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Abstract 18 

Nitric oxide (NO) and other reactive nitrogen species (RNS) are immensely important 19 

signalling molecules in plants, being involved in a range of physiological responses. 20 

However, the exact way in which NO fits into signal transduction pathways is not 21 

always easy to understand. Here, some of the issues that should be considered are 22 

discussed. This includes how NO may interact directly with other reactive signals, 23 

such as reactive oxygen and sulfur species, how NO metabolism is almost certainly 24 

compartmentalised, that threshold levels of RNS may need to be reached to have 25 

effects and how the intracellular redox environment may impact on NO signalling. 26 

Until better tools are available to understand how NO is generated in cells, where it 27 

accumulates and to what levels it reaches, it will be hard to get a full understanding 28 
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of NO signalling. The interaction of RNS metabolism with the intracellular redox 29 

environment needs further investigation. A changing redox poise will impact on 30 

whether RNS species can thrive in or around cells. Such mechanisms will determine 31 

whether specific RNS can indeed control the responses needed by a cell. 32 

  33 
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Introduction 34 

Reactive oxygen species (ROS), such as the superoxide anion (O2
·-) and 35 

hydrogen peroxide (H2O2), along with reactive nitrogen species (RNS) such as nitric 36 

oxide (NO) are instrumental in the way cells control their activities. With other 37 

reactive compounds such as hydrogen sulfide (H2S), these compounds impact on 38 

the intracellular redox poise of cells and lead to post-translational modifications of 39 

proteins (Hancock, 2009; Mur et al., 2013; Forman et al., 2014; Schieber and 40 

Chandel, 2014). Therefore, how NO fits in to this intricate control system of cells is 41 

immensely important to fully understand.  42 

Since the realisation that NO is important in cell signalling which came to light 43 

in 1987 (Palmer et al., 1987), and the further papers that NO was involved in plant 44 

physiology (Laxalt et al., 1997; Delledonne et al., 1998; Durner et al., 1998) it has 45 

been realised that NO has an instrumental role in controlling plant cell functions. This 46 

includes the control of development, seed germination and stomatal closure, as well 47 

as numerous stress responses including pathogen challenge, as previously reviewed 48 

(Romero-Puertas et al., 2004; Del Rio, 2015; Fancy et al., 2017). 49 

The production of NO in plants is still controversial, with papers reporting 50 

NOS-like enzymes and NOS-like activity. However, no NOS gene or protein has 51 

been found to-date in higher plants (Jeandroz et al., 2016; Fröhlich and Durner, 52 

2011), although NOS-like enzymes have been reported to exist in algae (Foresi et 53 

al., 2010). Other sources of NO in plants include nitrate reductase (Rockel et al., 54 

2002) as discussed previously (Mur et al., 2013). It is likely that there are range of 55 

enzymatic and non-enzymatic sources of NO that contribute to the overall NO status 56 

in the cell, as shown in Table 1 and discussed by Astier et al. (2018).  57 
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The downstream effects of NO in plants include the modulation of levels of 58 

cyclic nucleotides, such as cGMP, but also the post-translational modification of 59 

proteins. The most widely reported modification is that seen with thiols, as can be 60 

detected by the biotin switch assay (Jaffrey and Snyder, 2001). This is a S-61 

nitrosation (often  referred to as S-nitrosylation) (Lindermayr and Saalbach, 2005). 62 

Here a thiol group is modified to the –S-NO state. This can be restored back to the –63 

SH state and so this modification is akin to phosphorylation, being able to toggle 64 

between two states, with the concomitant potential alteration of activity or function. It 65 

is worth noting here that the terms nitrosation and nitrosylation are often used 66 

erroneously and sometimes interchangeably. Nitrosation refers to the addition of 67 

NO+ (nitrosonium ion) to a group with nucleophilic properties, an example of 68 

relevance here being a thiolate group on amino acids. Nitrosylation on the other 69 

hand, refers to the direct addition of NO. For a much more in depth explanation of 70 

these terms, and in fact also of the term nitrosative stress, see Heinrich et al. (2013).  71 

Other similar protein modifications involve nitration of tyrosine (Kolbert et al., 72 

2017). Of particular relevance to this discussion is the thiol groups of proteins are 73 

also susceptible to modification by other reactive signalling molecules such as H2O2 74 

and hydrogen sulfide (H2S), as discussed further below and shown in Figure 1. 75 

Therefore, it is likely that NO is in competition with other intracellular reactive signals, 76 

as discussed previously (Hancock and Whiteman, 2014; 2016).  77 

NO is difficult to measure in biological systems even though many methods 78 

have been employed over the years, as shown in Table 2 and discussed by Mur et 79 

al. (2011). These assays range from the Greiss reaction (Tsikas, 2007), NOS activity 80 

(Tischner et al., 2007), to fluorescent probes (Planchet and Kaiser, 2006). Even 81 

though it is recommended that at least two independent methods for measuring NO 82 
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are used (Gupta and Igamberdiev, 2013) is it still difficult to know specifically how 83 

NO is having its action and where in the cell NO accumulation is significant.  84 

Here, the interaction of NO with other reactive species and in particular its 85 

effect on redox is discussed. It can be seen therefore that the generation and 86 

measurement of NO in plants is not without controversy. On top of this there it needs 87 

to be considered that NO is very reactive, will have sub-cellular locations and will 88 

impact on, and be impacted on by, the redox poise of the cell. Such considerations 89 

are further discussed below. 90 

 91 

Interactions of NO with other reactive species 92 

Biological systems have evolved in the presence of a range of reactive and 93 

potentially toxic compounds (Hancock, 2017). Therefore it should be considered that 94 

the presence of NO in cells will not be in isolation but with other reactive signalling 95 

compounds. Consequently, it is not surprising that there are several direct chemical 96 

interactions reported, as shown in Figure 2. NO and O2
·- can react to form 97 

peroxynitrite (ONOO-). This has several effects. Firstly ONOO- is created and this 98 

can act as a signal in cells in its own right (Speckmann et al., 2016), although its 99 

bioavailability is going to be reduced by the presence of carbon dioxide (Squadrito 100 

and Pryor, 1998). Secondly, as ONOO- is produced, the bioavailability of both NO 101 

and O2
·- is reduced, lowering their significance in future cell signalling pathways. In a 102 

similar manner, NO and H2S can react together, lowering each other’s bioavailability 103 

and creating a new potential signalling molecule, nitrosothiol (Whiteman et al., 2006). 104 

Another extremely important molecule capable of being generated is GSNO, which 105 

may be seen as a method of storage and/or transport of NO in biological systems 106 

(Hogg et al., 1996). Furthermore, reactions such as those which can generate N2O3 107 
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may interfere with the measure of NO· in biological systems, especially those using 108 

diaminofluorescein (DAF) (Planchet and Kaiser, 2006). Therefore interactions of NO 109 

with other compounds, many of which may be produced at the same time as NO, will 110 

have a major impact on whether NO signalling can proceed.  111 

 112 

Compartmentalisation and thresholds 113 

Assays of NO often give a measurement of overall NO levels, especially if the Griess 114 

assay or assay of NOS-like activity is used. However, both of these assays have 115 

issues. The Griess assay will suffer from interference from background nitrite/nitrate 116 

levels while the NOS assay may be measuring argininosuccinate lyase activity 117 

(Tischner et al., 2007). If a fluorescence-based method is used, such as DAF, then 118 

information of the subcellular location of NO may be gleamed, but this is at the 119 

sacrifice of quantification. Therefore it is hard to know exactly how much NO is 120 

present in any part of the cell in real time. A similar issue is seen with measuring 121 

redox status of a cell. Often glutathione levels are measured (Schafer and Buettner, 122 

2001) as further discussed below, but again the actual quantification in subcellular 123 

locations is not easy and generally not done.  124 

 The location of signalling molecules such as NO in cells is important. As well 125 

as having individual organelles, even the cytoplasm cannot be considered uniform, 126 

and so therefore there are numerous specific locales in cells. It is perhaps not 127 

surprising, therefore, that hotspots have been reported for ROS for example (de 128 

Rezende et al., 2012; Noctor and Foyer, 2016). In a similar way hotspots of Ca2+ 129 

ions have been reported (Nunes et al., 2012). Compartmentalisation of calcium ions 130 

was discussed by Bononi et al. (2012), while cAMP-mediated pathways are often 131 

said to be compartmentalised (Zaccolo et al., 2002; Baillie et al., 2005). If second 132 
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messenger pathways are compartmentalised (McCormick and Baillie, 2014) it would 133 

be naive to think that NO-mediated pathways are not structured in a similar manner. 134 

It is often assumed that NO can freely move around the cell, but it is relatively 135 

reactive. Not only will S-nitrosation of proteins take place, but lipids too can be 136 

modified by NO (Mata-Pérez et al., 2016), suggesting that free movement through 137 

membranes may not be possible. Membranes have been suggested to enhance NO 138 

oxidation to create other reactive nitrogen-based compounds such as nitrogen 139 

dioxide and dinitrogen trioxide, so NO per se may be removed (Möller et al. 2007). 140 

Furthermore if NO reacts with lipids its availability to react with other biomolecules 141 

will be reduced while the modified lipids themselves may be able to act as signalling 142 

molecules (Mata-Pérez et al., 2016; 2018). On the other hand, aquaporins have 143 

been implicated as a way to facilitate NO movement in cells (Wang and Tajkhorshid, 144 

2010).  145 

 The second issue which needs to be discussed here is the actual levels of 146 

signalling molecule that needs to be present to trigger a response. It would be hard 147 

to find in the literature data where NO or S-nitrosation is measured and the levels 148 

show that there is no NO or protein modification in the cell, and then these levels are 149 

often reported to increase to a higher and measureable amount. Data tends to show 150 

low levels of NO or S-nitrosation which rise. How much rise is needed? If S-151 

nitrosation increases by 10% is that enough? Perhaps it is to push signalling over a 152 

threshold to create a response. Certainly thresholds have been discussed in NO 153 

research (Li et al., 2006). It has also been suggested that other reactive signals such 154 

as H2S dampen down the signalling mediated by NO and ROS (Hancock and 155 

Whiteman, 2014), suggesting that signalling is kept below a threshold level until such 156 

time as that response is truly needed. Therefore a consideration of the significance 157 
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of NO metabolism changes in cells needs to be had, with small changes perhaps not 158 

having the effects that might be assumed.  159 

 160 

Considerations of redox chemistry 161 

Probably the first consideration of how nitric oxide impacts on redox is to determine 162 

which species is present. Nitric oxide chemistry discussions need to include the 163 

radical form NO·, but also species such as nitroxyl (NO−) and nitrosonium (NO+) ions 164 

(Lancaster Jr, 2015). The chemistry of these three nitrogen species is quite different 165 

and methods to supply NO to experimental systems may deliver one of these 166 

(Hughes, 1999), not necessarily NO· as might be wanted or expected.  167 

 Despite the interaction of NO with redox, the redox status of the cell is 168 

important to determine. Often the overall redox of the cell is estimated by the 169 

measurement of glutathione (reviewed by Schafer and Buettner, 2001). It is not 170 

sufficient to simply measure the concentrations of the reduced form GSH, but the 171 

concentration of the oxidised form, GSSG, also needs to be determined. These two 172 

pieces of data can then be used to calculate the total amount of glutathione present, 173 

as well as the oxidised:reduced ratio (ox:red ratio).  174 

 To determine the redox status of the experimental solution being studied, Eh, 175 

there are two numbers which are needed. It is important to know the ox:red ratio of 176 

the chemical species under study, but the mid-point potential of the species is also 177 

needed, that is the Em. Once these numbers are known they can be used to 178 

calculate Eh using the Nernst Equation, as shown in Equation 1.   179 

 180 

Equation 1: The Nernst Equation (redox equation) assuming an intracellular pH of 181 

7.4. 182 
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 183 

Eh = Em(pH7.4) + RT x 2.303Log [oxidised] 184 
         nF         [reduced] 185 

 186 

where: Eh is the redox potential; Em(pH7.4) is the midpoint potential of redox couple at 187 

pH7.4; R is the Gas Constant; T is the temperature in Kelvin; F is the Faraday 188 

Constant; n is the number of electrons used in oxidation/reduction.  189 

 190 

Methods are available to measure concentrations of glutathione (Rahman et al., 191 

2006), and the Em for the glutathione ox/red couple has been determined (Rost and 192 

Rapoport, 1964) and therefore in theory the cellular redox can be estimated. But at 193 

best this is an estimation. The estimation of the GSH/GSSG Em has not been 194 

measured in a more robust manner, whilst the redox reaction of glutathione can be 195 

summed up by Equation 2. 196 

 197 

Equation 2: the simplified chemical reaction of the glutathione couple. 198 

    2GSH → GSSG 199 

 200 

Therefore when the data is put into the Nernst Equation it becomes a squared 201 

relationship. The corollary of this is that the calculated Eh becomes dependent on the 202 

total glutathione concentration, as well as the GSH/GSSG ratio. The levels of 203 

glutathione in cells is not static. Glutathione can be generated in cells (Forman, 204 

2016) but conversely cells can lose glutathione too (Ghibelli et al., 1995). Both 205 

scenarios will alter the cellular redox status. Furthermore, some reactive signalling 206 

molecules, such as H2S, will induce an increase in intracellular glutathione 207 

(Parsanathan and Jain, 2018), and so modulate the redox status. The reaction of NO 208 
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with GSH, so forming GSNO, will also reduce the total GSH/GSSG concentration in 209 

the cell and potentially impact on the cellular redox, especially if this happens in a 210 

compartmentalised manner. 211 

 Furthermore, in a treatise by Schafer and Buettner (2001), it was argued that 212 

it should be all the redox active compounds in the cell that should be considered. 213 

Equation 3 has been mooted to encompass this.  214 

 215 

Equation 3:   216 

    n (couple) 217 

  Redox environment = Σ Ei x [reduced species]i 218 
        i-1 219 
 220 

Where Ei is the half-cell reduction potential of the redox couple of interest (Schafer 221 

and Buettner, 2001).  222 

 223 

It is not just glutathione which will contribute to the intracellular redox status but the 224 

presence of many other abundant low-molecular weight (LMW) thiols (Birtic et al., 225 

2011), including cysteine (Cys), cysteinyl-glycine (Cys-Gly) and -glutamyl-cysteine 226 

(-Glu-Cys). Up to 25% of the total thiol concentration may be composed of such 227 

compounds so they could have a significant effect, and levels can change with time 228 

as physiology changes, such as in seed aging (Birtic et al., 2011). Therefore, a 229 

simple measurement of GSH/GSSG levels may be only an inaccurate estimate of 230 

the intracellular redox status.  231 

 A further compound which needs consideration here is ascorbate (AsA). The 232 

redox status of the ascorbate couple (AsA/dehydroascorbate (DHA): it should be 233 

noted that there is also an intermediate state; the semi-dehydroascorbic acid radical 234 

(SDA)) and its influence on biological systems has been known for some time 235 
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(Sapper et al., 1982). More recently the redox of AsA has been implicated in 236 

flowering for example (Chin et al., 2016) and plant stress responses (Jozefczak.et 237 

al., 2015). The distribution of AsA in plant tissues has been estimated to be in the 238 

mM range (Zechmann, 2011) and therefore the status of the AsS redox ratio needs 239 

to be taken into account too.  240 

 Having said this the intracellular redox poise has been estimated in several 241 

systems (Hwang et al., 1992; Jones et al., 1995; Hutter et al., 1997; Jones et al., 242 

2000; Kirlin et al., 1999; Cai et al., 2000) and it has been suggested that the average 243 

status of the cell is approximately -242mV (Schafer and Buettner, 2001). However, 244 

this is not static, and would not be expected to be. With influences of H2S and 245 

glutathione generation and export, as discussed above, the redox state of the cell 246 

will flux. Whether it is a cause or effect, the redox state has been estimated to 247 

become more oxidising as cells differentiate, becoming approximately -200 mV, 248 

while as apoptosis is initiated the cellular redox may well be as oxidising as -170 mV 249 

(Schafer and Buettner 2001). It is into such environments that nitric oxide 250 

metabolism has to be interwoven. 251 

 The perceived dogma is that oxidative stress is the shift of redox in cells 252 

towards more oxidising states, and that this is caused by an imbalance in reactive 253 

oxygen species such as superoxide anions and hydrogen peroxide (H2O2). For 254 

example see Uttara et al. (2009). However, the intracellular glutathione levels are 255 

reported to be mM (Schafer and Buettner, 2001; Bhatla and Horvitz, 2015), and 256 

along with other low molecular weight thiols maintaining the intracellular redox too it 257 

is hard to envisage the generation of ROS being a huge influence, as argued 258 

previously (Hancock and Whiteman, 2018). It is more likely that the intracellular 259 

redox will have an influence on the maintenance and longevity of certain partners in 260 
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a redox couple, perhaps to the health of the cell, or in some cases the detriment of 261 

the cell. Using the Nernst Equation (Equation 1) this can be estimated for predicted 262 

intracellular redox states, such as at -242 mV, -200 mV or -170 mV. This has 263 

previously been reported (Hancock and Whiteman, 2018) and it can indeed be seen 264 

for some redox couples that there is a significant effect.  265 

 If intracellular signalling pathways (McCormick and Baillie, 2014), cAMP 266 

pathways (Zaccolo et al., 2002; Baillie et al., 2005), calcium ion metabolism (Bononi 267 

et al., 2012; Nunes et al., 2012) and ROS metabolism (de Rezende et al., 2012; 268 

Noctor and Foyer, 2016) can all be compartmentalised, then there is no reason to 269 

suspect that the intracellular redox status is not also compartmentalised, and this is 270 

indeed what has been reported (Go and Jones, 2008). Therefore the actual redox 271 

poise that many cellular components, including proteins and their thiol groups, are 272 

exposed to will not be known. A small amount – not concentration – increase in ROS 273 

in an organelle or cytoplasmic hotspot may be paramount to a large concentration 274 

increase which on a local scale may have a significant effect on redox status, and 275 

the corollary effects. 276 

 Which partner in a couple is able to be sustained in a cell may be important, 277 

as exemplified by cytochrome c. This can exist in an oxidised or reduced state, the 278 

toggling between such states allows it to carry out its function as an electron shuttle 279 

between Complex III and Complex IV in mitochondria (Hüttemann et al., 2011). 280 

When released into the cytoplasm of the cell during apoptosis (Liu et al., 1996) 281 

cytochrome c will be exposed to the redox environment which is there, and it has 282 

been suggested that the subsequent redox state of the cytochrome protein will 283 

determine its ability to partake in apoptosis (Hancock et al., 2001). The same 284 

argument can be made for any redox couple which is in a changing redox 285 
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environment, either because it has moved in the cell or the redox environment has 286 

been impacted on by external factors.  287 

 As NO and chemical species involved in NO metabolism often exist in redox 288 

couples then the same arguments can be made here. To influence the intracellular 289 

redox environment the amount needed to overcome redox buffering by mM small 290 

molecular weight thiols such as GSH would be impossible, unless 291 

compartmentalisation allowed the small amount to translate into a significant 292 

concentration change. This could be possible in the locale of NO generating 293 

enzymes such as nitrate reductase. It has been suggested that many proteins have 294 

moonlighting functions and one of the reasons given was that the cell must have a 295 

very well controlled internal environment where proteins are packed very closely 296 

together (Irving et al., 2018). Therefore, if NO generating enzymes are in close 297 

proximity to NO perception proteins then significant changes in concentrations may 298 

be occurring, with concomitant changes in redox or reaction rates with thiols, but by 299 

measuring more global concentrations of NO and GSH/GSSG such local interactions 300 

would not be seen. 301 

 On the other side of the argument, NO would be produced into a highly 302 

buffered redox environment and therefore it is important to understand how this may 303 

impact on the sustaining of RNS species. Many RNS exist as redox couples and 304 

therefore there will be an Em associated with their interconversion. If this Em is in the 305 

region of that of the cell redox poise then changes in that cellular environment may 306 

have an impact. Alternately, if the Em is significantly more positive than the cellular 307 

environment then one species of the redox couple will be favoured, the other 308 

perhaps never being able to exist in a stable state. Therefore, knowing the cellular 309 

redox at any location and time is really important to understand how other low 310 
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abundant redox species may be impacted upon. Such estimations have been 311 

reported recently for a range of ROS, RNS and other redox signalling components 312 

(Hancock and Whiteman, 2018). Some examples will be picked out here. 313 

 As an example of how redox impacts on RNS redox couples, NO+/NO· has an 314 

Em of +1210 mV (Koppenol, 1997) and therefore the ratio of the couple will be very 315 

one sided, favouring one species over the other. As the redox changes towards an 316 

apoptotic state by approximately 70mV (Schafer and Buettner, 2001) such changes 317 

should be considered too. For the NO·/NO- (singlet) couple the Em  is approximately -318 

350 mV (Koppenol, 1997) and this is near the -242/-170 mV redox of the cell and 319 

therefore will be influenced by this change, and in fact the NO· form is favoured, 320 

which is usually thought of as the signalling form of NO. So it could be suggested 321 

here that as the redox changes to be more oxidising the increase in NO signalling 322 

here is helping to drive the apoptotic state once the cell initiates this action. On the 323 

other hand the reduced state of cytochrome c is favoured by the intracellular redox, 324 

and as it was the oxidation of cytochrome c which was mooted to drive apoptosis 325 

(Hancock et al., 2001) this seems to be counter to what is needed. Perhaps the 326 

answer once again comes down to compartmentalisation of all these redox active 327 

compounds. 328 

 Posttranslational modifications of proteins is not immune to the influence of 329 

redox either. The RSNO/RSH couple has been reported to have an Em of -400 mV 330 

(Koppenol, 1997) which would favour the RSNO as the redox becomes more 331 

oxidising, so perhaps driving –SNO signalling as the cell moves towards 332 

differentiation and apoptosis. Therefore, as the NO levels rises, -SNO signalling 333 

becomes more prevalent, and if this is accompanied by rises in ROS and oxidation 334 

of the environment then reinforcement of the signalling would be seen, perhaps 335 
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above a vital threshold level, as the signalling all drives in the same direction. On the 336 

other hand, with a Em of -200 mV (Li and Lancaster Jr, 2013), the S/H2S couple 337 

would not favour the H2S form, so removing its possible brake on RNS/ROS 338 

signalling which has previously been mooted (Hancock and Whiteman, 2014). This 339 

would therefore favour NO signalling, which would be the preferred outcome under 340 

these circumstances. It would be assumed that a threshold level of NO signalling has 341 

been reached and therefore NO-mediated signalling needs to proceed.  342 

For a more full exploration of redox on a range of ROS, RNS and reactive 343 

signals see Hancock and Whiteman (2018).  344 

 345 

Conclusions and future perspectives 346 

Looking at the literature with regards to RNS metabolism and NO signalling it 347 

appears that often studies have a level of naivety. There are many considerations 348 

which are needed before data can be fully understood. NO is difficult to measure and 349 

knowing exactly how much NO has accumulated and where it exactly is in the cell is 350 

not possible to determine at the moment, as fluorescence probes which give location 351 

fail to be quantifiable. To further complicate this, although there are known 352 

intracellular sources of NO, such as NR (Rockel et al., 2002), other sources such as 353 

NOS are still very controversial (Jeandroz et al., 2016). To complicate the situation 354 

further, NO is known to react with numerous other reactive signalling molecules such 355 

as O2
·- and H2S, producing ONOO- and nitrosothiols respectively, and hence not only 356 

affecting each other’s bioavailability but also producing new signalling molecules in 357 

the cell (Whiteman et al., 2006; Speckmann et al., 2016). 358 

 It has been realised for some time that cAMP signalling is compartmentalised 359 

(Baillie et al., 2005), while this has similarly been reported for Ca2+ signalling (Nunes 360 
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et al., 2012) and ROS metabolism (de Rezende et al., 2012; Noctor and Foyer, 361 

2016), so it would be expected that NO accumulation and signalling would show a 362 

similar pattern. NO levels would be expected to rise to significant levels, or 363 

thresholds, and it has been suggested that damping NO signalling down below 364 

should thresholds may be under the control of other reactive signals such as H2S 365 

(Hancock and Whiteman, 2014), or the redox poise of the cell.  366 

 Lastly, but certainly not least, there is the fact that cells maintain their 367 

intracellular environment in a very reduced state (Schafer and Buettner, 2001). This 368 

is partly to enable the important co-factors such as NADH to be maintained 369 

appropriately in the cell (Bücher et al., 1972) but also to enable redox to partake in 370 

signalling (Forman et al. 2014). This redox state is not static and has been shown to 371 

change as the cells move between proliferative states and differentiation, and to 372 

become even more oxidising as apoptosis proceeds (Schafer and Buettner, 2001). 373 

Driving the cellular intracellular redox environment towards oxidation has always 374 

been thought to be partly an imbalance in ROS metabolism leading to oxidative 375 

stress (Sies et al., 2017), but with small molecular weight thiols being thought to 376 

amass to mM concentrations this is not going to be easy at a cellular level, 377 

suggesting that compartmentalisation is indeed key here. Furthermore, NO and other 378 

RNS will be produced into this reducing environment which will impinge on their 379 

longevity and ability to have an effect (Hancock and Whiteman, 2018).  380 

 In summary, the field of NO research needs better tools to understand exactly 381 

how NO species are produced, where they are able to accumulate and how they 382 

interact with numerous other reactive signalling components such as ROS and H2S. 383 

By taking a holistic approach to NO signalling, encompassing accurate measures of 384 
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ROS and redox at a compartmentalised level a better understanding of how NO fits 385 

into the complex signalling pathways of cells may be gained. 386 
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Figure legends 666 

Figure 1: Some of the modifications which may take place on protein thiol groups in 667 

the presence of reactive signalling molecules. Thiols will be potentially open to attack 668 

by a range of intracellular reactive species, including NO, H2O2 and H2S. 669 

 670 

 671 
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Figure 2: Reactions in which NO may partake in biological systems. 673 
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Tables 676 

Table 1: Non-enzymatic and enzymatic sources of NO reported in plants (also see 677 
Astier et al., 2018). 678 

Source of NO Comment Reference(s) 

Nitric oxide synthase 
(NOS) or (NOS-like) 

No gene or specific protein has 
been found in higher plants. 
NOS-like enzyme reported in algae. 

Corpas et al. (2009) 
Foresi et al. (2010) 

Jeandroz et al. (2016) 

Nitrate reductase (NR) Probably one of the major sources 
of NO. 

Rockel et al. (2002) 
Modolo et al. (2005 

Chamizo-Ampudia et al. 
(2017) 

Nitric oxide-forming nitrite 
reductase (NOFNiR) 

Interacts with NR to generate NO 
from nitrite. Belongs to protein family 
called amidoxime reducing 
component (ARC). 

Chamizo-Ampudia et al. 
(2016) 

Yang et al. (2015) 

Membrane-bound nitrite 
reductase 
(Ni:NOR) 

Associated with the plasma 
membrane. Produces NO from 
nitrite 

Stöhr et al. (2001) 

Xanthine oxidoreductase 
(XOR) and other 
molybdenum-based 
enzymes  

XOR can generate NO under 
anaerobic conditions. Such 
enzymes have nitrite utilising 
capacity. Aldehyde oxidases (AOs), 
and sulfite oxidases (SOs) are 
involved here. 

Godber et al. (2000) 
Maia and Moura (2015) 

Polyamine reducing 
enzymes 

Putrescine, spermidine and 
spermine can increase NO 
generation. 

Tun et al. (2006) 
Yamasaki and Cohen (2006) 

Yang et al. (2014) 
 

Non-enzymatic reduction 
of nitrate 

NO can be generated from nitrite 
under acidic conditions. 

Zweier et al. (1999) 
Bethke et al. (2004) 

Hydroxylamine reducing 
enzyme 

Production was lowered by anoxia 
or catalase but increased by 
hydrogen peroxide. 

Rumer et al. (2009) 

Mitochondrial electron 
transport chain 

From nitrite through action of 
Complex III, Complex IV 
(cytochrome oxidase) and ETC 
components. Alternative oxidase 
activity may have controlling effects. 

Igamberdiev et al. (2014) 
Alber et al. (2017) 

Copper amine oxidase Copper amine oxidase 8 (CuAO8) 
appears to regulate NO 
accumulation via an arginine-
dependent mechanism. 

Groß et al. (2017) 

Chloroplast NO 
generation 

Has been suggested to be NOS-like 
and not due to NR. 

Tewari et al. (2013) 
Galatro and Puntarulo (2016) 
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Table 2: Methods for measuring NO in plants.  681 

For a more thorough review see Mur et al. (2011). It has been recommended that at 682 

least two independent methods are used to ensure data obtained is robust (Gupta 683 
and Igamberdiev, 2013). 684 

 685 

Method reported Comments Reference for use of 
method 

Electron Paramagnetic 
Resonance (EPR) or 
Electron Spin Resonance 
(ESR) 

Needs a probe to form an adduct but 
often seen as the gold-standard of 
techniques. Needs NO to be available, 
for example extracellular/ in vitro. 
Detection down to pmol. 
  

Weaver et al. (2005) 
Bright et al. (2009) 

Galatro and Puntarulo 
(2016) 

Oxyhaemoglobin assay Can suffer interference from ROS. 
Detection limit of 1.3-2.8 nM. 

Murphy and Noack 
(1994) 

Diaminofluorescein-based 
fluorescence 

Not quantifiable but variants can be 
used for intracellular or extracellular 
measurements. However, other RNS 
can cause interference. Detection limits 
at 5nM have been reported. 

Kojima et al. (1998) 
Planchet and Kaiser 

(2006) 
Yang et al. (2014) 

Rhodamine-based 
fluorescence 

Not quantifiable. Good alternative to 
DAF-based methods. 

Wilson et al. (2009) 

Griess assay Background nitrite/nitrate levels, which 
may be high in plants, can cause 
quantification problems. Sensitivity 
originally reported to be 0.5 µM. 

Vitecek et al. (2008) 

Ozone-chemiluminescence Detection limits may be as low as 20-50 
pmol.  

Byrnes et al. (1996) 
Rumer et al. (2009) 

NO electrodes/meter Useful for extracellular or in vitro work. 
Often difficult for in vivo work. 

Arasimowicz et al. (2009) 

Mass spectrometry Can be used to detect N isotopes. Conrath et al. (2004) 

NOS-like activity Often based on citrulline production 
these assays may be measuring 
argininosuccinate lyase activity. 

Tischner et al. (2007) 

Laser photoacoustic 
detection (LAPD) 

Detection limit approximately 20 pmol. Mur et al. (2005) 
Cristescu et al. (2008) 

Quantum cascade laser 
(QCL)-based sensor 

NO measured by attenuation of laser 
intensity. 

Mur et al. (2012) 
Cristescu et al. (2008) 
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