K, and~0.09 mg/g NH+ [19]. The trays were kept in growth 
chambers under a fixed day and night cycle of 14 h at 27°C and 10 hat 
24°C. Relative humidity was maintained at 60% to 70% and the plants 
were exposed to light at an intensity of 1000μEm−2s−1 from sodium 
lamps. At the VC stage (unifoliate leaves are fully developed), equally-
sized seedlings were transferred to a plastic pots filled with the same 
horticulture substrate.

Nitric Oxide Treatment and Flooding Stress
The experiment was comprised of two time periods (3, and 7 

days) and 5 treatments with 8 plants for each treatment: (1) Control, 
(2) control with flood (CWF), (3) 100µMSNP previously reported by 
[20], (4) 150µML-NAME, (5) and 150µM cPTIO. At the VC stage 
plants were pre-treated with 50ml (Twice a day) of each 100µMSNP, 

150µML-NAME, and 150µM cPTIO for 3 day and then subjected to 
flooding stress for 3 and 7 days. For the flooding stress pots were kept 
in (24×17 cm) 4 plants in each box. During the flooding treatment, the 
water level was maintained 5-6cm above the soil surface. Chlorophyll 
content was measured using SPAD (Minolta Chlorophyll Meter 
SPAD- 502, Japan), upon the completion of each stress period and the 
plants were harvested. The root and shoot lengths and fresh weights 
were measured, and then samples were frozen with liquid nitrogen 
and stored at −80°Cuntil further analysis.

Determination of Antioxidant Enzymatic Activity
Catalase activity was determine using a previously described 

method of [20,21], by calculation of H2O2 absorption reduction at 240 
nm. The reaction buffer contained 15mM H2O2 and 50mM potassium 
phosphate buffer at a pH of 7.0. Then, 100μl of the enzyme extract was 
added to the reaction mixture to initiate the reaction. The H2O2 level 
in the reaction mixture was measured after 1 min using the extinction 
coefficient of 40 mM−1 cm−1, which indicated CAT enzyme activity.

Superoxide dismutase [1] activity were measures using the 
method of [22,23], which consisted of evaluating the SOD inhibitory 
ability to photochemically decrease nitroblue tetrazolium (NBT). 
SOD activity units were determined as the amount of enzyme required 
to cause 50% inhibition of the reduction of NBT, as monitored at 
560 nm. POD activities were determined using the guaiacol method 
[24], which was performed by adding 0.1 ml of the supernatant to 
the reaction mixture containing 1.0 ml of 2% H2O2, 2.9 ml of 50 mM 
phosphate buffer (pH 5.5) and 1.0 ml of 50 mM guaiacol. Phosphate 
buffer was used as control without enzyme. Absorbance was read at 
470 nm for 3 min, and POD activity was calculated as unit change per 
minute. For determining the reduction of GSH content, a previously 
described detailed method [25] was used.

Determination of H2O2 and MDA
Hydrogen peroxide (H2O2) content was measured following the 

detail method of [26]. Briefly, 0.1 g of leaf sample was ground and 
extracted using 5 ml of 0.1% TCA and centrifuged at 12,000×g for 
15 min. Next, 0.5 ml of the supernatant was collected, and 1 ml of 1 
M potassium iodide and 0.5 ml of 10mM phosphate buffer (pH 7.0) 
were added, and the absorbance was detected at 390 nm. The H2O2 
content was estimated using the extinction coefficient (ɛ) 0.28 mM 
cm−1 and expressed as μM g−1 DW. Lipid peroxidation in leaves 
was determined by measuring the levels of MDA as described by 
[20]. Briefly, 0.1g of fresh plant tissue was ground with 10 ml of 5% 
TCA and centrifuged at 4000x g for 10 min at 4°C. The resulting 
supernatant was suspended with 4 ml of TBA, heated at 90°C for 
25 min and then immediately cooled down at 4°C. The sample was 
centrifuged, and the supernatant was read at wavelengths of 532 and 
600 nm. The MDA content was calculated as MDA (u mol. G-1 FW). 

Determination of Stomata Conductance and 
Photosynthesis Rate

To determine the physiological traits such as stomata conductance 
and photosynthesis rate were followed by the previous method of 
[27]. For the stomata conductance and photosynthesis data were 
collected for the 2nd trifoliate leaf of soybean plant using and advance 
portable photosynthesis system (L Cpro T, ADC Bio Scientific Ltd., 
Hoddesdon, Herts EN11 0NT, UK).
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Quantification of Endogenous Abscisic Acid
Endogenous ABA was extracted and quantified following the 

method of [28]. In brief, abscisic acid was extracted from 0.3g of 
freeze-dried aerial plant parts and a chromatograph was run using 
a Me-[2H6]-ABA standard. The fraction was then methylated using 
diazomethane for detection and was further quantified using gas 
chromatography mass spectrometry (GCMS; 6890N network gas 
chromatograph) (Supplementary Table 2). Thermo-Quest software 
(Manchester, UK) was used to amplify and monitor signal ions (m/z 
162 and 190 for Me-ABA and m/z 166 and 194 for Me-[2H6]-ABA).

Endogenous Nitric Oxide Quantification 
Nitric oxide was quantified using 100 mg of fresh plant sample, 

ground in liquid nitrogen using a chilled mortar and pestle. The 
samples were mixed with 1ml of extraction buffer (1X PBS, pH 7.4) 
and centrifuged at 12,000 rpm for 10 min, and then the supernatants 
were collected. Next, 100µl of extract was injected into the Nitric 
Oxide Analyzer (NOA280i, GE Water & Process Technologies, 
Germany) containing reducing buffer (CuCl/cysteine with water) to 
determine the S-Nitrosothiol (SNO) content. NO production values 
were recorded and the standard curve was plotted using the OD595 
values for each standard against its concentration (µg/ml). The 
standard curve was used to determine the total SNO levels in each 
sample [20].

RNA Isolation and Quantitative Real-Time PCR 
RNA was extracted from the fresh leaves using the method of [29], 

with slight modifications. Briefly, 0.1g of the leaf samples was ground 
in liquid nitrogen using a pre-chilled mortar and pestle. Ground 
samples were transferred to RNA free E-tubes with an extraction 
buffer (0.25 M NaCl, 0.05 M Tris-HCl (pH 7.5), 20m MEDTA, 1% 
w/v sodium do decyl sulfate, and 4% w/v PVP [19]. The verified and 
purified RNA was used to synthesize cDNA using a DiaStar™ RT kit 
(SolGent, Korea) according to the manufacturer’s standard protocol. 
Quantitative real-time PCR (qRT-PCR) was used for the transcript 
accumulation to investigate the response of soybean to flooding 
stress. The detailed list of genes and relative primers are shown in 
(Supplementary Table. 1). We used a 2×RT- PCRkit (BioFACTTM, 
Korea) with 10nM specific gene primer and 100ng template cDNA 
with a final volume of 20µl. The reaction was carried out according to 
the manufacturer’s protocol using Eco™ Real-Time PCR (Illumina™) 
with a template control [30] as the negative control. 

Statistical Analysis
The experimental treatments were performed independently 

in triplicate. Duncan’s multiple range test (DMRT) was used to 
determine the mean values with a significance level of P<0.05. 
Statistical Analysis System (SAS 9.1) was used for the DMRT analysis. 
For the graphical representation, we used GraphPad Prism software 
(version 6.0, San Diego, CA, USA).

Results
Phenotypic Variation in Response to Long-Term Flooding 
Stress

Plant growth attributes shoot length, (RL) root length, [31] fresh 
weight, dry weight, and (CC) chlorophyll content were measured. 
The treatments included control (Cont), Control With Flood (CWF), 
NO-donor sodium nitroprusside (SNP), NO-scavenger (cPTIO), 

and NO-inhibitor L-NAME, over two time periods 3, and 7 Days-
After-Stress (DAS). The results of the current study show that the 
application of Exo-NO donor SNP improves plant growth and 
development. Three days after the flooding stress, the shoot and root 

Figure 1: Effects of nitric oxide donor SNP application on the phenotypical 
visualization of soybean plants growth under flooding stress.

Figure 2: The inhibitor effects of nitric oxide source on the (A) Hydrogen 
peroxide (H2O2), (B) MDA level in soybean plants after 3 and 7 days of 
flooding stress. Data represent the mean of three replicates, while the error 
bars indicate the standard error. The differences between the mean values 
were determined using Duncan’s multiple range test (DMRT) at P ˂ 0.05. 
Different letter(s) indicate values that are significantly different. 
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lengths of plants treated with SNP significantly improved compared 
to the control with flooding, where as the shoot and root lengths 
significantly decreased in the NO-inhibitor (L-NAME) and NO-
scavenger (cPTIO) treatments. Contrarily, plants treated with SNP 
had higher fresh and dry weights compared to control and CWF 
(Control With Flooding Stress) 3-DAS (Figure 1; Table 1). Seven 
DAS, SNP-treated plants displayed an increase in shoot and root 
length, biomass, and chlorophyll content, which was completely 
reversed by the cPTIO and L-NAME treatments.

Effects of Exogenous NO Application on H2O2, MDA and 
Proline Content

The excess amount of H2O2 induced the lipid peroxidation is 
an important factor of flooding induced program cell death. In the 
present study to evaluate the effects of flooding on the soybean plants 
and the role of nitric oxide on the H2O2 and MDA accumulation. 
As show in (Figure 2A) flooding stress cause significant increase in 
H2O2 (73%) after 3 days and (97.6%) after 7 days compared to control 
plants. However the plants treated with exogenous SNP significantly 
inhibit the excessive production of H2O2 by 39.8% after 3 days and 
33.4% after 7 days compared to plants treated with flooding, while 

after 7 days of flooding further increase was observed in the H2O2 
then 3 days after stress, where SNP treated plants decrease H2O2 
level. Similar in the case of MDA content, that flooding stress cause 
significant increase (68.5%) in MDA content compared to control 
plants (without flooding stress). While the SNP pre-treatment 
reduced the MDA level by 27.7% compared to CWF treated plants. 
These effects of SNP treatment was significantly reverse by the pre-
treatment of cPTIO and L-NAME, by enhance the level of MDA after 
3 and 7 days of flooding stress (Figure 2B). Moreover the proline 
content was slightly increase by 15.3% at first 3 DAS and was reduced 
by 32.5% after 7 DAS compared to control plants. However the SNP 
treatment significantly increases the proline content by (35.9%) after 
3 DAS (Days After Stress) and (27.8%) after 7 DAS compared to CWF 
treated plants (Figure 3).

Exogenous Nitric Oxide Enhance the Antioxidant Activity 
Under Flooding Stress

In the present study, the effect of flooding on the soybean 
plants and the role of nitric oxide involvement in the activation of 
antioxidant activity was validating. As show in (Figure 4A-B) 3 days 
after flooding stress a slight increase was found in POD (11.5%) and 
CAT (12.7%) activities compared to control plants. Where plant 
treated with SNP further increase in the POD (20.5%) and CAT 
(26.2%) compared to CWF plants. However 7 DAS after flooding 
stress a significantly decrease was found in POD (17.2%) and CAT 
(19.4%) when compared to control plants, while the NO donor SNP 
significantly increase the POD (49.3%) and CAT (31.6%) compared 
to plants treated with CWF. The effect of SNP on the POD and 
CAT activity was significantly reverse by the cPTIO and L-NAME 
treatment. Similar in the case of GSH content, after 3 and 7 days of 
flooding stress GSH content was a significantly reduced by 18.6% and 
23.4% compared to control plants (no stress), where the plant treated 
with SNP improve the GSH content by 16.5 and 19.3% compare to 
CWF treated plants. on the other hand, SOD was found to increase 
by 48.4% and 28.6% during 3 and 7 days of flooding compare to 
control plants (no stress), where SNP treated plant cause further 
more increased in SOD level by 24.7% and 19.8% compare to CWF 
treated plant (Figure 4C-D).  These positive effects of NO donor on 
the regulation of antioxidant were significantly reduced by the cPTIO 

3 Days

Treatment SL RL FW DW CC (SPAD)

Control 14.3±0.5b 14.9±1.08b 2.2±0.05b 1.5±0.7b 37.3.5±0.8a

CWF 10.1±0.7c 7.8±1.1d 1.3±0.05c 0.73±0.06c 31.4±3.2cd

SNP 15.8±0.5a 16.5±0.9a 2.9±0.07a 2.2±0.05a 37.08±2.5a

L-NAME 9.1±0.7d 6.8±1.7f 1.0±0.05d 0.64±0.05d 31.1±3.06d

cPTIO 10.5±0.9c 7.7±0.9e 1.3±0.06c 0.69±0.1cd 32.05±2.8c

7 Days

Control 16.4 ±0.05b 14.8±0.6b 2.6±0.05b 1.8±0.05c 40.2±0.8a

CWF 13.9±0.6c 12.1±1.1c 1.6±0.06c 0.95±0.1d 29.7±0.8d

SNP 17.5±0.5a 16.4±0.9a 3.4±0.5a 2.6±0.05a 39.4±3.3ab

L-NAME 12.5±0.04d 10.1±0.7d 1.3±0.05cd 0.71±0.07e 29.2±2.1d

cPTIO 13.5±0.06c 9.2±1.2e 1.3±0.05cd 0.97 ±0.05d 30.4±2.5c

Table 1: Effect of exogenous nitric oxide on growth attributes 3 and 7 days after flooding stress.

SL=Shoot length (cm), RL=Root length (cm), FW=Fresh weight (g), DW=Dried weight (g), CC=Chlorophyll contents (SPAD). Each value represents the mean ± SD of 
3 replicates from 2 independent experiment. Values followed by different letters are significantly different at P<0.05.

Figure 3: The effects of nitric oxide source on the proline accumulation in 
soybean plants after 3 and 7 days of flooding stress. Data represent the 
mean of three replicates, while the error bars indicate the standard error. 
The differences between the mean values were determined using Duncan’s 
multiple range test (DMRT) at P ˂ 0.05. Different letter(s) indicate values that 
are significantly different. 
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and L-NAME treatment.

Exogenous Nitric Oxide Application Improve 
Photosynthesis and Stomata Conductance under 
Flooding Stress

The results of present study shows that after 3 and 7 days 
of flooding stress a significantly reeducation was found in net 
photosynthesis (36.1% and 39.7%) and stomata conductance (26.7% 
and 31.2%) compare to control plants (no stress). However, the 
plants treated with SNP improved the  net photosynthesis (19.1% 
and 15.7%) and stomata conductance (17.4% and 15.8%) compare to 
CWF treated plants. furthermore the plants treated with cPTIO and 
L-NAME reverse these effects of NO and reduced net photosynthesis 
and stomata conductance, showing a non-significant difference to 
CWF treated plants (Figure 5A-B).

Endogenous Phytohormone ABA Content during Flooding 
Stress

We also evaluate the effects of NO application on ABA 
accumulation in soybean plants under flooding stress. The results 
show that after 3 and 7 of flooding stress ABA level was significantly 
increased by 61.8% and 92.3% compared to control plants. On the 
other hand plants treated with SNP significantly reduced the ABA 
content by (35.9%) after 3 DAS (Days After Stress) and (27.8%) after 
7 DAS. The L-NAME and cPTIO treated plants up-regulated the 
ABA accumulation by inhibiting and scavenging the NO production 
compared to other treatments (Figure 6A). This was also confirm 
through expression level of ABA biosynthesis gene NCED3 and 
abscisic acid-responsive protein [32] gene. As shown in (Figure 6B) 
after 3 and 7 days of flooding stress a significant up-regulation was 
found in the relative expression of NCED3 by 29.4% and 32.6% 

Figure 4: Nitric oxide source regulates antioxidant enzyme activity (A) Peroxidase (POD), (B) Catalase (CAT), (C) Reduced glutathione, (D) Superoxide dismutase 
levels insoybean plants after 3 and 7 days of flooding stress. Data represent the mean of three replicates, while the error bars indicate the standard error. 
The differences between the mean values were determined using Duncan’s multiple range test (DMRT) at P ˂ 0.05. Different letter(s) indicate values that are 
significantly different. 

Figure 5: The effects of nitric oxide donor SNP on the (A) net photosynthesis 
and (B) stomata conductance in soybean plants after 3 and 7 days of flooding 
stress. Data represent the mean of three replicates, while the error bars 
indicate the standard error. The differences between the mean values were 
determined using Duncan’s multiple range test (DMRT) at P ˂ 0.05. Different 
letter(s) indicate values that are significantly different. 
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compare to control plants (no stress), while the plants treated with 
NO donor SNP significantly reduced this up-regulation in NCED3 
by 24.5% and 21.3% compared to CWF treated plants. Furthermore, 
there lative expression of the ABAR1 and ABAR2 was significantly up-

regulated in all treatments compared to the control. When comparing 
the controls, ABAR1 and ABAR2 expression were significantly 
increased by 62.1% and 72.4% after 3 and 68.4% and 76.3% after 
7DAS, respectively, in CWF treated plants compared to control 

Figure 6: The effects of nitric oxide donor SNP on the (A) ABA accumulation, (B) ABA biosynthesis gene NCED3, and (C and D) ABAR1 and ABAR2 relative 
expression in Glycine max (soybean) 3 and 7 days after flooding stress. Data represent the mean of three replicates, while the error bars indicate the standard 
error. The differences between the mean values were determined using Duncan’s multiple range test (DMRT) at P ˂ 0.05. Different letter(s) indicate values that 
are significantly different.

Figure 7: Effects of Nitric oxide application on (A) endogenous Cellular SNO levels and Transcription accumulation of genes involved in nitrogen metabolism and 
expression levels of (B) GmNR and (C) Gm GSNOR in Soybean plants, 3 and 7 days after flooding stress. Data represent the mean of three replicates, while the 
error bars represent standard error. Different letter(s) indicate significant differences between the mean values, determined using Duncan’s multiple range test 
(DMRT) at P ˂ 0.05.
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plants (without flooding stress). In contrast, ABAR1 and ABAR2 
expression level significantly decreased in plants treated with SNP by 
32.3% and 35.2% at 3 DAS and 34.6% and 29.2% 7DAS compared to 
the CWF, while the cPTIO and L-NAME treated plants significantly 
reverse the decrease in ABAR1 and ABAR2 relative expression cause 
by SNP treatment (Figure 6C-D).

Endogenous NO Level during Flooding Stress
Plants regulate endogenous NO production by controlling its 

biosynthesis and scavenging. To clarify the effects of NO in plants 
under environmental stress, exogenous application of SNP, cPTIO, 
and enzyme inhibitors showed that NO levels varied significantly in all 
treatments during the stress condition. When comparing the controls 
(non-flooded and flooded), the plants treated with flooding slightly 
improved NO levels by 14.4% after 3 days and was then significantly 
reduced by 19.7% after 7 days. However the endogenous NO level 
was significantly enhanced by 21.5% and 24.2% after 3 and 7 days in 
plants treated with SNP compared to CWF plants. On the other hand 
this increase in endogenous SNO was reversed by the L-NAME and 
cPTIO treatments (Figure 7A). It was further confirm through the 
relative expression of NR and GSNOR. The results show that gmNR 
and gmGSNOR relative expression is significantly enhanced in CWF 
treated plants at the first 3 days after flooding stress, where this up 
regulation was decreased at 7 days after stress, where the plants treated 
with SNP further enhance the gmNR and gmGSNOR expression by 
19.1% and 27.5% after 3 days and 19.6% and 23.8% compared to the 
CWF after 3 and 7DAS. (Figure 7B-C). Where this expression in 

Figure 8: Schematic representation of nitric oxide (NO) interplay during flooding stress responses in soybean plants. (ABA) abscisic acid, (H2O2) hydrogen peroxide, 
(NR) nitrate reductase, [1] Superoxide dismutase, (POD) peroxidase, (CAT) catalase, (GSH) Reduced glutathione, (ACS) 1-aminocyclopropane-1-carboxylic acid 
synthase, (ACO) aminocyclopropane-1-carboxylic acid oxidase. The red arrow represents the down-regulation and green arrow represents the up-regulation.

gmNR and gmGSNOR was significantly inhibited by L-NAME and 
cPTIO treatment. Through this catabolic process, GSNOR plays a 
vital role in the regulation of endogenous S-nitrosothiols, controlling 
the protein S-nitrosylation-based signaling. Thus, GSNO can serve as 
a stable NO pool, which can effectively transduce NO signaling [33].

Discussion
Studies have shown that SNP application can enhance 

photosynthesis and related enzyme activity during metal and 
flooding stress [34]. The results of this study also show that 
exogenous NO sources can significantly increase photosynthetic 
activity in plants 3 and 7, DA Sunder flooding stress and increasing 
shoot and root length, chlorophyll content, and biomass (Table 1). 
These increases were much more pronounced in SNP treatments 
compared to the other treatments. A similar conclusion was drawn 
by [35]; previously, it was shown that NO induces stomatal closure 
to help plants adapt to drought stress [36], which could also be true 
for plants that exhibited reduced photosynthetic rates after flooding. 
This may correlate with the plants defensive mechanism consists 
of antioxidant enzyme including SOD, POD, CAT, GSH, and APX 
[37]. In plants cell maintaining the ROS accumulation enable the 
proper redox biological reaction and regulate many processes that is 
essential for plant growth and development [38], however the excess 
amount of these ROS is also harmful for the steady growth of plants 
and cause cellular damage and increase the program cell death [39]. 
Similarly the current result also show that the flooding stress cause 
increase in H2O2 and MDA level, where the SNP treatment reverse 
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these effect and reduce the over-generation of H2O2 and decrease the 
MDA level (Figure 2). Nitric oxide play vital role to maintain the 
ROS at steady level by increasing the antioxidant level under stress 
condition. Similarly [40] reported that the exogenous nitric oxide 
application enhance the plants growth and development and inhibit 
the overproduction of ROS, reduced the MDA content and increase 
the level of antioxidant enzyme activity in Arachishypogaea L. plants 
under aluminum stress. Furthermore proline is considered to stabilize 
the cellular homostasis and protect protein integrity and trigger gene 
expression [41]. Proline can also protect the ROS scavenging enzyme 
and activate the detoxification pathway, and increased the activity 
of GSH-ASC enzyme was reported in tobacco plants against the salt 
stress [42]. Similarly [43] reported the positive effect of NO treatment 
on the proline activity under cold stress in banana plants.

Endogenous ABA is involved in a signaling avalanche related 
to plant defense and stress modulation in many cropplants [44]. In 
addition, ABA tends to be reduced during flooding stress (contrary to 
drought stress) by stomatal closure [45] causing suberin deposition in 
cell walls and the formation of aerenchyma cells [46,47]. ABA levels 
might also correspond to the stomatal closure and photosynthetic 
activity in soybean plants. The results of this study show that SNP 
significantly reduced ABA accumulation in plants; however, ABA 
accumulation increased with flooding stress intensity. This was also 
correlated with the photosynthetic rate, as high and low photosynthetic 
activity was observed in soybeans, which in turn controlled stomatal 
closure [48]. Soybeans tend to control internal metabolism due to 
a lowered potential to counter the stress. ABA accumulation is also 
correlated with the transcript analysis of NCED3 and ABAR related 
genes during flooding stress. ABAR and TOC1 are responsible for 
the circadian expression during abiotic stress, where they express 
reciprocal regulation under stress conditions [49]. The current 
results show that exogenous application of NO down-regulates 
NCED3, ABAR1 and ABAR2 expression during the initial three 
days of flooding; however, there was as light down-regulation after 
7DAS. In contrast, ABAR2 was significantly down-regulated in SNP-
treated plants exposed to flooding stress 3 and 7, DAS (Figure 6). The 
evening-phased core clock component TOC1 binds to the promoter 
of ABAR and controls its circadian expression. TOC1 is induced by 
ABA, which advances the phase of TOC1binding, modulating ABAR 
circadian expression. This demonstrates that the reciprocal regulation 
between TOC1 and ABAR is important for sensitized ABA [49,50]. 
This suggests that exogenous nitric oxide regulates plant responses by 
influencing ABA, thereby phase-shifting transcriptional regulation 
by ABAR1, ABAR2, and TOC1 during long-term flooding stress 
[48]. Similarly [20,23] reported the ABA content down-regulation in 
its biosynthesis gene NCED3 by nitric oxide application while up-
regulation of it two catabolic gene CYP707A1 and CYP707A2 under 
drought stress in soybean plants. 

Nitric oxide is a major plant signaling regulator in response to 
potential stress conditions [51,52]. A major pathway of NO bioactivity 
is through the addition of an NO molecule to a protein cysteine 
thiol, which forms S-nitrosothiol [17,53]. The current results show a 
significant increase in endogenous NO production in plants treated 
with an NO donor during the stress condition, which was completely 
reversed by the application of cPTIO and L-NAME (Figure 7). This 
suggests that exogenous NO sources can overcome flooding stress-

induced NO production during the stress. Manipulating or regulating 
total cellular NO or SNO levels may lead to different outcomes, as 
shown by [53]. This also suggests that there is an effect of exogenous NO 
on root length; nevertheless, the endogenous NO levels significantly 
varied between roots and shoots during flooding. NO also plays a 
key role in root architecture by forming a complex with the signaling 
pathway of auxin [54].Increases in NO levels in the shoots of plants 
may indicate the transducing NO bioactivity in plants after long-term 
flooding stress. GSNOR predominantly regulates S-nitrosylation 
viatrans nitrosylation [55], which transfers the nitric oxide from 
GSNO to cysteine residue. In the current study, this effect was 
coupled with transcript accumulation and the reduction of GSNOR 
in response to flooding. In terms of NR, similarly reduced transcript 
accumulation was observed in soybean plants (Figure 7). In previous 
studies, Arabidopsis thaliana showed increased NO accumulation in 
NOX mutants [56]. This is similar to the ABA results, suggesting that 
NR determines the NO production in plants and is critical to ABA-
induced stomatal closure [52,57,58]. The plants showed minimal gene 
expression of GSNOR and NR, suggesting its contribution toward the 
loss of potential function against prolonged flooding stress, a similar 
conclusion was drawn by [52] for mutant Arabidopsis. 

Conclusion
The study concludes that exogenous NO application extends 

greater tolerance on plant growth and physiology to avert some of the 
adverse impacts of flooding stress. The current study reveals a wide 
array of modulation in the biochemical and transcriptional signaling 
programs that can be alternatively beneficial for plant growth during 
long-term flooding stress. The potential benefit of SNP or related NO 
sources during flooding can be attributed to its antagonistic effects 
on ABA biosynthesis, and enhance the antioxidant activities and 
scavenge the over generation of ROS, which further maintain the 
membrane integrity and help to regulated flooding tolerance (Figure 
8). Although plenty of work has been done to understand the role 
of SNO during innate immunity in plants against Abiotic stress 
resistance, very little is known about the comprehensive regulations 
of SNO synthesis and transcript accumulation under flooding stress. 
Some of the important inter-junctions related to the role of NO in a 
wide array of plant stress signaling needs more attention.
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