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SUMMARY 

Nitric oxide (NO) is a signaling molecule that regulates various biological processes in plants. 

NO accumulation and downstream NO signaling plays an important role in plant defense 

responses. S-nitrosoglutathione reductase (GSNOR) is an enzyme that can metabolize the 

physiological NO donor S-nitrosoglutathione (GSNO). However, an exact enzymatic source for 

NO production during the defense response in plants is not known. Hence most of the studies to 

understand NO mediated signaling in the plants have made use of chemicals that can donate NO 

moiety. Reports on fumigating plants with NO gas to understand its effect on plant physiology 

and NO signaling are limited. In this context, we have performed a long-term fumigation of 

Arabidopsis thaliana wild type (WT) and GSNOR knock-out mutant (atgsnor-KO) plants with 

different NO concentrations (up to 3 ppm) to study its impact on plant physiology and to 

investigate the role of GSNOR in regulating phytotoxic effects of NO fumigation. Rosettes of the 

plants grown under ambient conditions developed red senescence phenotype due to anthocyanin 

accumulation. Accumulation of anthocyanin was associated with the nitrogen (N) deficiency in 

the soil. Plants fumigated with NO showed delayed red senescence and reduced anthocyanin 

accumulation in both WT and atgsnor-KO plants. Though there was an increase in the 

nitrosothiol content after NO fumigation, GSNOR accumulation and its activity remained 

unaffected suggesting that this enzyme has no regulatory role under these conditions. Analyses 

of transcriptome, proteome and metabolites showed that the plants fumigated with 3 ppm NO 

used exogenous NO gas to compensate for the declining N metabolites received from the soil. 

Class 1 non-symbiotic hemoglobin (GLB1) is known to oxidize NO into nitrate during hypoxic 

stress. Our studies showed that not only GLB1 but also class 2 non-symbiotic hemoglobin 

(GLB2) can mediate oxidation of NO to nitrate during NO fumigation. Moreover, generated 

nitrate was used by the plants for N-assimilation which resulted in enhanced growth and 

development. After NO fumigation, plants overexpressing GLB1 and GLB2 genes showed 

enhanced growth of rosette and vegetative shoot compared to WT controls. 

To summarize, our studies suggested a new pathway for the plants termed as NO-fixation 

pathway wherein NO accumulation is used for the growth and development of the plants via 

improved N-assimilation. Careful engineering of plants can probably raise NO-fixation pathway 

to an economically important trait for the biomass production and improved crop yield. 
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1  I NTRODUCTION 

1.1 Nitric oxide signaling in plants 

Nitric oxide (NO) is a gaseous free radical involved in many diverse biological pathways 

mediating multitude of physiological functions in plants and animals. Until late 1980ôs NO was 

considered only as an air pollutant, however in 1987 for the first time it was reported as a 

signaling molecule in animals (Ignarro et al., 1987a, Ignarro et al., 1987b, Palmer et al., 1987). 

On the other hand, in plants, NO was merely considered as a by-product during nitrate 

assimilation. Nevertheless, in 1996 for the first time it was detected as a gas emitted from pea 

foliage. The rate of emission of NO was found to be close to that of ethylene. Interestingly, both 

NO and ethylene affect the rate of senescence and maturation in plants (Leshem & Haramaty, 

1996). First evidences for the signaling function of NO in plants came in simultaneously from 

two independent works involving plant defense responses (Durner et al., 1998, Delledonne et al., 

1998). Since then, studies have revealed the ubiquitous signaling nature of NO in regulating 

variety of physiological processes in plants like germination (Bethke et al., 2004b), stomatal 

closure (Neill et al., 2002, Garcia-Mata et al., 2003), flowering (He et al., 2004), senescence 

(Corpas et al., 2004, Guo & Crawford, 2005), wounding responses (Huang et al., 2004), and 

abiotic stresses (Corpas et al., 2011). This astonishingly ubiquitous signaling behavior of NO is 

scrutinized by plants through controlled regulation of NO bioactivity at different levels ranging 

from controlled NO production to site-specific reactivity and finally, the NO turnover. 

1.1.1 Upstream signaling and induction of NO synthesis in plants 

Signaling pathways involving extracellular adenosine triphosphate, phosphatidic acid, cyclic 

nucleotide phosphate, calcium and mitogen-activated protein kinases are all known to act as 

upstream regulators of endogenous NO production in plants during various stress-related 

responses (Sueldo et al., 2010, Gaupels et al., 2011, Ma & Berkowitz, 2011). However, efforts to 

identify the mechanism through which these upstream signaling events regulate NO production 

are hampered due to the fact that an exact enzymatic source of NO production is yet to be 

revealed in plants. Recently, Gaupels et. al. have speculated the possible upstream cellular 

signaling processes with respect to NO production based on their position in relation to NO 

production in the signaling cascade and their influence on NO production (Gaupels et al., 2011). 
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Though an exact enzymatic source for NO production in not known, several oxidative and 

reductive pathways have been suggested (Gupta et al., 2011a). 

1.1.2 Unique nitric oxide biochemistry of NO 

Stress related responses are often associated with an increase in the steady-state levels of cellular 

NO in plants. The unique chemistry of NO allows it to exist in three redox-related forms, all with 

different biochemical properties; the reduced nitroxyl anion (NO
¯
), the NO radical (ĘNO) and the 

oxidized nitrosonium cation (NO
+
) each with different oxidation state for the nitrogen atom i.e. 

+1, +2 and +3, respectively (Arnelle & Stamler, 1995). NO can react with thiols in the cellular 

thiol pool covalently and reversibly to from S-nitrosothiols (RSNO) in a process generally 

termed as S-nitrosylation. S-nitrosylation is the main means of mediating NO signaling. Cellular 

cysteine thiol pool comprises of free cysteine, glutathione (GSH), peptides and proteins with 

redox-sensitive cysteine residue that are susceptible to NO modification. Upon S-nitrosylation, 

they yield S-nitrosocysteine (CySNO), S-nitrosoglutathione (GSNO) and S-nitrosylated peptides 

and proteins respectively (Gow et al., 1997, Keszler et al., 2010). An exact in vivo reaction 

mechanism describing the formation of RSNO from NO is yet unknown. However, the intrinsic 

biochemistry of NO suggests multiple reaction pathways for S-nitrosylation mechanisms with 

evidences supported by various in vitro studies. NO
¯
 (reduced form of ĘNO) can exist in two 

chemical forms; high energy singlet form and low energy triplet form, with zero or two unpaired 

electrons respectively (Lipton et al., 1998). In mammals, neuronal nitric oxide synthase produces 

high energy singlet NO
¯
 that reacts with thiols to form S-nitrosothiols (Schmidt et al., 1996). 

However, it is not clear whether this is one step process that leads to direct RSNO formation. 

Conversely, low energy triplet NO
¯
 may react with dioxygen to form peroxynitrite (Lipton et al., 

1998) which can indirectly influence S-nitrosylation (Balazy et al., 1998, van der Vliet et al., 

1998). Various pathways that have been suggested based on the in vitro studies are summarized 

in Figure 1. In oxidative pathway, a pH dependent conversion of nitrite (NO2
-
) into dinitrogen 

trioxide (N2O3) (Figure 1 - pathway marked in red) that facilitates RSNO formation (Guikema et 

al., 2005) has been suggested. The apoplast of plants is acidic in nature and therefore it might be 

mediating this pathway in RSNO formation (Yu et al., 2000, Bethke et al., 2004a). Direct 

oxidation of ĘNO by oxygen (O2) depends on the concentration of available ĘNO and O2 (Figure 

1A ï reactions highlighted with green arrows) (Wink et al., 1994, Goldstein & Czapski, 1996). 

ĘNO burst is a typical stress-associated phenomenon in plants (Desikan et al., 2002, Zeidler et al., 
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2004) and thus it is possible that under these conditions oxidation of ĘNO to ĘNO2 occurs to 

counteract exceeding levels of cellular ĘNO. There are many mechanisms proposed in Radical-

mediated pathway (see the legend of Figure 1B). Peroxynitrite (OONO
¯
) mediated RSNO 

formation is interesting because it is often formed during stress conditions from accumulating 

free radicals ĘNO and O2Ę
¯
. RSNO formation from OONO

 ̄
is possible by a direct electrophilic 

attack on the thiolate anion (Figure 1B ï reactions highlighted with black arrow) (van der Vliet et 

al., 1998) or through an intermediate thiyl radical formation (Figure 1B ï reactions highlighted 

with blue arrow) (Goldstein et al., 1996, Keszler et al., 2010). 

 

Figure 1 - Pathways leading to S-nitrosothiol (RSNO) formation. 
(A) N2O3 can be formed from protonated nitrite at very low pH (red arrows) and by the auto-oxidation of 
ɢbh ƛƴ ŀƴ h2 rich environment (green arrows). N2O3 provides NO+ equivalence to nucleophilic thiols to 
form RSNO (black arrows). (Bύ w{ɢ ǊŀŘƛŎŀƭǎ are produced either by peroxynitrite radical (blue arrows) or 
by the auto-ƻȄƛŘŀǘƛƻƴ ǇǊƻŘǳŎǘǎ ƻŦ ɢbh. w{ɢ formed directly reacts ǿƛǘƘ ɢbh ǊŀŘƛŎŀƭ ǘƻ ŦƻǊƳ w{bh όred 
arrows). In the presence of thiolate anions (RS-) protonation of peroxynitrite can also result in the 
formation of RSNO (black ŀǊǊƻǿǎύΦ CǳǊǘƘŜǊƳƻǊŜΣ ɢbh Ŏŀƴ ŦƻǊƳ ŀƴ ƛƴǘŜǊƳŜŘƛŀǘŜ ǊŀŘƛŎŀƭ ǿƛǘƘ ǘƘƛƻƭǎ ǿƘƛŎƘ 
then oxidizes to form RSNO (green arrows). (C) Chelatable iron pool can mediate the formation of 
dinitrosyl iron complexes (red and green arrows) that yields NO+ equivalence to form RSNO (black 
arrows). 
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Due to the high affinity of iron for NO they form coordinate complexes known as iron-nitrosyl 

complexes. Though they are known to mediate RSNO formation in animals, a similar pathway is 

yet to be revealed in plants (Figure 1C) (Kim et al., 2000, Simontacchi et al., 2012). 

1.1.3 Protein-S-nitrosylation and its impact on plant physiology as a signaling process 

NO mediates majority of its signaling processes via S-nitrosylation of proteins. Analysis of 

GSNO-treated cell cultures, NO-treated plants, infected plants and plants undergoing HR showed 

that most of the physiologically important proteins in plants are targets of S-nitrosylation 

(Lindermayr et al., 2005, Romero-Puertas et al., 2008, Maldonado-Alconada et al., 2011, Yun et 

al., 2011). Until now, majority of the identified proteins were those involved in stress related 

defense responses. Figure 2 shows some of the important S-nitrosylated proteins involved in 

stress-related responses and the potential role of this modification in regulating biological 

processes. 

In Arabidopsis, AtRBOHD (NADPH-oxidase) activity is required for the pathogen-induced 

reactive oxygen intermediates (ROI) production and disease resistance (Torres et al., 2002). 

Interestingly, during HR the activity of AtRBOHD is inhibited by S-nitrosylation of its cysteine 

residue (Cys890) (Yun et al., 2011) (Figure 2). Salicylic acid (SA) binds to SA-binding protein 3 

(SAPB3) and activates its carbonic anhydrase activity and thereby positively regulates the plant 

defense response. S-nitrosylation of SABP3 is known to reduce its SA binding ability resulting 

in the reduction of the carbonic anhydrase (CA) activity of the enzyme (Wang et al., 2009) 

(Figure 2). Both the studies (S-nitrosylation of AtRBOHD and SABP3) emphasize the negative 

or a feed-back regulatory role of NO in defense response. 

Non-expressor of pathogen related proteins 1 (NPR1) is a transcriptional co-activator of 

pathogen related gene 1 (PR1).  Endogenous NPR1 is located in the cytoplasm in an oligomeric 

status. Upon SA-dependent activation NPR1 dissociates into its monomers, which are 

translocated into the nucleus (Mou et al., 2003, Pieterse & Van Loon, 2004). S-nitrosylation of 

NPR1 facilitates its oligomerization, which keeps it in the cytosol and is essential for NPR1 

homeostasis upon SA induction (Tada et al., 2008). The monomerization of NPR1 is catalyzed 

by thioredoxin TRX-5h, which reduces NPR1 and allows its translocation into the nucleus. But 

surprisingly, in Arabidopsis mesophyll protoplasts nuclear localization of NPR1 is promoted by 

GSNO (Lindermayr et al., 2010). Together, these studies suggest that S-nitrosylation might be 
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serving as an intermediate of oligomeric and monomeric forms making their redox transition 

easier (Figure 2). Inside the nucleus NPRI interacts with the transcription factor TGA1 (TGACG 

motif binding factor) and activates PR1 gene expression (Despres et al., 2003). Both NPR1 and 

TGA1 are S-nitrosylated when treated with GSNO resulting in enhanced DNA binding of the 

NPR1/TGA1 complex (Lindermayr et al., 2010).  

Glycine decarboxylase complex (GDC) is a key enzyme involved in plant metabolic process. 

Upon inhibition it switches its function to ROI production that induces cell death (Palmieri et al., 

2010). Inhibition of the GDC activity is a part of stress-related response of Arabidopsis to the 

bacterial elicitor hairpin and can result in ROI accumulation and cell death (Palmieri et al., 

2010). S-nitrosylation/S-glutathionylation of GDC inhibited its metabolic enzyme activity 

(Palmieri et al., 2010) (Figure 2). Another important metabolic enzyme that was identified to 

undergo S-nitrosylation is Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Lindermayr 

et al., 2005). In rat cells S-nitrosylated GAPDH interacts with the E3-ubiqitin-ligase Siah1, 

translocates into the nucleus and mediates cell death (Sen et al., 2008). Though the treatment of 

the enzyme with GSNO inhibited enzymatic activity of GAPDH in plants, its nuclear 

translocation function is not proven yet (Figure 2). S-adenosylmethionine synthetase (SAMS) is 

an enzyme that catalyzes the biosynthesis of S-adenosylmethionine (SAM), a precursor of 

ethylene. Among the three known isoforms of SAMS, SAMS1 can be regulated by S-

nitrosylation (Lindermayr et al., 2006) (Figure 2). 

Tyrosine nitration is another post translational mechanism mediated by NO. Interestingly, S-

nitrosylation can also regulate tyrosine nitration. Defense related responses in plants are 

accompanied by OONO¯ accumulation (Saito et al., 2006, Gaupels et al., 2011). In plants 

however, detoxification of OONO¯ is carried out by peroxiredoxin II E (PrxII E). During HR 

response PrxII E gets S-nitrosylated and its activity are inhibited (Romero-Puertas et al., 2007) 

(Figure 2). This allows the accumulation of peroxynitrite which can mediate tyrosine nitration. 

Consequently, higher tyrosine nitrate levels can be found in plants undergoing biotic stress (Saito 

et al., 2006). In sunflower-mildew interaction, susceptible cultivars with increased levels of 

RSNO showed increased tyrosine nitrate levels whereas resistant cultivars did not (Chaki et al., 

2009). Moreover, enhanced RSNO levels are accompanied by accumulation of nitrated tyrosine 

residues in sunflower after mechanical wounding (Chaki et al., 2011b). This correlation between 
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RSNO levels and tyrosine nitration is again seen in sunflower plants stressed with high 

temperature (Chaki et al., 2011a). 

 

Figure 2 ï Function of protein-S-nitrosylation in plant stress response 
Stress-induced accumulation of nitric oxide species can inhibit, activate or alter the function of proteins 
through S-nitrosylation. The activity of SABP3 (important mediator of SA signaling), Mc9 (cysteine 
protease activity), PrxII E (detoxifying peroxynitrite ς regulate tyrosine nitration), SAMS1 (enzyme 
involved in ethylene and polyamine synthesis and transmethylation reactions) and RBOHD (synthesis of 
pathogen-induced ROI) is inhibited by S-nitrosylation. Furthermore, GDC inhibition induces 
mitochondrial ROI production and cell death. S-Nitrosylation of mammalian GAPDH mediates its nuclear 
localization and induces cell death. Plant GAPDH can also be S-nitrosylated, but its role in cell death is 
not yet known. Monomer to oligomer transition of NPRI is proposed to be mediated by S-nitrosylation 
and reversible transition by thioredoxin and induce PR1 gene expression. Moreover, NO-treatment 
enhances the DNA binding activity of the NPR1/TGA1 complex. 

Plant metacaspases are cysteine-dependent proteases, which contain a specific cysteine residue 

that can serve as a nucleophile for the substrate to mediate peptide bond hydrolysis. Arabidopsis 

has nine metacaspases groups that are classified into two types based on their difference in the 

N-terminal region (Coll et al., 2010). In Type II metacaspase 9 (MC9), the cysteine residues at 
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the active site are known to be S-nitrosylated. Consequently, autoprocessing and proteolytic 

activity of MC9 are suppressed (Belenghi et al., 2007) (Figure 2). 

1.2 Regulation of NO signaling 

Besides its signaling functions, NO can also be a deleterious free radical. With its unique 

chemistry, NO can react with a wide variety of other cellular free radicals (Figure 1), which in 

turn can modify unspecific cellular targets and dangerously affect the cellular processes. Thus, it 

is important to regulate NO levels through its metabolism. As a signaling mechanism, it is also 

important to regulate S-nitrosylation by reversing the modification. Removing NO moiety from 

the S-nitrosylated cysteine residue of the proteins, known as denitrosylation, is very important 

for proper regulation of protein S-nitrosylation. Although it is known that several enzymes can 

mediate denitrosylation, mainly S-nitrosoglutathione reductase (GSNOR) and 

thioredoxin/thioredoxin reductase are known to have significant role in mediating denitrosylation 

in animals (Figure 2) (Benhar et al., 2009, Lopez-Sanchez et al., 2010). A similar role of their 

counterparts in plants, especially that of GSNOR is merely emerging and is of considerable 

interest. Non-symbiotic hemoglobin in plants is shown to metabolize the accumulated NO in 

stressed plants (Igamberdiev et al., 2011).      

1.2.1 Regulation of S-nitrosylation by GSNOR 

Glutathione (GSH) is an important regulator of redox status and redox signaling processes in 

plants (Reviewed by Foyer and Noctor 2011). NO can S-nitrosylate the cysteine residue of GSH 

to form GSNO (Figure 3 ï reaction pathway A). Though the reaction mechanism of GSNO 

formation is still debatable, it is now known that GSNO can function as a physiological NO 

donor and can mediate the transfer of NO group to modify proteins that are functionally 

important in plants (Figure 3 ï reaction marked inside triangle). Search for an enzyme that can 

mediate metabolism of GSNO has led to the identification of GSNOR that is conserved in almost 

all the living systems including plants (Liu et al., 2001, Sakamoto et al., 2002, Diaz et al., 2003). 

GSNOR was classified to class III alcohol dehydrogenase (ADH) and was originally found to 

function as glutathione dependent-formaldehyde dehydrogenase (FALDH) in plants. FALDH has 

been a well characterized enzyme in several plant species (Uotila & Koivusalo, 1979, Martinez 

et al., 1996) before its GSNOR activity was discovered (Sakamoto et al., 2002, Achkor et al., 

2003, Diaz et al., 2003). GSNOR metabolizes GSNO with NADH as an electron donor (Figure 3 
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ï Reaction pathway B) (Wilson et al., 2008). Thus, GSNOR is associated with the removal of 

NO through GSNO metabolism. This is evident in the GSNOR knock-out (atgsnor-KO) and 

overexpression lines of Arabidopsis plant that showed increased and reduced nitrosothiol levels 

respectively (Feechan et al., 2005). GSNOR, however, cannot metabolize S-nitrosylated moiety 

of proteins or peptides (Liu et al., 2001). 

 

Figure 3 ï Regulation of S-nitrosylation signaling mechanism. 
RSNO pool comprises of S-nitrosylated proteins and GSNO (inside the triangle) formed by incorporation 
of NO to their thiol moiety (reactions marked A) and by transferring NO groups between each other 
through trans-nitrosylation. GSNO from the RSNO pool is metabolized and removed by GSNOR (reaction 
marked as B). S-nitrosylated proteins on the other hand might be regulated by denitrosylation mediated 
by Trx (reaction marked as C). Oxidized Trx is further recycled by TrxR (reaction marked as D). 

There is an equilibrium that exists between low molecular weight S-nitrosothiols like GSNO and 

S-nitrosylated proteins and peptides (Seth & Stamler, 2011). This equilibrium allows regulation 

of GSNO metabolism by GSNOR to indirectly regulate S-nitrosylated proteins (Figure 3 ï 

reaction marked inside the triangle). In atgsnor-KO mutant plants, an increase in low molecular 

weight nitrosothiols resulted in a corresponding increase in the levels of high molecular weight 

S-nitrosothiols that is assumed to include proteins which is a clear indication of indirect effect of 
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GSNOR regulation of protein S-nitrosylation (Liu et al., 2001, Liu et al., 2004, Yun et al., 2011). 

GSNOR is receiving increasing attention for its role in plant stress responses.  Physiological role 

of GSNOR is evident from the atgsnor-KO plants that showed delayed and stunned growth 

phenotype and altered flower development (Lee et al., 2008, Holzmeister et al., 2011). Atgsnor-

KO plants showed a reduced cell death phenotype after treatment with paraquat, a herbicide that 

is known to induce cell death phenotype in wild type plants via generation of reactive oxygen 

intermediates (ROI) (Chen et al., 2009). Interestingly, both wild type and atgsnor-KO plants 

showed same levels of ROI accumulation after paraquat treatment (Chen et al., 2009). Lack of 

sensitivity of the atgsnor-KO plants to increased ROI can be due to altered cellular ROI/NO 

homeostasis, which is very important for plant defense responses (Delledonne et al., 2001). 

Atgsnor-KO mutants, challenged with avirulent Pseudomonas syringae pv. tomato (Pst) 

DC3000, showed low levels of salicylic acid accumulation that resulted in a compromised 

disease resistance (Feechan et al., 2005, Yun et al., 2011). However, these plants with high 

cellular RSNO levels showed an  increased cell death induced by hypersensitive response 

(CDHR)  through a pathway independent of SA and ROI production (Yun et al., 2011).  On the 

other hand, even though SA-induced defense is compromised, increased CDHR rate prevented 

avirulent oomycete pathogens to complete its life cycle (Yun et al., 2011). These evidences 

highlight two different roles of GSNOR during defense response; positive regulator of SA-

induced defense and negative regulator of CDHR-induced defense responses. Conversely, 

GSNOR transcripts and GSNOR activity in Arabidopsis and tobacco respectively were shown to 

be up regulated when treated with SA (Diaz et al., 2003). These studies indicate the possibility of 

a mutual regulation between GSNOR and SA during plant defense. 

 Interestingly, in another study on atgsnor-KO plants, there was no difference in the level of 

disease resistance against Pseudomonas syringae pv. tomato (Pst) DC3000 with respect to the 

wild type plants (Holzmeister et al., 2011). However, here the knock-out plants used were from 

different background ecotype of Arabidopsis thaliana plants and the procedures to inoculate 

them were also different. These contrary results have raised the questions on how GSNOR 

regulates disease resistance in various ecotypes. On the contrary, plants with reduced GSNOR 

expression (antisense technology) have affirmed the negative regulatory role of GSNOR during 

disease resistance against oomycetes (Rusterucci et al., 2007). Further studies are required to 
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show how this enzyme is regulated at transcript and protein levels during attempted pathogen 

invasions.  

Transcripts of GSNOR, however, were down regulated transiently and systemically during 

wound-induced responses in Arabidopsis plants (Diaz et al., 2003). In tobacco plants, wound-

induced down-regulation of GSNOR is mediated by jasmonic acid (JA) signaling pathway (Diaz 

et al., 2003). In Arabidopsis, GSNO accumulation is required to activate the JA-dependent 

wound responses, whereas the alternative JA-independent wound-signaling pathway did not 

involve GSNO. Furthermore, it was shown that GSNO acts synergistically with salicylic acid in 

systemic acquired resistance activation (Espunya et al., 2012). Plant stress responses induced by 

wounding are often associated with nitrosative stress and tyrosine-nitration (Chaki et al., 2011b). 

Stress experiments in sunflower plants have demonstrated that wound-induced nitrosative stress 

is mediated by down-regulation of GSNOR expression levels resulting in decreased activity and a 

corresponding increase in cellular RSNO levels (Chaki et al., 2011b). In pea plants wounding 

enhanced RSNO levels, but surprisingly GSNOR activity also increased (Corpas et al., 2008). 

The same phenomenon was observed during cold stress (Corpas et al., 2008). Although these 

results appear to be contradicting, they can perhaps explain the dual regulatory phases of cellular 

levels of GSNO by GSNOR; first, GSNO levels can be regulated by regulating GSNOR 

expression and second, increasing GSNO accumulation can induce higher GSNOR expression 

and its protein activity to counter the effect. Furthermore, GSNOR is regulated in pea plants 

during cadmium stress, both on activity and transcript level (Barroso et al., 2006). However, a 

pathway that regulates GSNOR under cadmium stress is not known. Cadmium treatment also 

induced SA, JA and ethylene levels in pea plants (Rodriguez-Serrano et al., 2006) accompanied 

by a decrease in the GSH content (Barroso et al., 2006). 

Gene silencing studies in tobacco plants have demonstrated the significant role of GSNOR in 

plant-herbivore interaction (Wunsche et al., 2011). Silencing GSNOR compromised plant 

defense against herbivore with a decrease in the accumulation of JA and ethylene (Wunsche et 

al., 2011). However, this silencing did not affect transcriptional regulation of all the secondary 

metabolites that are regulated by JA signaling (Wunsche et al., 2011) implying the specificity of 

GSNOR in mediating defense response against the herbivore Manduca sexta. GSNOR is also 

required for thermo tolerance. It has been observed that atgsnor-KO were highly sensitive to hot 

temperatures (Lee et al., 2008). This heat sensitivity was associated with increased NO species in 
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these knock-out plants. NO-overproducing mutants and wild-type plants treated with NO donors 

were also sensitive to high temperatures (Lee et al., 2008). Consequently, thermo tolerance was 

restored in atgsnor-KO plants when treated with chemicals that scavenge NO. Furthermore, 

expression of heat-shock-proteins that are essential for thermo tolerance was not affected in 

atgsnor-KO plants (Lee et al., 2008). Interestingly, neither expression nor activity of GSNOR 

was altered in wild-type plants due to heat stress (Lee et al., 2008). This study suggests that 

though GSNOR do not regulate heat stress response in plants, its activity to regulate cellular 

RSNO levels is essential for thermo tolerance. 

1.2.2 Denitrosylation mediated by Trx/TrxR system 

The thioredoxin/thioredoxin reductase (Trx/TrxR) system, present in almost all organisms, 

consists of oxidized and reduced forms of Trx, TrxR and NADPH/NADP
+ 

(Lillig & Holmgren, 

2007). In animals, Trx/TrxR system was recently proved to mediate denitrosylation (Benhar et 

al., 2008, Benhar et al., 2010) (Figure 3 ï Reaction pathway C and D). Unlike GSNOR, 

Trx/TrxR system is proposed to mediate denitrosylation of S-nitrosylated proteins directly 

(Figure 3 ï Reaction pathway C and D). In a recent review, it has been mentioned that Trx from 

plants possess in vitro denitrosylation activity (Spoel & Loake, 2011). Also, thioredoxin (TRX-

5h) is a positive regulator of SA-induced defense response in plants (Tada et al., 2008), probably 

by denitrosylation. 

1.2.3 Non-symbiotic hemoglobin: An enzyme that detoxify nitric oxide 

Hemoglobins are proteins with globular structure containing heme as a prosthetic group. Heme is 

a large porphyrin ring with ferrous iron (Fe
2+

) in the center that can bind to diatomic ligands such 

as O2, NO, and carbon monoxide (CO) and also to membrane lipids (Gupta et al., 2011b, 

D'Angelo et al., 2004). Fe
2+

 contains six coordination sites, of which four are coordinated to 

pyrrole nitrogen atoms and the fifth site is coordinated to the proximal histidine residue (Hprox) of 

the protein. Sixth site is reversibly coordinated to a distal histidine residue (Hdist) (Figure 4A). 

Sixth coordination varies in the hemoglobins of different organisms and thus hemoglobins can be 

grouped pentacoordinated or hexacoordinated based on the occupied Fe
2+

 coordination sites 

(Igamberdiev et al., 2011). Pentacoordination leaves the sixth coordination site of Fe
2+

 free and 

facilitates the ligand binding (Figure 4A).  
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In plants, there are mainly three classes of hemoglobins, generally called as non-symbiotic 

hemoglobins (GLBs). Class 1 non-symbiotic hemoglobins (GLB1) have high affinity for oxygen 

because of the equilibrium (or low hexacoordinate equilibrium constant, KH) between 

pentacoordinated and hexacoordinated GLBs (Igamberdiev et al., 2011). Upon binding, the 

coordination of O2 is stabilized by protein conformational changes through the hydrogen bonds 

formed between Hdist and hydrogen atoms of porphyrin ring. This makes dissociation of the O2 

difficult and encourages reaction of NO with O2  (Igamberdiev et al., 2011). Class 2 non-

symbiotic hemoglobin (GLB2), on the other hand, has very low affinity for O2 because it is 

completely hexacoordinated in the physiological conditions. This prevents the coordination 

between O2 and Fe
2+

. Interestingly, symbiotic hemoglobin that protect anaerobic nitrogen fixing 

bacteria from O2 by scavenging it have evolved from GLB2 (Gupta et al., 2011b). The third class 

of GLB known as Class 3 hemoglobin is a truncated GLB version with least affinity for oxygen. 

In plants, the primary function of GLB1 is related to NO detoxification rather than O2 transport. 

Hypoxia induces NO burst in the plants and the resulting NO is oxidized to nitrate by oxy-GLB1 

(Fe
2+

), which in doing so is oxidized to GLB1 (Fe
3+

) (Figure 4B) (Perazzolli et al., 2004). The 

rate limiting step in this process is the recycling of GLB1 (Fe
3+

) to GLB1 (Fe
2+

) by cytosolic 

monodehydroascorbate reductase (MDHAR) with ascorbate as a reducing agent and NADPH or 

NADH as the electron acceptor (Figure 4B) (Igamberdiev et al., 2006, Hebelstrup et al., 2007). 

NO metabolism of GLB1 is associated with conditions related to hypoxia like flooding, early 

stages of seed germination and in meristematic tissue with rapidly depleting oxygen 

(Igamberdiev et al., 2011). Nitrate formed is reduced to nitrite by hypoxia induced nitrate 

reductase. Under hypoxia plant mitochondria cannot support oxygenic respiration. Under these 

conditions they switch to anaerobic ATP synthesis with NADH and NADPH as electron donors 

and nitrite as a terminal electron acceptor producing NO. Resulting NO is recycled to produce 

nitrate by GLB1 (Stoimenova et al., 2007). Thus GLB1 can clearly respond to the NO 

accumulation during hypoxia and oxidize them to nitrate. Besides the NO metabolic function, the 

effect of direct coordination of NO to deoxyGLB1-Fe
2+

 in a process called NO scavenging and 

NO reaction with cysteine residue to form S-nitrosohemoglobin are still being investigated. 

These studies will enable one to further understand the influence of GLB1 in NO signaling in 

addition to NO metabolism during hypoxia. In Arabidopsis thaliana, overexpression of GLB1 

and GLB2 reduced NO emission suggesting their role in NO detoxification (Hebelstrup et al., 
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2012). The same plants lines also showed a reduced NO accumulation during pathogen induced 

defense responses (Mur et al., 2012). NO accumulation is essential for the pathogen induced NO 

signaling in plants. However, only GLB1 plant lines showed enhanced susceptibility to the 

pathogens (Mur et al., 2012). Wild type Arabidopsis plants downregulate GLB1 expression 

during pathogen induced response (Mur et al., 2012). This is a clear indication of plants 

regulating NO signaling through the expression of GLB1. 

 

Figure 4 ï NO-dioxygenase activity by GLB1. 
(A) Hexacoordinated and pentacoordinated GLB1(Fe2+) is in equilibrium. Pentacoordination enhances 
the ligand (oxygen) binding. Coordinated oxygen can react with NO resulting in nitrate formation 
thereby reducing GLB1(Fe2+) to oxyGLB1(Fe3+) (B) Reduced GLB1(Fe3+) due to NO conversion to nitrate is 
oxidized to GLB1(Fe2+) by ascorbate redox coupling. 

1.3 Impact of nitrogen containing air pollutants in plants 

NO, inside the plant has great physiological significance due to its signaling abilities, but outside 

it has varying effects on the plant physiology. The exhaust from industries and automobiles has 

resulted in the increase in concentration of nitrogen oxides (NOx), mainly NO and NO2 in the 
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atmosphere. Foliar uptake of atmospheric pollutants is suggested to have significant impact on 

plant physiology (Stulen et al., 1998). While the foliar uptake of nitrogen dioxide (NO2) and 

ammonia is rapid through the leaf stomata, uptake of NO is rather very low. This is probably due 

to the internal resistance from plant and due to the lipophilic nature of NO (Stulen et al., 1998). 

However, accumulation of nitrite in the apoplast has been reported after fumigating plants with 

NO gas (Stulen et al., 1998). In addition, treatment of fruits vegetables and flowers with low NO 

concentrations has resulted in their delayed senescence and maturation (Leshem et al., 1998). 

Moreover, leaf disc expansion assay showed a concentration dependent expansion of pea leaf 

foliage disc upon NO exposure in an oxygen free environment (Leshem et al., 1998). It was 

observed that the expansion of the leaf disc started after fumigating it with NO gas of 10
-7
 M (3 ï 

4 ppb) concentration. It reached a maximum of 50% expansion at 10
-6
 M (30 ppb). However on 

further increase of NO concentration, the expansion decreased and reached 0% at 10
-5
 M (300 

ppm) (Leshem et al., 1998). NO concentration above this limit reduced the leaf disc size 

(Leshem et al., 1998). Some of the earlier studies, however, have shown contrasting results on 

the effect of exposing plants to NO gas. Continuous exposure of the plants to 200 ppb NO gas 

induced phytotoxic effects in their leaves (Wellburn, 1990). Additionally, NO as an air pollutant 

exhibited inhibitory effects on plant growth and development (Neighbour et al., 1990). 

Fumigation of Arabidopsis thaliana plants expressing bacterial NO degrading dioxygenase 

(NOD) with 4 ppm NO gas initiated senescence process in the early growth and developmental 

stages of the plant. Interestingly, fumigation of plants with NO gas in the late growth and 

developmental stages attenuated the senescence process suggesting NO as a negative regulator of 

senescence (Mishina et al., 2007). However, not much is known about the impact of NO 

fumigation on plants at molecular levels, especially on the endogenous NO signaling processes. 

1.4 Aim of this study and strategy 

Nitric oxide is an inorganic biomolecule with major signaling functions in plants. An exact 

enzymatic source that produces NO inside the plants is not known yet. This has caused lot of 

limitations to study the signaling mechanisms induced by NO accumulation during stress-related 

responses. Use of chemical NO donors like GSNO and sodium nitroprusside to compliment 

controlled NO production and to induce NO signaling have faced the challenge of unspecific side 

effects from these chemicals. There are no reports so far on effects of NO accumulation by 

fumigating plants with NO gas. However, some of the earlier studies to see the effect of NO gas 
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fumigation on plant physiology have produced mixed results from beneficial antioxidant effects 

to deleterious phytotoxic effects. 

The first aim of this study was to investigate the effect of controlled and continuous NO gas 

fumigation on plant physiology. NO is known to be involved in almost all the physiological 

processes in plants and the bottom line of the above strategy was to study the general effects of 

the exogenously applied NO (stress) on these processes. Arabidopsis thaliana plants were 

selected for our study because most of the NO-related mechanisms known till date have resulted 

from the studies based on this dicotyledonous model plant. 

Our second aim was to study the role of GSNOR in regulating physiological processes during 

NO stress. GSNOR is a single copy gene in Arabidopsis that encodes for an enzyme capable of 

metabolizing GSNO. GSNO is a physiological NO donor that accumulates and mediates NO 

signaling when there is an accumulation of NO inside the plants. Plants carrying a T-DNA 

insertion in the GSNOR coding region (atgsnor-KO) encoded a defective enzyme that failed to 

metabolize GSNO. We fumigated both WT and atgsnor-KO plants from Wassilewskija 

background. Such experiment would help us to understand the toxic effects of NO during its 

accumulation in the absence of GSNOR (in atgsnor-KO plants) and effectively compare them 

with WT plants to study the protective function of GSNOR through controlled GSNO 

metabolism. 

The strategy was to fumigate plants with different concentrations of NO gas throughout their 

growth period and to study their differential effects at phenotypic and molecular level. At the 

molecular level, we designed the experiments to analyze the changes in the transcriptomic level 

(microarray), proteomic level (two dimensional difference gel electrophoresis) and metabolic 

level (targeted metabolites and secondary metabolites) of the NO fumigated plants. 
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2  MATERIALS 

2.1 Plant material 

The plants used in this study and their sources have been summarized in the Table 1. The seeds 

were sowed on soil mixed with sand (5:1 proportion) in 5.5 cm x 6 cm x 5.5 cm (length x breadth 

x height) plastic pots. Five seeds per pot were sowed and the pots were arranged in rectangular 

trays. The trays were covered with thin plastic foils and were subjected to seed stratification 

(incubation at 4°C for at least 72 hours in the dark) before moving them to the growth chambers. 

Table 1 ï List of plant lines used in this study 

Species Ecotype Plant line Source of the seed 

Arabidopsis thaliana Wassilewskija Wild-type Lindermayr C, HMGU, BIOP 

Arabidopsis thaliana Wassilewskija atgsnor-KO Lindermayr C, HMGU, BIOP 

Arabidopsis thaliana Columbia-0 Wild-type Lindermayr C, HMGU, BIOP 

Arabidopsis thaliana Columbia-0 atgsnor-KO Lindermayr C, HMGU, BIOP 

Arabidopsis thaliana Columbia-0 glb1-RNAi Hebelstrup K, MBG, Aarhus Univ. 

Arabidopsis thaliana Columbia-0 GLB1-Ox Hebelstrup K, MBG, Aarhus Univ. 

Arabidopsis thaliana Columbia-0 glb2-KO Hebelstrup K, MBG, Aarhus Univ. 

Arabidopsis thaliana Columbia-0 GLB2-Ox Hebelstrup K, MBG, Aarhus Univ. 

Arabidopsis thaliana Columbia-0 NIA2-KO SALK_088070c 

Arabidopsis thaliana Columbia-0 NiR1-KO SALK_046068c 

    

2.2 Chemicals and solutions 

Name/Description Company 

Acetic acid (glacial) Merck (Darmstadt) 

Acetone Merck (Darmstadt) 

Acetonitrile Carl Roth GmbH, Karlsruhe, Germany 

Agar Difco Laboratories, Detroit, Germany 

Agarose Biozym, Oldendorf, Germany 

Ammonium bicarbonate Carl Roth GmbH, Karlsruhe, Germany 

Ammonium persulfate GE Healthcare, Munich, Germany 

Ascorbic acid Sigma, Taufkirchen, Germany 

ɓ-Mercaptoethanol Merck, Darmstadt, Germany 
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BCIP Sigma, Taufkirchen, Germany 

Bio-Rad protein assay (Bradford-Reagent) Bio-Rad Laboratories, Munich, Germany 

Bovine serum albumin Sigma, Taufkirchen, Germany 

Brij 35 (30%) Skalar, Germany 

Bromophenol blue Merck, Darmstadt, Germany 

2-Butanol Merck, Darmstadt, Germany 

CHAPS Sigma, Taufkirchen, Germany 

Complete mini EDTA-free protease inhibitor 

cocktail 
Sigma, Taufkirchen, Germany 

Coomassie Brilliant Blue G250 Merck, Darmstadt, Germany 

Dipotassium hydrogen phosphate Merck, Darmstadt, Germany 

Dimethylformamide (DMF) Sigma, Taufkirchen, Germany 

Disodium hydrogen phosphate Merck, Darmstadt, Germany 

DMSO Sigma, Taufkirchen, Germany 

dNTPs Invitrogen, Germany 

DryStrip Cover Fluid GE Healthcare, Munich, Germany 

DTT GE Healthcare, Munich, Germany 

EDTA Sigma, Taufkirchen, Germany 

Ethanol Merck, Darmstadt, Germany 

Formaldehyde (37%) Sigma, Taufkirchen, Germany 

Glycerol Carl Roth GmbH, Karlsruhe, Germany 

Glycine GE Healthcare, Munich, Germany 

GSNO Enzo life sciences, USA 

Iodine Sigma, Taufkirchen, Germany 

Iodoacetamide Bio-Rad Laboratories, Munich, Germany 

IPG Buffer pH 3-11 NL GE Healthcare, Munich, Germany 

IPG Buffer pH 4-7 NL GE Healthcare, Munich, Germany 

Isopropanol Merck, Darmstadt, Germany 

Lysine Serva, Heidelberg, Germany 

Magnesium chloride. hexahydrate Merck, Darmstadt, Germany 

Methanol Merck, Darmstadt, Germany 

NADH Sigma, Taufkirchen, Germany 

NADPH Sigma, Taufkirchen, Germany 
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NBT Sigma, Taufkirchen, Germany 

NO gas (15% - NO, 85% Nitrogen) Air Liquide, Duesseldorf, Germany 

Nitrogen gas Linde, Munich, Germany 

Oxygen gas Linde, Munich, Germany 

PageRuler® prestained protein ladder Fermentas, UK 

Phenylalanine Sigma, Taufkirchen, Germany 

Ponceau Sigma, Taufkirchen, Germany 

Potassium chloride Sigma, Taufkirchen, Germany 

Potassium ferricyanide Merck, Darmstadt, Germany 

Potassium iodide Sigma, Taufkirchen, Germany 

Potassium sodium tartrate Merck, Darmstadt, Germany 

Rotiphorese acrylamide gel solution (30 % (w/v) 

acrylamide, 0,8 % (w/v) bisacrylamide ) 
Carl Roth GmbH, Karlsruhe, Germany 

Skim milk powder Sigma, Taufkirchen, Germany 

Sodium carbonate Merck, Darmstadt, Germany 

Sodium chloride Merck, Darmstadt, Germany 

Sodium dodecyl sulfate GE Healthcare, Munich, Germany 

Sodium nitrate Merck, Darmstadt, Germany 

Sodium nitrite Merck, Darmstadt, Germany 

Sodium nitroprusside Sigma, Taufkirchen, Germany 

Sodium thiosulfate pentahydrate Sigma, Taufkirchen, Germany 

Silver nitrate Merck, Darmstadt, Germany 

Sulphanilamide Sigma, Taufkirchen, Germany 

TEMED Merck, Darmstadt, Germany 

Thiourea GE Healthcare, Munich, Germany 

Tris GE Healthcare, Munich, Germany 

Triton
TM

 X-100 Sigma, Taufkirchen, Germany 

TRIZOL Invitrogen, Hilden, Germany 

Tryptone  Difco Laboratories, Detroit, Germany 

Urea GE Healthcare, Munich, Germany 
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2.3 Kits , enzymes, antibodies and reaction systems used 

Name/Description  Company 

Extract-N-AmpÊ Plant Kits, No. XNAP2  Sigma-Aldrich, Germany 

RNeasy® Plant Mini Kit, No. 74903  Qiagen GmbH, Hilden, Germany 

RNeasy® Mini Kit, No. 74104  Qiagen GmbH, Hilden, Germany 

RNase-free® DNase set, No. 79254  Qiagen GmbH, Hilden, Germany 

Low Input Amp Labeling Kit, One-Color, No. 

51902305 
 Agilent Technologies, Germany 

RNA Spike-In Kit, One-Color, No. 51885282  Agilent Technologies, Germany 

Gene Expression Hybridization Kit, No. 51885242  Agilent Technologies, Germany 

Gene Expression Wash Buffer Kit, No. 51885327  Agilent Technologies, Germany 

RNA 6000 Nano Assay Kit, No. 50671511  Agilent Technologies, Germany 

Stabilization and Drying Solution, No. 5185-5979  Agilent Technologies, Germany 

Superscript II Reverse Transcriptase, No. 

18064014 
 Invitrogen, Karlsruhe, Germany 

RiboLockÊ RNase Inhibitor, No. EO0381  Thermo Scientific, Bonn, Germany 

Taq DNA Polymerase  
Agrobiogen, Hilgertshausen, 

Germany 

Phusion® High Fidelity DNA Polymerase, No. 

M0530S 
 

New England Biolabs, Frankfurt, 

Germany 

6x Loading Dye  
MBI Fermentas, St Leon-Rot, 

Germany 

Disposible P-10 Desalting Columns, No. 

17085101 
 GE Healthcare, Germany 

2-D Clean-Up Kit, No. 80648451  GE Healthcare, Germany 

CyDye DIGE Fluor, minimal labeling kit (5 

nmol), No. 25801065 
 GE Healthcare, Germany 

Anti-GSNOR-IgG (rabbit), polyclonal, No. 

AS09647 
 Agrisera AB, Vännäs, Sweden 

Anti-Rabbit IgG (Fc)-AP, S3731  Promega, Mannheim, Germany 

Anti-biotin, HRP-linked Antibody, No. 7075  
Cell Signaling Technology, 

Frankfurt, Germany . 

SuperSignal® West Pico Chemiluminescent 

Substrate, No. 34077 
 Thermo Scientific, Bonn, Germany 
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2.4 Buffers and solutions 

For DNA gel electrophoresis 

50x TAE running buffer 

 
2.0 M Tris base 

 
5.71% (v/v) glacial acetic acid 

  
50 mM EDTA 

 

For Glycine-SDS polyacrylamide gel electrophoresis according to Laemmli 

Protein extraction buffer 

 
100 mM Tris/HCl (pH - 8.0) 

 
10 mM EDTA  

 
1 mM MgCl2.H2O 

 
1 mM L-Ascorbic acid  

 
12 mM 2-mercaptoethanol (freshly added) 

 
1 Complete mini EDTA-free protease inhibitor/ 10 ml buffer (freshly added) 

Coomassie R-250 staining solution 

 
0.25% (w/v) Coomassie Brilliant Blue R-250 

 
0.50% (v/v) Ethanol 

 
10% (v/v) Glacial acetic acid 

Coomassie R-250 destaining solution 

 
0.50% (v/v) Ethanol 

 
10% (v/v) Glacial acetic acid 

10x SDS running buffer 

 
0.25 M Tris 

 
2 M Glycine 

 
1% (w/v) SDS 

Resolving gel buffer 

 
1.5 M Tris/HCl (pH - 8.8)  

 
0.4% (w/v) SDS 

Resolving gel buffer 

 
1.5 M Tris/HCl (pH - 6.8)  

 
0.4% (w/v) SDS 

6x sample loading buffer  

 
0.1 M Tris (pH - 6.8) 

 
20% (v/v) Glycerin  

 
4% (w/v) SDS 
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4 mM DDT 

  
0.2% (w/v) BPB 

 

For transfer and immunodetection of proteins 

TBST buffer 

 
0.5% (w/v) Tween 20 in TBS buffer 

TBS buffer 

 
10 mM Tris/HCl (pH 7.4) 

 
150 mM Sodium chloride 

 
1 mM Magnesium chloride 

Coomassie R-250 destaining solution 

 
0.50% (v/v) Ethanol 

 
10% (v/v) Glacial acetic acid 

Blocking buffer 

 
4% (w/v) Skim milk powder 

 
1% (w/v) BSA 

 
in TBST buffer 

Alkaline phosphate buffer 

 
0.1 M Tris/HCl (pH 9.5) 

 
0.1 M Sodium chloride 

Blotting buffer  

 
40 mM Tris base 

 
40 mM Tricine 

 
0.04% (w/v) SDS 

 
20% (v/v) methanol 

BCIP solution 

 
5% (w/v) BCIP in 100% DMF 

NBT solution 

  5% (w/v) NBT in 70% DMF 

Ponceau-S-staining 

 
1% Ponceau stain powder 

  
2% glacial acetic acid 

 

For two dimensional difference gel electrophoresis (2D-DIGE) 

Protein extraction buffer 

 
100 mM Tris/HCl (pH - 8) 

 
10 mM EDTA  
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1 mM Magnesium chloride hexahydrate 

 
1 mM L-Ascorbic acid  

 
12 mM 2-mercaptoethanol (freshly added) 

 
1 Complete mini EDTA-free protease inhibitor/ 10 ml buffer (freshly added) 

Labeling Buffer  

 
7 M Urea 

 
2 M Thiourea  

 
30 mM Tris/HCl (pH - 8.5) 

 
4% CHAPS 

Rehydration Buffer 

 
7 M Urea  

 
2 M Thiourea  

 
2% (w/v) CHAPS 

 
0.5% (v/v) IPG Buffer (pH 4-7) 

 
0.8% (w/v) DDT 

 
0.002% (w/v) Bromophenol blue 

2x Lysis Buffer 

 
7 M Urea 

 
2 M Thiourea  

 
4% (w/v) CHAPS 

 
0.04% (w/v) Bromophenol blue 

 
2% (w/v) DTT (freshly added) 

 
2% (v/v) IPG Buffer (pH 4-5) (freshly added) 

4x SDS Gel Buffer Tris-HCl (Tris -HCl pH 8.8) 

 
1.5 M Tris/HCl (pH 8.8) 

 
0.4% (w/v) SDS 

Homogenous Monomer Solution (12.5%) 

 

Acrylamide solution (30% (w/v) acrylamide, 0,8% (w/v) bisacrylamide ) - 

209 ml 

 
0.375 M Tris-HCl (pH 8.8) - 125 ml 

 
TEMED - 250 ɛl 

 
Milli -Q water - 164 ml 

 
10% (w/v) Ammonium persulfate - 2 ml (Added just before gel casting) 

Equilibration Buffer for Immobiline DryStrips  

 
6 M Urea 

 
2% (w/v) SDS 

 
50 mM Tris/HCl (pH - 8.8) 
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0.02% (w/v) Bromophenol blue 

 
30% (v/v) Glycerol 

10x SDS Running Buffer 

 
0.25 M Tris 

 
1.92 M Glycine 

 
1% (w/v) SDS 

Agarose sealing solution 

 
0.5% (w/v) Agarose NA 

 
0.02% (w/v) Bromophenol blue 

  
10% (v/v) 10x SDS running buffer 

 

For Silver staining and mass spectrometric analysis (MS MALDI TOF)  

Fixation solution 

 
50% (v/v) Methanol 

 
12% (v/v) Acetic acid 

Sensitizing solution 

 
0.8 mM Sodium thiosulfate 

Silver staining solution 

 
11.8 mM Silver nitrate 

 
0.028% (v/v) Formaldehyde 

Developer solution 

 
0.57 M Sodium carbonate 

 
0.03 mM Sodium thiosulfate 

 
0.05% (v/v) of 37% Formaldehyde 

Stop solution 

 
0.5% (v/v) Glycine 

Storage solution 

 
20% (v/v) Ethanol 

 
2% (v/v) Glycerol 

Silver destaining solution 

 
10 mM Potassium ferricyanide 

 
100 mM Sodium Thiosulfate 

Trypsin stock solution 

 
0.1% (w/v) Trypsin 

 
1 mM Hydrochloric acid 

2.5mg/ml Matrix Solution 

  HCCA 
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  70% (v/v) Acetonitrile 

  0.1% (v/v) Trifluoroacetic acid 

 
Vortexed vigorously and ultrasonicated for several minutes. 

Peptide Standard (for MALDI target calibration)  

 
MALDI Peptide Calibration Standard II (Lyophilized) 

 
30% (v/v)Acetonitrile 

 
0.1% (v/v) Trifluoroacetic acid 

  
Total volume 125˃l 

 

For nitric oxide analyzer (NOA) 

Tri -iodide Solution (for nitrite and nitrosothiol estimation) 

 
Glacial acetic acid  - 35ml 

 
Iodine   - 325mg 

 
Milli -Q water  - 10ml 

 
Potassium iodide  - 500mg 

Vanadium Chloride (for nitrate estimation) 

 
Vanadium chloride  - 400mg 

 
1 M HCl  - 50ml 

 
Filter sterilized 

 
10x PBS Buffer 

 
1.37 M Sodium chloride 

 

 
268 mM Potassium chloride 

 

 
809 mM Disodium hydrogen phosphate dihydrate 

  
176 mM Potassium dihydrogen phosphate 

 

For enzyme activity assay 

GSNOR activity extraction buffer 

 
0.1 M Tris/HCl (pH 7.8) 

 
0.1 mM EDTA 

 
0.2% (v/v) TritonX-100 

 
20% (v/v) Glycerol 

GSNOR activity buffer  

 
20 mM Tris/HCL (pH 8) 

 
0.5 mM EDTA 
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PAL activity extraction buffer  

 
0.1 M Tris/HCl (pH 8.8) 

 
0.1 mM EDTA 

 
12 mM 2-mercaptoethanol 

PAL activity buffer  

 
100 mM Tris/HCl (pH 8.8) 

  0.5 mM EDTA 

 

For Biotin switch assay 

HENT buffer  

 
100 mM HEPES 

 

 
10 mM EDTA 

 

 
0.1 mM Neocuproine 

 

 
1% (v/v) Triton X-100 

 
HENS buffer 

 
225 mM HEPES 

 

 
0.9 mM EDTA 

 

 
0.1 mM Neocuproine 

 
  2.5% (w/v) Triton X-100   

 

2.5 Oligonucleotide primers for the polymerase chain reaction 

Oligonucleotides for polymerase chain reaction 

 

SAG12-For 
5' - AATGATGAGCAAGCACTGATG - 3'  (von Saint Paul et al., 

2011) 

SAG12-Rev 
5' - CGTAGTGCACTCTCCAGTGAA - 3' (von Saint Paul et al., 

2011) 

Actin-For 5' - TGGAATCCACGAGACAACCTA - 3' 

Actin-Rev 5' - TTCTGTGAACGATTCCTGGAC - 3' 

GLB1-For 5' - TCCAAAGCTCAAGCCTCACGCA - 3' 

GLB1-Rev 5' - AGCCTGACCCCAAGCCACCT - 3' 

GLB2-For 5' - ACTGGAGATAGCACCAGCAGCA - 3' 

GLB2-Rev 5' - AGTGAGGGTCAATAACGCCGC - 3' 

NIA2-For 5' - GCCGAACTCGCCGACGAAGA - 3' 
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NIA2-Rev 5' - CCGTGACCTCCACACGGGTC - 3' 

NiR1-For 5' - AGTGGCTTGGTCTCTTTCACCGT - 3' 

NiR1-Rev 5' - TCAGGCAACACAACACCACGGA - 3' 

PAL1-For 5' - TGACCATTGGACAAGTGGCTGCG - 3' 

PAL1-Rev 5' - CGGCTCTTGTGGCGGAGTGT - 3' 

PAL2-For 5' - GTGAATCTTGGCGGAGAAACACTGA - 3' 

PAL2-Rev 5' - CGGATTGCGGCAGTGTGTGA - 3' 

 

2.6 Instruments and accessories 

Name/Description Company 

Autoclave (D-150) Systec 

Balance (LC 620S) Sartorius 

Balance (A 210 P) Sartorius 

Balance (L 2200 P) Sartorius 

Bioanalyzer (2100) Agilent 

Camera (Powershot G2) Canon 

Centrifuge (Beckman J2-21) Beckmann Coulter 

Centrifuge (Beckman L7-65) Beckmann Coulter 

Centrifuge (5145 D) Eppendorf 

Centrifuge (5810 R) Eppendorf 

Centrifuge (Biofuge 28 RS) Heraeus 

Centrifuge (Microcentrifuge 220r) Hettich 

ChemStation 1100 HPLC gradient system Agilent 

Electrophoresis System SE250 Pharmacia 

Ettan DALT cassette rack GE Healthcare 

Ettan DALT gel caster GE Healthcare 

Ettan DALTsix Electrophoresis System GE Healthcare 

Ettan IPGphor 3 GE Healthcare 

Ettan IPGphor 3 Isoelectric Focusing System GE Healthcare 

Gel Caster (SE215) Hoefer 

Gel Documentation (Benchtop 2UV Transilluminator & 

PhotoDocIT Imaging Scanner 
UVP 
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Hamilton gas-tight syringe (250ɛl) Hamilton 

High Resolution Microarray Scanner Agilent 

Hybridization Chamber gasket slides Agilent 

Hybridization Chamber, stainless Agilent 

Hybridization oven Agilent 

Hybridization oven rotator Agilent 

Immobiline DryStrips pH 4-7 (24 cm) GE Healthcare 

Immobiline DryStrips Reswelling Tray (IEF) GE Healthcare 

Immobiline DryStrips, pH 4 - 7 (IEF) GE Healthcare 

Ion chromatography (ICS 1500 ) Dionex 

IPGphor Cup Loading Strip Holder GE Healthcare 

Paper electrode (IEF) GE Healthcare 

pH Meter (IKA-Combimag Ret) Jahnke &Kunke 

Power Supply (EPS 601) GE Healthcare 

Power Supply (E 802) Consort 

Protein Transfer Unit (SemiPhor semidry transfer unit) Hoefer 

Proteomics Analyzer with TOF/TOF 4700 The Applied Biosystems 

Loading cup (IEF) GE Healthcare 

Low fluorescent glass plates GE Healthcare 

Low Input Quick Amp Labeling Kit, One-Color Agilent 

NA 1500 Carlo-Erba 

NanoDrop-1000 UV-VIS Spectrophotometer NanoDrop Technologies 

Nitric oxide analyzer Sievers 280i  

Plastic containers for the equilibration of Immobiline 

DryStrips 
GE Healthcare 

Power supply EPS 601 (2D-DIGE electrophoresis)  GE Healthcare 

Scanner (Image Scanner II) GE Healthcare 

SGE MicroVolume 100 L˃ syringes (26250-U) Sigma  

Shaker (Reax2) Heidolph 

Sieve 250 Micron (31.031.0031) Retsch 

Skalar colorimetric analyzer (1100105) Skalar 

Slide staining dish, with slide rack (121) Thermo Shandon 
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Spectrophotometer (Ultrospec 3100 pro) Amersham 

Stabilization and Drying Solution (5185-5979) Agilent 

Thermal Cycler (Hybaid PCR express) Thermo Life sciences 

Thermoblock (Thermomix Comfort) Eppendorf 

Tin Container (3.3 x 5 mm) IVA (SA76980502) 

Typhoon trio 9100 Amersham Biosciences 

Vernier Caliper Kincrome 

Vortexer (Vortex-Genie 2) UniEquip 

 

2.7 Software and website/webtools 

DeCyder 2-D Differential Analysis Software v6.5 (GE Healthcare) GE healthcare 

DiscreteAccess software (Skalar) Skalar 

Agilent's Scan Control software (Agilent) Agilent 

Feature extraction software v10.7 (Agilent) Agilent 

GeneSpring GX Agilent 

2100 Expert Agilent 

Mascot Version: 2.2.06 Matrix Science 

Mapman 3.5.1R2 GABI pd (MPI) 

Genevestigator NEBION and ETH Zurich 

Sievers NOAnalysis GE Healthcare (Sievers) 

Vector NTI 9.1.0 Invitrogen 

ProteinPilot ABSciex 

Gasanalytik Ansyco 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/ - Primer designing 

http://www.arabidopsis.org/tools/bulk/go/index.jsp - GO enrichment analysis 

http://arabidopsis.info/ - Seed ordering 
 

http://www.currentprotocols.com/WileyCDA/ - Protocol search 
 

http://www.expasy.ch/ - Protein information and analysis    

http://www.ncbi.nlm.nih.gov/Structure/cblast/cblast.cgi - Protein structure blast 

http://scholar.google.com/ - Literature and patent search of scholarly articles 

http://www.protocol-online.org/ - Protocol search 
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3  METHODS 

3.1 Treatment of Arabidopsis thaliana plants with NO 

Arabidopsis thaliana plants were treated with various concentrations of nitric oxide (NO) in 

specially designed exposure chambers (Figure 5) under controlled conditions (Table 2). The NO 

levels inside these chambers were continuously monitored using chemiluminescence detection 

method sensitive to as low as 1 ppb of NO. Trays carrying pots with sowed seeds were subjected 

to stratification at 4 °C for at least 72 hours in the dark. Trays were then covered with thin 

transparent plastic foils and transferred into NO exposure chambers. Covered trays provide high 

humidity which enables uniform seed germination. All the chambers were supplied with ambient 

air that was directly drawn from the campus of Helmholtz Zentrum Munich, Germany. After 5 

days, plastic covers were removed and ambient air drawn into the chamber was mixed with 

gaseous NO of required concentrations. The chambers and NO treatment facilities were provided 

by the Research unit of Environmental Simulation in the Department of Biochemical Plant 

Pathology (BIOP) at Helmholtz Zentrum Munich, Germany. 

 

Figure 5 ï Plant growth chambers for NO treatment. 
A big plant growth chamber contains four small exposure chambers; each designed to provide specific 
gaseous environment for the plants. All the chambers were equipped with ventilators ensuring uniform 
circulation of air inside the chambers. Air was continuously withdrawn from all the chambers to detect 
NO and total nitrogen oxide (NOx) levels in the chamber. 

 
































































































































































































