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Abstract 
 

Nitric oxide (NO)-mediated signaling regulates growth, development, and responses to biotic and abiotic stresses in plants. It 

involves various NO-derivatives, such as NO radical, nitroxyl anion (NO
-
), peroxynitrite (ONOO

-
), and S-nitrosothiols (SNOs). 

Many of these SNOs including S-nitrosocysteine (CysNO), can modify intracellular protein thiols through trans-nitrosation 

reactions. Various NO donors have been used as tools to unravel the fundamental mechanisms of NO signaling. However, the 

effect of NO donors can be analyzed only under specific conditions. Here, we report a high-throughput screening system for 

identifying mutant lines exhibiting differential responses to the frequently used NO donor CysNO. To determine the effect of 

CysNO on seed germination and growth at various pH levels, we grew Arabidopsis thaliana seeds on MS medium with 

various concentrations of CysNO at a pH range of 2–5.8. The pH was adjusted using different volumes of HCl. Seeds were 

found to be highly sensitive to pH below 4.5 at any given CysNO concentration; therefore, the effects of the CysNO 

treatments could not be determined. A similar effect of pH was observed in the case of rice plants. However, when the same 

concentrations of CysNO were prepared using EPPS (3-[4-(2-Hydroxyethyl)-1-piperazinyl] propanesulfonic acid) buffer to 

maintain pH at a suitable level, significantly different responses to CysNO were observed among wild-type and mutant rice 

lines, indicating the importance of optimum pH conditions. Using this technique, we identified several rice Ac/Ds transposon 

mutant lines that showed tolerance or sensitivity to exogenous NO stress. In conclusion, pH is a critical factor for plant 

germination and growth. However, information about changes of pH caused CysNO solution was lacking. In this study we 

demonstrated the effective pH range for maximum efficiency and absorbance of CysNO using EPPS buffer system in rice. 

Hence, the EPPS-based buffer system is more efficient for high-throughput screening in rice against nitrosative stress induced 

by the nitric oxide donor S-Nitrocysteine. © 2017 Friends Science Publishers 
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Introduction 
 

Nitric oxide (NO), a gaseous, redox-active small molecule, 

modulates a plethora of physiological functions in plants. 

This small gaseous redox active molecule has gained much 

importance because of its tremendous role in plant growth 

development, and signaling. Most of the pioneering research 

on NO in plants focused on analyzing its toxic effects on the 

photosynthetic apparatus and other physiological functions. 

Since the discovery of NO as a signaling molecule in plants 

during the late 1990s, intensive research has been conducted 

to identify its roles in various biomolecular pathways 

(Arasimowicz and Wieczorek, 2007). Studies have revealed 

that NO is involved in stimulation of seed germination 

(Beligni and Lamattina, 1999), plant maturation and 

senescence (Ya’acov et al., 1998; Guo and Crawford, 2005), 

stomatal regulation (Neill et al., 2002; Bright et al., 2006), 

abiotic stress tolerance (Corpas et al., 2011; Khan et al., 

2012) and plant immunity (Yoshioka et al., 2011). Its 

involvement in so many biological processes, its simple 

diatomic structure and highly reactive nature enables it to 

form various complexes with other cellular components 

(Bogdan, 2001). NO-mediated signaling is potentiated by 

various NO derivatives, such as NO radical, nitroxyl 

anion(NO
-
), peroxynitrite (ONOO

-
), and S-nitrosothiols 

(SNOs). Many redox signaling pathways mediated by these 

NO derivatives rely on target specificity and proper 

substrate processing to ensure appropriate signaling. For 

example, NO binds to solvent-exposed cysteine (Cys) thiols 

of various proteins through a redox-sensitive covalent bond 

to form SNOs, a phenomenon known as S-nitrosylation 

(Nathan, 2003). This post-translational modification (PTM) 

mailto:bwyun@knu.ac.kr


 

Mun et al. / Int. J. Agric. Biol., Vol. 19, No. 1, 2017 

 42 

affects the structure of the target protein. S-nitrosylation is a 

key mechanism for regulating protein function at the 

cellular level (Wiseman and Halliwell, 1996). Many other 

types of PTMs (such as phosphorylation, glycosylation, 

ubiquitination, methylation, acetylation, and lipidation) play 

important roles in the regulation of gene function (Cain et 

al., 2014), protein degradation (Geiss-Friedlander and 

Melchior, 2007), cellular differentiation (Grotenbreg and 

Ploegh, 2007), and signaling (Morrison et al., 2002; Jensen, 

2004). S-nitrosylation is considered one of the most 

important PTMs because of the high reactivity of protein 

thiols and the influence of S-nitrosylation on protein 

functions under various basal and induced physiological 

conditions (Vanin et al., 1997; Nathan, 2003; Martinez-Ruiz 

and Lamas, 2004). The role of SNOs in plant disease 

resistance has been established (Feechan et al., 2005). 

Cellular levels of SNOs are controlled by the enzyme S-

nitrosoglutathione reductase (GSNOR) through the process 

of de-nitrosylation (Malik et al., 2011). 

Several types of NO donors have been used in 

experiments to ascertain the roles of NO and other reactive 

nitrogen species in modulating different cellular processes. 

The application of exogenous NO to plants has unearthed 

the diverse roles of NO in cell wall lignification, cell death, 

regulation of guard cells, and senescence (Takahashi and 

Yamasaki, 2002; Hung and Kao, 2003). Synthetic S-nitroso-

L-cysteine (CysNO) is a reactive, highly diffusible low-

molecular-weight NO source that has been used as an NO 

donor in many different studies (Gu and Lewis, 2007; 

Terrile et al., 2013). Translocation of CysNO into cells, 

leads to a global increase in SNO levels and the initiation of 

S-nitrosylation. Thus, CysNO can be used to induce 

nitrosative stress in vitro. It can also be used to manipulate 

intracellular protein thiols through trans-nitrosation; 

therefore, it is an important tool for unraveling the 

fundamental mechanisms of NO signaling. CysNO can be 

applied to MS medium or other synthetic media for seed 

testing or can be infiltrated into the leaf apoplast. In a 

variety of scientific studies published and available in the 

literature, CysNO has been prepared by mixing equimolar 

amounts of L-Cysteine and sodium nitrate in HCl (Zhang 

and Hogg, 2004; Lam et al., 2010). However, this results in 

a highly acidic solution, which may result in reducing the 

efficiency of NO absorption or even lead to complete 

decomposition (D’Ulivo et al., 2004; Gu and Lewis, 2007). 

Additionally, the highly acidic nature of the resulting 

CysNO solution may affect the substrate and/or other 

experimental materials and confound the results. Low or 

high pH of synthetic media also influences seed germination 

and negatively affects early plant development (Jansen and 

Cronin, 1953; Shoemaker and Carlson, 1990; Chohura et al., 

2004). In addition, absorption of macro- and micro-nutrients 

from the substrate is determined by pH (Salter and 

McIlvaine, 1920; McCall, 1980; Kabata-Pendias and 

Pendias, 1999). Therefore, pH is an important factor to 

consider when working with CysNO. The efficiency of 

various NO donors such as S-nitrosoglutathione (GSNO), 

sodium nitroprusside (SNP) and CysNO in various 

screening experiments and their effect on seed and/or plant 

physiology has not been investigated so far at different pH 

regimes. Using two different model plant systems i.e. 

Arabidopsis thaliana and rice, this study presents an EPPS 

buffer-based system for high throughput screening of plants 

under nitrosative stress induced by the NO donor CysNO. 

Consequently, CysNO mediated low pH resulted in 

inhibition of plant germination and growth thus proper 

range of pH on CysNO application is essential and proper 

buffering is recommended. This is hypothesized that this 

buffer-system may prove helpful and more efficient for such 

studies in future. 

 

Materials and Methods 
 

Plant Material 

 

Wild-type Arabidopsis thaliana seeds (ecotype Col-0) were 

used to assess damage caused by low pH and different 

concentrations of CysNO solution. Seeds were sterilized 

with a solution of 50% bleach (including 0.1% Triton X-100) 

and chilled at 4
o
C for 24 h before plating on 1/2 MS 

medium. For rice experiments, 124 Ac/Ds transposon 

mutant lines (Dongjin background) were obtained from the 

Rural Development Administration (RDA), Jeonju-si, Korea, 

and all mutant lines were screened for their response to 

nitrosative stress. Rice seeds were surface sterilized in 25% 

prochloraz and germinated on sterile tissue paper in the dark 

for 4 days. Seedlings were then incubated for 10 days under 

normal growth conditions (16 h light/8 h dark at 23°C). 

 

Evaluating the Effect of pH with MS Medium 

 

To evaluate pH effect on seed germination, different 

concentration of MS medium were made by adding 

different volumes (75, 200 and 375 µL) of 50 mM CysNO 

solution to 25 mL of autoclaved MS and pH was checked 

with pH indicator paper (Advantec, UNIV) before the 

medium solidified. Additionally, to generate 0.75 mM mM 

of CysNO contained MS medium, different concentration of 

CysNO stock solutions (125 mM, 250 mM, and 500 mM) 

were prepared by mixing equal amounts of L-cysteine 

solution and NaNO2 solution. Twelve to 15 surface-

sterilized Arabidopsis seeds were sown on each MS plate. 

The approximate pH of all media was recorded referring 

from pH indicator strips. Any effects of CysNO and 

substrate-pH on the plants were monitored and recorded 

regularly. All experiments were setup in triplicates and 

included appropriate control treatments. 

 

High-throughput Screening for Nitrosative Stress 

 

Rice Ac/Ds mutant lines were evaluated for their response to 

nitrosative stress. For this purpose, rice seeds were grown in 



 

High-throughput Screening of Rice for Nitrosative Stress Response / Int. J. Agric. Biol., Vol. 19, No. 1, 2017 

 43 

dark for 4 days. Seedlings were then incubated for 10 days 

under normal growth conditions (16 h light/8 h dark at 

23°C). The seedlings were then incubated in 6-well plates 

containing CysNO solution at different final concentrations 

(10 mM, 25 mM and 50 mM). Plates were kept in dark for 

72 h and then transferred to normal conditions (16 h light 

and 8 h dark). Parallel experiments were set up using 

CysNO solutions of the same concentrations made in EPPS 

buffer (40 mM EPPS pH 7.6) to determine the effect of pH 

on the absorption of CysNO by the plants and the 

subsequent response of plants to nitrosative stress. All plates 

were setup in triplicates along with appropriate control 

plates. 
 

RNA Extraction and RT-PCR 
 

RT-PCR was performed to determine the expression of NO-

responsive genes in the wild-type rice cultivar Dongjin. 

Total RNA was extracted from rice leaf tissues using an 

RNeasy Plant Mini Kit (Qiagen). Complementary DNA was 

synthesized using an Omniscript-RT Kit (Qiagen). All the 

reactions were performed according to the manufacturer’s 

instructions. RT-PCR was conducted for 3 nitrosative stress 

response genes (nitric oxide associated 1 (OsNOA1), 

ascorbate peroxidase 1 (OsAPX1), and catalase A (OsCATA)) 

and the actin gene (OsActin), using the primers listed in 

Table 3. 
 

Results 
 

Effect of Low HCl-mediated pH on Seed Germination 
 

Several experiments with CysNO have shown that the 

impact of this NO donor is highly dependent upon 

avoidance of its decomposition from light and pH for its 

uses (Ravinder et al., 1996; Gu and Lewis, 2007). CysNO 

solution made with HCl led to inconsistencies in many of 

the experiments conducted in our laboratory and elsewhere. 

Therefore, in this study, to examine the effect of pH on the 

efficacy of NO donor absorption and on the plants. The 

CysNO solution with usual method using HCl (Zhang and 

Hogg, 2004). The pH of the MS medium was determined 

with pH indicator paper (Fig. 1). Fig. 1 shows changes of 

pH value in MS media containing different final 

concentrations of CysNO and HCl (Table 1). Germination 

of Arabidopsis seeds (Col-0) was completely prohibited on 

MS at pH 4 and below. On plates with a pH value of 4, the 

final concentrations of CysNO and HCl were 0.4 mM and 4 

mM, respectively (Fig. 1). On plates with 0.75 mM CysNO, 

the HCl concentration was 7.5 mM, resulting in a pH of 2, 

which completely prevented seed germination (Fig. 1). In 

contrast, 100% seed germination was observed at pH 5 and 

5.8 (Fig. 1A & B). Next, an experiment was conducted to 

determine whether the germination inhibition was due to 

low HCl mediated pH or CysNo. Seeds were grown on 

plates at the highest concentration of CysNO (0.75 mM). 

This concentration was fixed for all plates by treating with 

different concentration CysNO stock solutions (500 mM, 

250 mM and 125 mM) (Table 2). This high concentration of 

stock solution only small volumes was required to achieve a 

final concentration of 0.75 mM CysNO in the MS medium, 

thus reducing the amount of HCl in the medium. Therefore, 

a high rate of seed germination was achieved on plates with 

0.75 mM CysNO and (Fig. 2-B), since the pH (4.5) was 

much higher than that in the previous experiment at the 

same concentration of CysNO. Germination of Arabidopsis 

seedling was completely prevented at higher concentrations 

of HCl (Fig. 2C & D). 

 

Development of a High-throughput Method for 

Evaluating Plant Responses to CysNO 

 

HCl-mediated low pH had adverse effects on germination of 

Arabidopsis seeds and because of low pH, effect of CysNO 

could not be observed accurately. This necessitated the 

development of a new method to eliminate the negative 

effects of low pH and study the effects of CysNO on wild 

type and rice mutant plants. For this purpose, wild-type and 

mutant seeds of rice were germinated in the dark for 4 days 

and then grown under normal growth conditions (16 h 

light/8 h dark at 23°C). After 2 weeks of growth, plants were 

transferred to 6-well plates containing CysNO solution at 

different concentrations (10 mM, 25 mM and 50 mM). 

Control plants were transferred to plates containing only 

distilled water. Plates were kept in the dark for 72 h and then 

transferred to normal conditions. Interestingly, all rice 

seedlings treated with HCl-CysNO turned yellow and 

chlorotic. Symptoms on plant started to appear within 12 h 

after the treatment and became severe after 24 h. Evidently, 

this was caused by the extremely low pH of 2 (Fig. 3A & B). 

These results are consistent with previous findings that low 

pH negatively affects plant development (Petra and John, 

2000). Damage induced by low pH was minimized when 

the HCl concentrations were reduced, thereby increasing the 

pH (Fig. 3C & D). These results are consistent with our 

previous findings using Arabidopsis seeds, where 

germination was inhibited due to low HCl-mediated pH. To 

minimize the negative effects of low HCl-mediated 

substrate pH on the plants, we set up parallel experiments 

using CysNO solutions of the same concentrations made 

with 40 mM EPPS buffer. Damage induced by low pH was 

minimized when the HCl concentrations were reduced with 

EPPS buffering, thereby increasing the pH (Fig. 3E & F). 

Significant changes in the pH of the medium were 

observed, and a pH of 5 was recorded at the highest 

concentration of CysNO (50 mM), at which all rice 

plants had good growth. Using the same method, we 

observed significant differences in growth and other 

characteristics among wild-type and mutant rice lines, 

indicating that this method significantly increased the 

reliability and robustness of the experiments. 
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Effect of EPPS Buffer on the Efficiency of Exogenous 

NO Absorption 

 

The stringency of the high-throughput screening was 

assessed in real time by analyzing the expression of 

oxidative and nitrosative stress response genes in wild-type 

rice plants. In general, Low pH accumulate H
+
 in plant and 

it triggers oxidative stress, through the production of 

superoxide radicals (O2
−
•) and hydrogen peroxide (H2O2) in 

plant tissues. For this reason, expression of rice OsNOA1, 

OsAPX1 and OsCATA was analyzed after 12, 24, 48 and 72 

h of treatment with CysNO + 40 mM EPPS buffer. Clear 

variations in gene expression were observed among CysNO 

concentrations for all of these genes, indicating that 

nitrosative stress was achieved using CysNO solution 

prepared with EPPS buffer. The expression of OsNOA1 and 

OsCATA increased in response to treatment with 10 mM and 

25 mM EPPS-CysNO treatment, while expression of 

OsAPX1 increased only after treatment with 25 mM EPPS-

CysNO treatment (Fig. 4). In contrast, when expression of 

the same set of genes was analyzed in plants treated with the 

same concentration of CysNO solutions (but without EPPS), 

a high degree of similarity was observed in expression 

pattern of OsAPX1 among all concentrations of HCl-CysNO, 

rendering CysNO application as non-significant (Fig. 4A). 
 

Discussion 
 

Different NO sources, such as SNP (sodium nitroprusside), 

GSNO (S-nitrosoglutathione) and CysNO are used to 

investigate the role of NO in plant signaling pathways. 

Among these NO source, CysNO is the simplest and most 

reactive NO donor and a critical experimental tool for 

studying the fundamental mechanisms of NO signaling in 

plants (Gu and Lewis, 2007). However, CysNO must be 

handled carefully because its decomposition rate can be 

Table 1: Volumes of 50 mM CysNO stock solution added to Murashige and Skoog (MS) medium and the effect on 

substrate pH and seed germination 

 
Concentration of CysNO 

stock solution (mM) 

Volume of CysNO solution 

added to 25 mL MS (µL) 

Final concentration of CysNO 

in 25 mL MS (mM) 

Final concentration of HCl in 

25 mL MS (mM) 

pH of the 

medium 

Seed 

germination 

0 0 0 0 5.8 Yes 

50 75 0.15 1.5 5 Yes 
50 200 0.4 4 4 No 

50 375 0.75 7.5 2 No 

 

Table 2: Volumes of high-concentration CysNO stock solutions added to Murashige and Skoog (MS) medium to obtain a 

final CysNO concentration of 0.75 mM 

 
Concentration of CysNO 

stock solution (mM) 

Volume of CysNO solution 

added to 25 mL MS (µL) 

Final concentration of CysNO 

in 25 mL MS (mM) 

Final concentration of HCl 

in 25 mL MS (mM) 

pH of the 

medium 

Seed 

germination 

0 0 0 0 5.8 Yes 

500 37.5 0.75 0.5 4.5 Yes 
250 75 0.75 1.5 4 Yes 

125 150 0.75 3 2 No 

 

Table 3: List of genes analyzed by RT-PCR 

 
No. Gene Primers sequences 

1 OsNOA1 (LOC_Os02g01440) Forward: AGAGAAGTTGGAGTTACATTGAC;   Reverse: CATACTATGCATAGAAAT-GGAGAC 
2 OsAPX1 (LOC_Os03g17690) Forward: CCAAGGGTTCTGACCACCTA;       Reverse: CAAGGTCCCTCAAAACCAGA 

3 OsCATA (LOC_Os02g02400) Forward: CGGATAGACAGGAGAGGTTCA;     Reverse: AATCTTCACCCCCAACGACT 

4 OsActin Forward: GGAACTGGTATGGTCAAGGC;       Reverse: AGTCTCATGGATACCCGCAG 

 

 
 

Fig. 1: Low pH mediated by HCl in CysNO solution 

affects Arabidopsis seed germination 
Arabidopsis thaliana seeds successfully germinated on Murashige and 

Skoog (MS) plates with HCl concentrations of 0 and 1.5 mM (pH 5.8 and 
5, respectively) (A, B). However, on medium supplemented with 4 or 7.5 

mM HCl, Arabidopsis seeds failed to germinate, as the pH of these plates 

was 4 and 2, respectively (C, D). As a result of this low pH, the effects of 

CysNO treatment on the seeds at low pH were insignificant 
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affected by light and pH. CysNO is produced by mixing 

solution of L-cysteine and sodium nitrate. Hydrochloric acid 

is needed to dissolving L-cysteine. However, it affects the 

pH of the CysNO solution and any the substrate to which 

the solution is added. Previous research on CysNO revealed 

that this NO donor decomposes quickly at a pH of 6‒8, 

whereas it is stable in acidic (pH < 5) and alkaline (pH > 9) 

conditions (Gu and Lewis, 2007). Therefore, changes of in 

pH must be considered when CysNO is being used. 

Additionally, extremely low or high pH values may affect 

seed germination and plant development. Recent researches 

showed that the growth of Arabidopsis roots was inhibited 

significantly at acidic or basic pH, and young seedlings 

turned yellow-brown or brown and subsequently died (Kang 

et al., 2013). Additionally, low pH induces H
+ 
activity and it 

results in the production of superoxide and hydrogen 

peroxide in plant tissues. Recently published research 

indicated that increased production of superoxide results in 

decomposition of S-nitrosothiols in time dependent manner 

(Samir et al., 1998; Hogg, 2002). Similar results were 

observed in our experiments; seed germination was 

significantly inhibited at around pH 4 or below pH 4 

confirming that pH affects plant seed germination and 

development. This result suggested that low pH mediated by 

HCl affected plant seed germination and development. So 

far there have been a few studies clarifying the correlation 

of pH with the efficacy of CysNO application. This study 

revealed that the amount or concentration of CysNO can 

affect the substrate pH changes and plant responses to 

CysNO are highly dependent upon substrate pH. 

Additionally, low pH may negatively effect on plant growth 

and germination. Based on the experiments with 

Arabidopsis and rice substrate pH 2 or below, results in 

chlorosis. In previous studies, the amount of HCl in the 

substrate (and hence the pH of the substrate) could only be 

controlled by limiting the concentrations of CysNO. 

However, not many information was available on the 

optimization of media or buffers for the direct application of 

NO donors to plants or seeds. In the present study, the 

effects of traditionally made HCl-CysNO and EPPS-CysNO 

applications on Arabidopsis and rice seeds were compared. 

Our results showed that application of EPPS-CysNO 

permitted visual assessment of the effect of NO within a 

short time. Nevertheless, to verify these results, we 

determined the expression levels of genes known to be 

involved in plant responses to acid stress (OsAPX1, 

OsCATA) and NO stress (OsNOA1). According to previous 

research, gene expression of APX1 was up-regulated to 

contribute to the adaption in low pH condition. Meanwhile, 

CATA and CATB gene expression were significantly down-

regulated after low pH exposure (Zhang et al., 2015). In our 

results, APX1 and CATA gene expression were showed 

parallel patterns. This can support that HCl, the essential 

material for making CysNO solution affect pH of it thus, 

maintaining of pH for the solution must be considered. 
 

Conclusion 
 

Synthesis of CysNO solution in HCl not only reduces its 

efficiency and absorption capacity in plants but also induces 

 
 

Fig. 2: Reducing the concentration of HCl helps to 

minimize the damage associated with low pH on seeds 

germination 
Reducing the final concentration of HCl by using high-concentration 
CysNO stock solutions helps avoid damage to seeds caused by low pH. In 

contrast to the experiment shown in Fig. 1, in this experiment 100% 

germination was achieved at 0.75 mM CysNO (pH 4.5) (B). At pH 4 few 
seeds were germinated (C) and lower than pH 4 all seeds failed to 

germinate (D) 

 

Fig. 3: CysNO solution with EPPS buffering minimize pH 

changes and reduce damage associated with low pH 
Keeping the final concentration of HCl fixed (500 mM) at all 

concentrations of CysNO (10 mM, 25 mM, and 50 mM) resulted in no 
differences among treatments owing to extremely low pH (A, B). 

Likewise, no differences among CysNO treatments were observed when 

equimolar concentrations of CysNO and HCl were used (C, D). However, 
by using EPPS buffer, it was possible to achieve CysNO concentrations as 

high as 50 mM while keeping the pH at a suitable level of 5 to 6 (E, F) 
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negative effects on the physiology of plants and/or seeds. 

Furthermore, efficiency of exogenous NO absorption with 

EPPS buffer was verified through nitrosative responsive 

genes (OsNOA1, OsAPX1 and OsCATA) expression. Taken 

together EPPS buffering helps to reduce low pH damage 

and increase CysNO absorption capacity plant. Therefore, 

we recommend the formulation of CysNO donor using the 

above mentioned EPPS buffer for high-throughput 

screening of rice under nitrosative stress conditions. 
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