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Summary 

 

Numerous studies concerning the anthropogenic air pollutant nitrogen dioxide (NO2) have 

recognized that this reactive nitrogen species (RNS) provokes bifunctional, dose-dependent 

responses in plants.  Exposure to high concentrations causes tissue damage, whereas low 

concentrations of NO2 display beneficial growth- and yield-promoting effects. It has been shown 

that RNS play crucial roles during the biotic and abiotic stress response and pathogen defense. 

For instance, in cooperation with reactive oxygen species (ROS), nitric oxide (NO) and RNS 

trigger the hypersensitive response (HR) and programmed cell death (PCD) in tissues infected by 

avirulent pathogens. Moreover, RNS such as NO were demonstrated to be involved in the onset 

of pattern-triggered immunity (PTI) which conveys basal disease resistance by activating various 

defense mechanisms against a variety of pathogens. Nonetheless, little information is available to 

date about the molecular mechanisms that underlie these bifunctional effects of NO2. Therefore, 

the aim of this work was to further characterize the effects of toxic and non-damaging 

concentrations of NO2.  

Fumigation of Arabidopsis thaliana with 20 and 30 parts per million (ppm) NO2 for 1 h caused 

severe leaf damage and rapid cell death respectively, which correlated with a massive 

accumulation of nitrite (NO2
-, disproportionation product of NO2). Moreover, the NO2-induced cell 

death was accompanied by significant increases in the S-nitrosylation (SNO) and tyrosine 

nitration of proteins, which are known to be involved in modifying protein activity. Histochemical 

quantification of H2O2 and NO further revealed an augmentation of these HR-PCD-inducing 

signaling molecules during the NO2-induced cell death. Suppressing their accumulation by 

scavengers revealed that they are essential executers of the HR-PCD response. SNO, H2O2, and 

NO accumulated in a similar fashion when plants were infiltrated with cell death-inducing amounts 

of NO2
-. This demonstrated that the concomitant increase of NO2

- after NO2 fumigation triggered 

the generation of ROS, RNS, and modified proteins, which ultimately led to the onset of cell 

death. 

Contrarily, fumigation of Arabidopsis for 1 h with 10 ppm NO2 did not cause any visible leaf 

damage, instead inducing transcriptional reprogramming related to pathogen resistance as 

determined via microarray analysis. Hormone measurements via LC-MS/MS revealed that NO2 

stimulated the accumulation of the defense hormone salicylic acid (SA), while simultaneously 

dampening the jasmonic acid (JA) response by promoting its catabolism. Moreover, NO2-

facilitated basal disease resistance against the necrotrophic fungus Botrytis cinerea and the 

hemibiotrophic bacterium Pseudomonas syringae resembling defense responses similar to PTI. 

Mutant analysis revealed that the NO2-induced resistance against B. cinerea required functional 

JA- and SA-signaling pathways which were mediated by COI1 and NPR1, respectively. 
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Additionally, the resistance was dependent on functional PAD3 - the key enzyme during the 

synthesis of the antimicrobial indolic compound camalexin, even though no NO2-induced 

alterations in camalexin levels were detected via HPLC. Mechanistically, the NO2-induced 

resistance against B. cinerea and P. syringae was conveyed by an early enhanced deposition of 

callose, which is a common PTI-mediated defense that provides penetration resistance. 

In summary, the toxicity of NO2 is conveyed by the accumulation of NO2
- that triggers a ROS and 

RNS burst which likely causes oxidative and nitrosative damage to the plant cells that ultimately 

can culminate in the death of the organism. However, non-damaging concentrations of NO2 were 

demonstrated to benefit the plant by activating PTI-related defense responses that protected the 

plant from subsequent pathogen invasion. These results revealed a yet-unknown beneficial effect 

of NO2 and encourages previous hypotheses of NO2 being a potent signal inducer in plants. 
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Zusammenfassung 

 

Zahlreiche Studien zum anthropogenen Luftschadstoff Stickstoffdioxid (NO2) haben gezeigt, dass 

diese reaktive Stickstoffspezies (RNS) bifunktionelle, dosisabhängige Reaktionen in Pflanzen 

hervorruft. Die Exposition von Pflanzen mit hohen Konzentrationen verursacht Gewebeschäden, 

während niedrige Konzentrationen von NO2 wachstums- und ertragsfördernde Effekte zeigen. Es 

hat sich gezeigt, dass RNS eine entscheidende Rolle bei der biotischen und abiotischen 

Stressreaktion und der Abwehr von Pathogenen spielt. So sind Stickstoffmonoxid (NO) und RNS 

zusammen mit reaktiven Sauerstoffspezies (ROS) an der hypersensitiven Reaktion (HR) und 

dem programmierten Zelltod (PCD) in Geweben beteiligt, die mit avirulenten Pathogenen infiziert 

sind. Darüber hinaus spielen RNS wie NO eine wichtige Rolle während der von Pathogen-

assoziierten molekularen Mustern induzierten Immunität (PAMP-triggered immunity, PTI), die 

eine basale Resistenz vermittelt, indem sie verschiedene Abwehrmechanismen gegen eine 

Vielzahl von Pathogenen aktiviert. Dennoch gibt es bisher wenige Informationen über die 

molekularen Mechanismen, die diesen bifunktionellen Effekten von NO2 zugrunde liegen. Daher 

war das Ziel dieser Arbeit, die Auswirkungen von toxischen und nicht schädlichen 

Konzentrationen von NO2 zu charakterisieren. 

Die Begasung von Arabidopsis thaliana mit 20 und 30 ppm NO2 für 1 h verursachte schwere 

Blattschäden und Zelltod, was mit einer massiven Anreicherung von Nitrit (NO2
-, 

Disproportionierungsprodukt von NO2) korrelierte. Darüber hinaus wurden signifikante 

Erhöhungen der S-Nitrosylierung (SNO) und Tyrosin-Nitrierung von Proteinen gemessen, was 

bekanntlich zu Veränderungen der Proteinaktivität führen kann. Weiterhin ergab die 

histochemische Quantifizierung von H2O2 und NO, dass diese HR-PCD-induzierenden 

Signalmoleküle während des NO2-induzierten Zelltods signifikant erhöht sind. Die Verhinderung 

ihrer Akkumulation durch Scavenger-Moleküle ergab, dass sie eine Schlüsselrolle im NO2-

induzierten Zelltod spielen. SNO, H2O2 und NO akkumulierten in ähnlicher Weise, wenn Pflanzen 

mit zelltod-induzierenden Mengen von NO2
- infiltriert wurden. Dies zeigte, dass der Anstieg von 

NO2
- nach NO2-Begasung die Bildung von ROS, RNS und modifizierten Proteinen auslöst, was 

schließlich den Zelltod initiiert. 

Im Gegensatz dazu verursachte die Begasung von Arabidopsis für 1 h mit 10 ppm NO2 keine 

sichtbaren Blattschäden, sondern führte zu einer transkriptionellen Umprogrammierung, wie sie 

auch bei Pathogenresistenz beobachtet werden kann. Hormonmessungen via LC-MS/MS 

ergaben, dass NO2 die Akkumulation des Abwehrhormons Salizylsäure (SA) stimuliert und 

gleichzeitig Jasmonsäure (JA)-induzierte Reaktionen durch Stimulation des JA-Abbaus dämpft. 

Infektionsstudien mit dem nekrotrophen Pilz Botrytis cinerea und dem hemibiotrophen Bakterium 

Pseudomonas syringae demonstrierten, dass NO2 eine PTI-ähnliche Resistenz gegen diese 
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Pathogene stimuliert. Mutantenanalysen ergaben, dass die NO2-induzierte Resistenz gegen B. 

cinerea funktionelle JA- und SA-Signalwege erfordert, die durch COI1, beziehungsweise NPR1 

vermittelt werden. Darüber hinaus war die Resistenz abhängig von funktionellem PAD3 - dem 

Schlüsselenzym bei der Synthese der antimikrobiellen indolischen Verbindung Camalexin. 

Jedoch wurden mittels HPLC keine NO2-induzierten Veränderungen von Camalexin-

Konzentrationen in behandelten Arabidopsis Pflanzen nachgewiesen. Mechanistisch wurde die 

NO2-induzierte Resistenz gegen B. cinerea und P. syringae durch eine frühzeitig verstärkte 

Ablagerung von Callose vermittelt. Diese Festigung zwischen Zellwand und Zellmembran am 

Infektionsort ist eine generalistische PTI-vermittelte Verteidigungsstrategie. 

Zusammengefasst demonstriert diese Arbeit, dass die Toxizität von NO2 durch die Akkumulation 

von NO2
- vermittelt wird, was zu einem massiven Anstieg von ROS und RNS führt, der 

wahrscheinlich oxidative und nitrosative Schäden verursacht und letztendlich zum Tod der 

Pflanze führen können. Diese Arbeit verdeutlicht jedoch auch, dass nicht-schädliche 

Konzentrationen von NO2 der Pflanze zugutekommen, indem PTI-ähnliche Abwehrmechanismen 

aktiviert werden, die die Pflanze vor einer späteren Pathogeninvasion schützen. Die Ergebnisse 

zeigen eine bisher unbekannte positive Wirkung von NO2 und bekräftigen bestehende 

Hypothesen, dass NO2 ein starker Signalinduktor in Pflanzen ist. 
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1 Introduction 

 

Over the last several years, small reactive nitrogen-containing compounds (reactive nitrogen species, 

RNS) such as NO or peroxynitrite (ONOO-) have emerged as crucial plant signaling mediators, for 

instance during cell death induction, plant biotic interactions, or abiotic stress responses [1]–[3]. 

Another highly reactive nitrogen species is the gaseous radical NO2 which is renowned as an 

anthropogenic air pollutant. Multiple studies have addressed the question as to how NO2 exposure 

affects the viability of plants. These studies revealed that NO2 provokes dose-dependent responses 

which range from acute tissue damage and death at high NO2 concentrations [4], [5] to growth- and 

yield-promoting effects caused by low-level exposure [6]–[8]. This dose-dependent bifunctionality 

leads to the hypothesis that NO2 may be a modulator of plant signaling, as has been reported for NO. 

Therefore, this work is focused on the characterization of the NO2-induced signaling in Arabidopsis 

thaliana which was exposed to varying concentrations of this gas. The following introductory chapters 

aim to provide an overview on the reactivity of NO2 as well as the current knowledge with regards to 

the influence of NO2 on plants.  

 

1.1 Nitrogen dioxide – an anthropogenic air pollutant 
 

The highly reactive free radical NO2 is an atmospheric trace gas that is naturally formed via the 

oxidation of NO by atmospheric oxidants such as oxygen (O2, Figure 1 (1)) or ozone (O3, Figure 1 (2), 

[9], [10]). NO commonly originates from high-temperature combustions where atmospheric nitrogen 

(N2) reacts with O2 (Figure 1 (3), [11]). These reactions naturally occur during volcanic activity or 

lightning storms. Furthermore, NO2 emission from soil, bacteria, or plants contribute to ambient 

atmospheric NO2 concentrations ranging in the annual mean from 0.0002 to 0.005 parts per million 

(ppm) [10], [12], [13]. However, the anthropogenic combustion of fossil fuels in power plants or motor 

engines is constantly discharging massive amounts of nitrogen oxides (NOx, sum of NO and NO2). In 

2000, the World Health Organization (WHO) reported that annual mean concentrations of NO2 in 

urbanized areas ranged from 0.01 – 0.05 ppm. About twice a day, during rush-hour traffic in 

particular, these levels often even exceeded 0.5 ppm in their hourly average [10], [14]–[16]. This 

dramatic increase in ambient NO2 levels can have detrimental effects on the environment and human 

health. The WHO summarized a multitude of studies in 2006 [10] which link NO2 for instance to 

increased incidences of asthma and reduced lung function in children [17]–[20].  
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On a global scale, NO2 promotes the progression of climate change, as it is the main source for 

tropospheric ozone when it reacts with volatile organic compounds (VOCs) [21], [22]. On an 

environmental scale, increasing nitrogen level due to man-made emissions of NOx have detrimental 

effects on ecosystem functioning [23], [24]. For instance, alterations in plant species composition was 

found to be correlated with the proximity to highly frequented traffic routes [25]–[27]. Consequently, 

the WHO recommended critical NO2 emission values of an annual mean of 0.02 ppm and a 

maximum hourly average of 0.1 ppm. These guidelines were manifested in 2008 in the directive 

2008/50/EC (on ambient air quality and cleaner air for Europe) of the European Parliament. 

Nonetheless, 145 of 519 measuring stations within Germany have exceeded these critical values in 

2016, with peak annual means of 0.04 ppm in Stuttgart and Munich (Deutsches Umweltbundesamt, 

last data update: 2017-09-08 [28]). 

 

1.1.1 The multifaceted effects of NO2 on plants 

 

NO2-inflicted damage on plants 

Investigation and documentation into detrimental effects of NO2 on a variety of plant species has 

been intensively conducted over the last 50 years. In 1979, Heck and Tingey categorized the various 

plant responses to phytotoxic levels of NO2 into physiological, chronic, and acute injuries [29]. 

Occurrences of growth retardation as well as reduction in yields and photosynthesis were classified 

as physiological injuries. For instance, exposing Arabidopsis to 0.2 ppm NO2 for 4 weeks led to a 

reduction of growth [30]. Moreover, a negative impact on chlorophyll content and photosynthesis 

efficiency was reported for Arabidopsis plants which were fumigated with 2 to 4.2 ppm NO2 for 6 h 

per day for one week [31]. Heck and Tingey classified more severe symptoms such as chlorosis and 

increased defoliation as chronic injuries as they had been described for orange trees exposed to 0.25 

to 1 ppm over 35 days [32]. Dramatic effects such as necrotic lesion formation and plant collapse 

were categorized as acute injuries and were observed in Nicotiana glutinosa after fumigation with 5 

ppm NO2 for 1 h or in pinto beans after a 4 h exposure to 10 ppm [4], [5]. Taken together, these 

Figure 1: NO2 formation during high-
temperature combustion 
NO can react with (1) oxygen (O2) or (2) 
ozone (O3) to give NO2. Prior, NO is 
generated during the reaction of nitrogen 
(N2) with O2 (3) during high temperature 
combustion (bolt). 
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collected observations imply that the severity of NO2-induced effects is highly variable and 

dependent on the applied dose of NO2 (concentration and duration of exposure) and the utilized plant 

species [33].  

Various studies have examined the events incited upon exposure to NO2 in order to determine the 

cause of its detrimental influence upon plants. In aqueous environments, as found within plant cells, 

NO2 exists in equilibrium with its dimer, dinitrogen tetroxide (N2O4), due to its low solubility in water 

(Figure 2-1). However, the dimers’ water solubility is 100-fold higher and therefore disproportionates 

to nitrite (NO2
-) and nitrate (NO3

-) while releasing protons (H+) [34], [35] (Figure 2-2). Within the plant, 

both nitrogen compounds are further converted to ammonia (NH3) by the concerted action of the 

nitrate and nitrite reductases (NR, NiR, [36], [37], Figure 2-3). The conversion of NO2
- and NO3

- as 

well as the assimilation of NH3 into the amino acid synthesis commonly consume the generated 

protons [38]. However, it has been reported that high doses of NO2 acidify the leaf and therefore may 

cause severe injury [4], [38].  

 

Other reports have linked NO2-induced injuries to the accumulation of NO2
- within the plant tissue [4], 

[39], [40]. NO2
- is likely to react to nitric acid (HNO3) within the aqueous cell and thereby causes acid 

burns [41]. Moreover, elevated NO2
- levels lead to a shortage of NADP/NADPH due to its 

consumption during the reduction of NO3
- and NO2

- when it otherwise would be needed during the 

photosynthetic fixation of CO2 [42]–[44]. Consequently, NO2
- leads to a reduction in photosynthesis 

which promotes the generation of ROS such as O2
- by accelerating the one-electron reduction of O2 

[40]. Therefore, accumulation of NO2
-
  after NO2 exposure leads to oxidative stress, which in turn 

causes the observed damage to the plant [33], [41] 

 

The beneficial influence of NO2 on plants 

It was mentioned earlier that the plants’ response to NO2 is highly dependent on the applied 

concentration. This becomes more evident when other observations are considered, which 

Figure 2: Disproportionation and assimilation of NO2 
within the cell 
In aqueous environments NO2 is in equilibrium with N2O4 
(1) that can disproportionate in water to NO3

- and NO2
- 

(2). The assimilation of these products occurs via the 
enzymatic activity of the nitrate reductase (NR) that 
converts NO3

- to NO2
- and the nitrite reductase (NiR) 

which further converts NO2
- to ammonia (NH3) (3). NO2 = 

nitrogen dioxide, N2O4 = dinitrogen tetroxide, NO3
- = 

nitrate, NO2
- = nitrite. Dashed arrows = enzymatic 

reaction, solid arrows = chemical reaction.  
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demonstrated that exposure of plants to low concentrations of NO2 can benefit the plants general 

constitution. For instance, tomato plants fumigated with 0.5 ppm for 10 days displayed an increase in 

shoot length [45]. Similar observations were made for sunflowers that were exposed to up to 3 ppm 

for 3 weeks [46]. Furthermore, the fumigation of tomato during their entire growth period with 0.05 

ppm resulted in augmented numbers of flowers which led to an increase in yield [47]. Likewise, when 

Arabidopsis plants were fumigated with the same concentration of NO2 for 4 weeks they displayed a 

significant enhancement in leaf size [48].  

Since atmospheric NO2 is likely assimilated into the plants primary nitrogen metabolism after 

stomatal uptake [49] (Figure 2), it is assumed that NO2 functions as an air-born fertilizer leading to 

increased protein levels and growth promotion [4], [6]–[8], [46]. On the contrary, Takahashi et al. 

(2005) reported that the total nitrogen content comprised of less than 5 % of NO2-derived N in 

fumigated plants that were sufficiently supplied with soil-nitrogen [50]. Nevertheless, their nutrient 

uptake and metabolism as well as their photosynthetic rate accelerated, which led to an increase in 

biomass due to enhanced cell proliferation and enlargement [48], [50]–[52]. The authors further 

described that approximately one third of the incorporated NO2-derived N was not assimilated into 

the N metabolism but rather into a previously unknown nitrogen species, which was further identified 

in various other plant species [53], [54]. Therefore, the authors postulated that exogenously supplied 

NO2 functions as a multifaceted signal that stimulates plant growth. This further encouraged them to 

hypothesize that NO2 may be of physiological importance as an endogenous signal in plants [30], 

[50], [51].  

Plants generate a multitude of endogenous signaling molecules to execute important physiological 

functions. However, convincing evidence has yet to be found for a plant-specific biosynthetic 

pathway which yields NO2. Several reports indicated that NO2 may be generated enzymatically in 

planta. It was demonstrated in vitro that horseradish peroxidase as well as mammalian 

myeloperoxidase (MPO) and lactoperoxidase (LPO) can utilize NO2
- as a one-electron donor during 

the detoxification of H2O2 resulting in its oxidation to NO2 [55], [56]. In addition, non-symbiotic 

hemoglobins such as the Arabidopsis GLB1 or Medicago sativa MHB1 were reported to produce NO2 

mechanistically similar to the heme-containing peroxidases [57], [58].  

 

1.1.2 The signal transmission potential of NO2 

The aforementioned studies revealed that an enzymatic production of NO2 is conceivable. 

Nonetheless, its generation in planta has yet to be demonstrated, though its emission from herbicide-

treated plants was already reported [13], [59]. Assuming that NO2 functions as an endogenous 

signaling molecule, the question remains of how it may be involved in signal transduction, since 
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action sites or receptors of NO2 have yet to be identified [30]. One indication of its mode of action 

was delivered by observations made during the NO2-producing enzymatic reactions in vitro. Here, 

several studies demonstrated that NO2 post-translationally nitrates tyrosine residues of proteins, 

which is a known protein modification that occurs for instance during plant defense responses [55]–

[58], [60], [61]. Moreover, the highly reactive radical state of NO2 predestines it to be converted to 

other RNS, which in turn may activate signaling cascades. The following chapter will focus on the 

direct and indirect signal transmission potential of NO2. 

 

Reactive nitrogen species and their involvement in plant signaling 

NO2 is one of many reactive molecules that are classified as RNS, which are nitrogen-containing 

oxo-derivatives such as NO, ONOO-, or dinitrogen trioxide (N2O3). NO is known to be an important 

mediator of a variety of physiological responses. For instance, abscisic acid (ABA)-induced NO 

production mediates stomatal closure via the second messenger cyclic guanosine monophosphate 

(cGMP) [62]–[64]. Moreover, while auxin-induced NO formation is a prerequisite for adventitious root 

formation in cucumber [65], NO is best known for its involvement in pathogen defense and HR-PCD 

induction (see section 1.2). 

As mentioned previously, NO2 disproportionates to NO3
- and NO2

- (Figure 2). The latter is known to 

be a valuable source for NO production either due to spontaneous reduction [66], non-enzymatic 

electron transfer from the mitochondrial respiratory chain [67], [68], or even due to enzymatic 

reactions [69], [70], [71]. Since a considerable increase in NO2
- has been measured at several 

occasions after NO2 treatment of a variety of plant species, an accumulation of the signaling 

molecule NO may likely be involved in NO2-induced plant responses [4], [39], [40]. Besides NO, 

ONOO- is another highly reactive RNS that is capable of altering electrophilic molecules such as 

lipids or nucleic acids via one or two-electron oxidation, nitration, or radical formation [72]–[75]. In 

plants, ONOO- is commonly generated during the spontaneous reaction of NO with O2
- and was 

demonstrated to accumulate during HR-mediated cell death [60], [76]. Accordingly, Alamillo and 

Garcia-Olmedo (2001) showed that urate-mediated ONOO- scavenging in Arabidopsis leaves upon 

P. syringae pv. phaseolicola infection reduced the plants HR-PCD and defense gene expression [77]. 

How NO and RNS implement their bioactivity is still under heavy investigation in order to obtain 

further mechanistic details. Nonetheless, two major signal transduction mechanisms have been 

confirmed to occur in plants upon accumulation of NO and RNS: indirect signal transmission via 

second messengers such as cGMP and signal transduction via the direct interaction with proteins 

[64], [65], [78]. NO and RNS can confer their bioactivity through post-translational protein 
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modifications which cause  conformational alterations, protein-protein interactions, or influence the 

subcellular location of the target protein that ultimately leads to changes in protein activity [79]. The 

best described post-translational protein modifications mediated by RNS are the S-nitrosylation of 

cysteines and the nitration of tyrosine residues, which shall be characterized in more detail in the 

upcoming chapter.  

 
Protein modifications mediated by reactive nitrogen species  

The RNS-mediated S-nitrosylation of proteins is a potent post-translational modification that has 

been shown to play central roles in the regulation of disease resistance and HR within plants [80]–

[83]. Here, an NO-moiety is covalently bound to the thiol group of cysteines leading to the formation 

of S-nitrosothiols (SNO, Table 1 left). However, NO itself is an inadequate oxidant of amino acid side 

chains under physiological conditions [84]. Therefore, S-nitrosylation is usually mediated by oxo-

derivatives of NO (e.g. NO2, N2O3, and ONOO-) or metal-NO complexes (Table 1 (1) and (2) [85]). 

However, the common assumption is that trans-nitrosylation is the dominant reaction within cellular 

signal transmission [86]. Here, S-nitrosylated proteins directly transfer their NO-moiety to a thiol 

group of another cysteine (Table 1 (3)). The major physiological mediator of this reaction is S-

nitrosoglutathione (GSNO), which functions as an NO reservoir and is predestined as an important 

signaling-mediator [87]. 

Table 1 Overview of S-nitrosylation and tyrosine nitration pathways. 
Left) Pathways leading to S-nitrosylation of cysteine (Cys) residues. Right) Pathways resulting in the nitration of 
tyrosine (Tyr) residues. RNS = reactive nitrogen species, S = thiol group, ● = indication for radical, CO3●

- = carbonate 
radical, Me = metal complex, PRX = peroxidase. 

 

To date, several studies have provided proof of the physiological importance of SNO, especially 

during disease resistance and HR-PCD. For instance, in 2006 Lindermayr et al. demonstrated that 

the recombinant Arabidopsis methionine adenosyltransferase 1 (MAT1) is S-nitrosylated upon GSNO 
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incubation which led to a reversible inhibition of this enzyme necessary for ET biosynthesis [88]. 

Moreover, GSNO was reported to S-nitrosylate NPR1, the key regulator of SA-mediated defense 

signaling, as well as its nuclear interaction partner TGA1 [80], [82]. Here, GSNO-treatment facilitated 

the translocation of NPR1 to the nucleus and increased the TGA1 DNA binding affinity leading to an 

enhanced defense gene expression [82], [89]. Contradictory however, the S-nitrosylation of NPR1 

was also reported to promote the oligomerization of the protein and thereby detaining it to the 

cytoplasm [80]. Another indication of the importance of S-nitrosylation during plant-pathogen 

interaction was presented by Yun et al. in 2011, who demonstrated that the Arabidopsis NADPH 

oxidase RESPIRATORY BURST OXIDASE HOMOLOGUE PROTEIN D (RBOHD) was S-

nitrosylated during HR upon the infection with P. syringae DC3000. This modification dampened the 

NADPH oxidase activity resulting in reduced ROS accumulation which in turn curbed excessive cell 

death during HR [83]. 

Another major RNS-mediated post-translational protein modification is the nitration of tyrosine 

residues, where a NO2-moiety is added to an ortho-carbon of the aromatic ring of a tyrosine forming 

the negatively charged 3-nitrotyrosine (nTyr) [61]. Presumably, there are multiple pathways that 

generate nTyr, however in vitro and in vivo studies indicated that the participation of free radicals is a 

commonality amongst them. One major route of nTyr generation involves the formation of the NO2 

and carbonate radicals during the rapid reaction of ONOO- with carbon dioxide (CO2). In turn, the two 

radicals radicalize tyrosine residues which leads to the addition of the NO2-moiety to the tyrosyl-

radical intermediate (Table 1 (4), [90], [91]). Another potentially biologically relevant mechanism 

involves oxo-metal complexes as is found in peroxidases that oxidize tyrosine to the tyrosyl radical, 

which is then followed by the addition of the NO2-moiety (Table 1 (5), [91], [92]). This mechanism 

was described in several in vitro studies where the nitration of tyrosine residues was observed during 

the enzymatic formation of NO2 from NO2
- and can be used as an indirect marker for NO2 formation 

([55]–[58]).  

The nitration of tyrosines increases the hydrophobicity and dimension of the affected protein and 

therefore causes structural changes and steric restrictions of the protein [93]. These impediments 

often lead to a loss of function or the degradation of the protein as described by Castillo et al. (2015) 

for the nitrated ABA receptor PYR/PYL/RCAR [94]. Increases in tyrosine nitration has been 

demonstrated for a variety of plant species under various stress conditions, e.g. in wounded 

pumpkin, Arabidopsis undergoing pathogen-induced HR, or salt-stressed sunflower seedlings [95]–

[97]. However, so far only a small number of nitrated proteins have been characterized in detail to 

identify the physiological relevance of the occurring tyrosine nitration [93]. 

As emphasized in the previous chapters, NO2 has promising potential in the induction and 

transmission of signaling in plants and therefore it may be capable of modulating defense responses 
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such as HR-PCD and pathogen defense as has been reported extensively for other RNS [1]–[3]. 

Hence, this work was focused on the investigation of potential signaling interfaces and pathways 

which may be modulated by NO2 during these defense responses. The plants’ immune response is 

regulated via a well-orchestrated and highly elaborate signaling network, which will be outlined in the 

upcoming introductory chapters. 

 

1.2 Plant innate immunity   
 

During their life cycle plants have to face many challenges from foragers, since their sessile lifestyle 

condemns them to be an effortless and rich food source for a variety of organisms. Besides the 

imminent threat of herbivores, plants are often plagued with diseases caused by bacteria, fungi, or 

oomycetes. These organisms evolved various feeding strategies; from nourishing on nutrients from 

living cells (termed biotrophic pathogens) to killing the host in order to feed on the dead cell contents 

(necrotrophic pathogens). Other pathogens, termed hemibiotrophs, can pursue both feeding 

strategies [98]. No matter the pathogenic lifestyle, infestation entails reduced biomass, decrease in 

fertility and can ultimately lead to the death of the plant [99]. In turn, this threatens humanities food 

security, since crop diseases such as the potato blight (inflicted by Phytophthora infestans) or wheat 

stem rust (Puccinia graminis) annihilate annual yields [100]. However, plants are not defenseless 

against these pathogenic microbes. By virtue of constant exposure to these threats, plants have 

evolved a highly sophisticated defense and immune system to fend off microbial intruders.  

The first challenges which microbes must overcome in order to successfully penetrate the plant are 

the physical barriers of the plant. Microbes first encounter the hydrophobic cutin and wax-containing 

cuticle that protects the plants external surface of the epidermis [101]. Secondly, microbes must 

penetrate the rigid cell wall, which is actively modified and reinforced at the infection sites to prevent 

microbe penetration [102]. However, most fungi are able to overcome these physical barriers by 

excreting enzymes that degrade their components such as cutinases, cellulases, or pectinases. On 

the contrary, bacteria often access the plant through natural openings such as the stomata or 

wounds [99], [103]. Once inside the plant, microbes are confronted with the plants second line of 

defense: its innate immune system. Here, the plant perceives the invading pathogen by recognizing 

conserved pathogen-associated molecular patterns (PAMPs) and initiates an elaborate arsenal of 

customized defenses, termed PAMP-triggered immunity (PTI) [104].  
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1.2.1 The onset of PAMP-triggered immunity – a potential site of 
action for NO2 

The initiating stimulus of the PAMP-triggered immunity is the perception of pathogen- or damage-

associated molecular patterns (PAMPs or DAMPs). PAMPs are conserved, microbe-derived 

molecules of various types such as proteins (bacterial flagellin and elongation factor Tu) or 

carbohydrates such as the fungal chitin (reviewed by [105]). DAMPs on the other hand, are plant-

derived molecules that are generated by the lytic activity of the pathogen, like oligogalacturonides 

(OGs) that are released during cell wall fragmentation [106] (Figure 3).  

PAMP recognition occurs via plasma membrane-bound pattern-recognition receptors (PRRs), whose 

extracellular domains specifically bind individual PAMPs [107]. Few PRR/PAMP couples have been 

identified to date, such as the Arabidopsis FLAGELLIN-SENSITIVE 2 (FLS2) receptor which is 

specific for flagellin, or the chitin-specific LysM-CONTAINING RECEPTOR-LIKE KINASE 5 (LYK5) 

receptor [108], [109]. Following ligand binding, PRRs complex with specific regulatory receptor 

kinases to initiate immune signaling by associating with receptor-like cytoplasmic kinases (RLCKs) 

such as the Arabidopsis BOTRYTIS-INDUCED KINASE1 (BIK1) [105], [110]–[112] (Figure 3). These 

cytoplasmic kinases dissociate from the receptor complex upon PAMP binding and initiate 

downstream signaling cascades, as illustrated in Figure 3 [99].  

One immediate cellular response upon PAMP-recognition is the production of ROS such as O2
- or 

H2O2 which are detectable 2-3 min after PAMP recognition [99]. In Arabidopsis, O2
- is largely 

generated by the NADPH oxidase RBOHD. Reportedly, the ROS burst can be initiated by the 

activating phosphorylation of RBOHD by BIK1 and other PAMP-initiated signaling [113]–[115]. ROS 

themselves are a key component of the plants defense system since they mediate stomatal closure, 

directly inhibit pathogen growth, and impede their penetration by crosslinking the cell wall [116]–

[118]. Moreover, ROS take part in PTI progression by stimulating downstream signaling [119]. 

A further immediate physiological response upon pathogen infection is the rapid influx of calcium ions 

(Ca2+) into the cytosol, which is initiated 30 sec to 2 min after PAMP perception [99], [120] (Figure 3). 

Studies have shown that BIK1 and other cytoplasmic kinases are required for Ca2+ signaling [113], 

[121]. Besides Ca2+ and ROS, RNS were also described to be involved in PAMP signaling. NO, 

whose production was reported to be inducible by the Ca2+ influx, was demonstrated to be crucial for 

various steps during PTI [122], [123]. The concerted action of ROS, Ca2+, RNS, and cytosolic 

kinases further transmit the PAMP-induced signal to mitogen-activated protein kinase (MAPK) 

cascades and Ca2+-dependent protein kinases (CDPKs), which finally convey the signal to the 

nucleus [99] (Figure 3).  
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MAPK cascades, which are activated within minutes of PAMP recognition, are multi-layered 

phosphorylation chains consisting of multiple kinases which ultimately lead to the activation of 

specific MAP kinases [124] (abbreviated as MAPKs in Figure 3). In Arabidopsis, MPK3 and 6, as well 

as MPK4, are well described MAP kinases that establish distinct PTI responses by inducing 

transcriptional reprogramming [99]. For instance, MPK4 and MPK6 activate various transcription 

factors like WRKY33 which is essential for the synthesis of the antimicrobial compounds [125]–[127]. 

Moreover, MPK3 and MPK6 are involved in regulating the production of the defense hormone 

ethylene [128]. 

Another signal transmission path to the nucleus is mediated by CDPKs, which are transiently 

activated between 5 and 30 min after PAMP recognition [129]. Amongst others, they were shown to 

Figure 3: Potential sites of action for NO2 to induce initial PAMP-induced signaling 
PAMP/DAMP-binding causes complex-formation of PRRs with co-receptors and RLCKs. This induces cooperative 
phosphorylation that leads to the dissociation of the RLCKs. These can promote ROS burst by activating RBOHD. 
Both are able to activate MAPK cascades that activate defense gene expression. Moreover, RLCKs can initiate Ca2+-
influx to the cytoplasm that in turn can activate CDPKs and promote RNS formation resulting in TF-activation that 
induces defense gene expression. PAMP/DAMP = pathogen/damage-associated-molecular pattern, PRR = pattern-
recognition receptor, RLCK = receptor-like cytoplasmic kinase, P = Phosphorylation, RBOHD = NADPH oxidase, 
ROS = reactive oxygen species, MAPKs = MAP Kinase cascade, CDPKs = Ca2+-dependent protein kinases, RNS = 
reactive nitrogen species, TFs = transcription factors. Solid arrows with filled head = activation/induction, Solid 
arrows with open head = production, dashed arrows = translocation, arrows with question mark = potential site of 
action for NO2. 
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convey the flagellin-mediated ROS burst by activating RBOHD and induce transcriptional 

reprogramming in Arabidopsis as well as phytohormone accumulation in Nicotiana benthamiana 

[130].  

As indicated in Figure 3, several sites of action for NO2 can be hypothesized to initiate PTI signaling.  

NO2 may indirectly trigger this defense signaling by initiating the release of DAMPs due to its 

reported potential to cause acute injuries [4], [5]. Moreover, the formation of ROS and RNS after 

exposure to NO2 [34], [35], [40], [66] may be effective in activating PTI, since both reactive species 

are well described in the modulation of crucial steps during PTI initiation [99], [122], [123]. 

Additionally, a direct role of NO2 during PTI induction can be theorized, based on its ability to 

promote signal transmitting protein modifications.  

PTI signaling downstream of MAPKs and CDPKs activates a number of transcription factors that 

execute the immune response by activating antimicrobial compound production, cell wall 

reinforcement, and the synthesis of phytohormones which further induce secondary transcriptional 

changes for maintaining the defense state [99]. 

 

1.2.2 Phytohormones fine-tune pathogen-triggered immunity 

Phytohormones are small endogenously produced signaling molecules that occur in low 

concentrations within the plant and can freely diffuse or are actively transported to their location of 

action. They regulate a broad spectrum of physiological processes such as growth, development, 

reproduction, and play a crucial role in the plants pathogen response [131]. The compounds salicylic 

acid (SA) as well as jasmonic acid (JA) and its derivatives are considered to be major mediators of 

plant defense [132], [133]. Additionally, other hormones such as abscisic acid (ABA), gibberellins 

(GA), ethylene (ET), brassinosteroids, and auxins were reported to modulate the plants immune 

signaling network [134]–[137]. Changes in hormone concentration as well as the composition and 

timing of the hormone blend determine a wide range of plant responses [131], [138]. As mentioned 

above, these changes can be initiated by PAMP-triggered signaling leading to a customized 

response against individual pathogens [99]. For instance, the invasion of biotrophic or hemibiotrophic 

pathogens commonly activates SA synthesis and signaling hours after PAMP perception, whereas 

necrotrophic invaders regularly trigger the induction of JA and ET synthesis and signaling [98], [139]. 

An overview of the hormone-mediated signaling during pathogen defense that may be stimulated by 

NO2 is shown in Figure 4.  
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Salicylic acid-mediated defense against Pseudomonas syringae 

Since the 1980s, the gram-negative bacterial pathogen Pseudomonas syringae has been utilized to 

unravel the plants interaction with hemibiotrophic pathogens [140]. Arabidopsis perceives P. syringae 

via the FLS2 receptor that recognizes flagellin, which then initiates various responses, such as Ca2+-

influx that activates CDPKs and Ca2+-sensor proteins [99]. Several reports have demonstrated that 

Ca2+-sensors such as calmodulin-binding proteins activate the transcription of the SA-biosynthetic 

gene ICS1 upon P. syringae infection [141], [142]. SA accumulation initiates transcriptional 

reprogramming via its key regulator NONEXPRESSOR of PATHOGENESIS–RELATED GENES 1 

(NPR1) [143]. Under normal conditions, NPR1 resides in the cytoplasm as an oligomer due to redox-

sensitive intermolecular disulfide bonds. Upon pathogen-perception, ROS and RNS, as well as SA 

are generated and shift the cellular redox-state, leading to the reduction of these intermolecular 

bonds and the release of NPR1 monomers which can translocate to the nucleus [80] (Figure 4, green 

panel). Here, NPR1-mediated transcription is regulated by its close homologs NPR3 and NPR4, 

which function as SA receptors [144]. In the absence of SA, NPR4 binds to NPR1 and rapidly 

induces its degradation. Increasing SA levels disrupt the NPR1-NPR4 interaction and facilitate 

NPR1-induced transcription. Exceeding SA levels however, favor NPR1-NPR3 binding, which flags 

NPR1 again for degradation [143]–[145]. Thus, NPR1-mediated signaling is highly controlled and 

defined by prevailing SA concentrations. Active NPR1 interacts with various transcription factors 

such as TGACG SEQUENCE-SPECIFIC BINDING PROTEINs (TGAs) or WRKYs which 

subsequently promote the transcription of SA-responsive genes such as PATHOGENESIS-

RELATED1 and 5 (PR1, PR5), or the beta-glucanase PR2 [146], [147], [148]. Despite various efforts, 

the exact mode of the action of SA is still not fully understood [143]. Nonetheless, SA-mediated 

defense signaling is crucial for the defense against biotrophic or hemibiotrophic pathogens such as 

P. syringae, as evident by extended bacterial growth and increased susceptibility of Arabidopsis 

mutants which are impaired in SA accumulation and signaling [149].  

 

Jasmonic acid/Ethylene-mediated defense upon B. cinerea infection  

The widespread necrotrophic fungus Botrytis cinerea is the second most threatening plant pathogen 

and causes 15-40 % loss of crops on the field and in storage [150]. B. cinerea is the causal agent of 

gray mold disease that leads to soft rot symptoms in berries, tomato, or ornamental flowers, to name 

just a few of its over 200 dicot crop hosts [150]. B. cinerea secretes over 40 different toxins, including 

botrydial and botcinic acid, in order to kill the hosts cells to obtain nutrients [151].  
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The perception of fungal-specific PAMPs like chitin, as well as fungus-generated DAMPs triggers the 

biosynthesis of JA and its derivatives [150]. During JA perception and signaling (Figure 4, blue 

panel), the CORONATINE INSENSITIVE 1 (COI1) F-box protein occupies a key role as it is required 

for most JA-dependent responses [152], [153]. COI1 is integrated in the SKIP-CULLIN-F-box-type E3 

ubiquitin ligase complex (SCFCOI1-complex) which perceives elevated JA levels. Upon JA detection, 

the SCFCOI1-complex promotes the ubiquitin-mediated degradation of JASMONATE-ZIM-DOMAIN 

(JAZ) proteins which releases transcription factors that induce the transcription of JA responsive 

genes [154]–[156]. One of these transcription factors is MYC2 that is encoded by JASMONATE 

INSENSITIVE 1 (JIN1) and promotes the expression of genes involved in wound and herbivore 

response, such as VEGATIVE STORAGE PROTEIN 2 (VSP2) [157]–[159] (Figure 4, blue panel). 

However, the MYC2-mediated signaling pathway is less important during the defense against B. 

Figure 4: Abridgement of hormone signaling and networking during the immune response 
Green panel) Defense signaling against (hemi-) biotrophs mediated by SA. SA shifts the cellular redox state and 
thereby releases NPR1 monomers. At balanced levels of SA, NPR1 can translate to the nucleus and activates TFs 
that induce the transcription of SA-responsive genes. For simplification, NPR3 and NPR4 were not depicted. Blue 
panel) Defense signaling against necrotrophs and herbivores mediated by JA and ET. JA binds to the SCFCOI1-
complex that ubiquitinylates JAZ proteins leading to their degradation. This releases MYC2 that activates TFs that 
induce the expression of JA-responsive genes effective against herbivores (e.g. Vsp2). In concert with ET (orange), 
JA activates the TFs ERF1 and ORA59 that promote the transcription of JA/ET-responsive genes effective against 
necrotrophs (orange). SA = salicylic acid, JA = jasmonic acid, ET = ethylene, U = ubiquitin, TFs = transcription factor. 
Solid arrows = activation/release, dashed arrows = translocation/binding, bars = inhibition.  
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cinerea, since Arabidopsis myc2 mutants still display a wild-type (WT) like resistance to this fungus 

[158]. B. cinerea infection also triggers the biosynthesis of ET via MPK3/ MPK6 [99], [128]. In concert 

with JA, ET induces the expression of OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF 59 

(ORA59) and ETHYLENE-RESPONSIVE FACTOR 1 (ERF1) [160], [161]. These transcription factors 

promote the expression of defense genes such as the PLANT DEFENSIN 1.2a (PDF1.2a) or the 

PATHOGENESIS-RELATED BASIC CHITINASE (CHI-B/PR3) and HEVEIN-LIKE (HEL/PR4) [158], 

[159], [162]. The fact that JA-treatment of ET insensitive mutants does not trigger ERF1, ORA59, or 

PDF1.2a expression demonstrates the importance of the concomitant action of both JA and ET 

during the defense response against necrotrophs [163]. Moreover, mutants impaired in JA- as well as 

ET- production and signaling (e.g. aos, opr,3 and coi1 for JA and etr1, ein3, and eil1 for ET) are 

highly susceptible to B. cinerea, which further implicates both hormones in the implementation of the 

plants response to this pathogen [164]–[167]. 

 

Antagonistic effects of salicylic acid- and jasmonic acid-mediated signaling  

Even though the SA and JA/ET signaling pathways appear to be distinct, they do not function 

independently from each other. Rather, they interconnect via complex regulatory networks in order to 

customize suitable defense responses and commonly antagonize each other actively as a trade-off 

between biotrophic and necrotrophic resistance. This was first established by various 

pharmacological and genetic studies which demonstrated that SA is a potent suppressor of JA-

responsive gene expression [168], [169]. This was further attested by Spoel et al. in 2003, who 

recorded a 25-fold increase in JA levels of SA-deficient Arabidopsis plants infected with P. syringae 

DC3000 [170]. The SA-mediated suppression of the JA-pathway was demonstrated to be of 

physiological relevance on many occasions. For instance, the activated SA signaling in P. syringae-

infected Arabidopsis plants rendered them highly susceptible to subsequent infection with the 

necrotrophic fungus Alternaria brassicicola [171].  

Within the hormonal signaling cascades, there are many key nodes which regulate the switch 

between SA- and JA-mediated defenses. One of those switches is the MAP kinase MPK4, which is a 

positive regulator of JA signaling due to its repressive effect on SA biosynthesis [172]. Moreover, a 

crucial role of NPR1 in the regulation of SA- and JA-mediated signaling was established. Mutants 

impaired in this SA key regulator failed to block the SA-mediated suppression of JA-responsive 

genes [170]. It was further demonstrated that retained cytosolic NPR1 is sufficient to repress JA-

mediated signaling without activating SA-responsive genes [170]. Nevertheless, several 

representatives of TGA or WRKY transcription factors that are regulated by nuclear NPR1 have been 

implicated to be involved in JA-signal suppression [138].  



 
 

15 Nitrogen dioxide - induced signaling in Arabidopsis thaliana 

1.2.3 Prominent defense mechanisms activated during PTI 

Despite the pathogens best efforts, the plant is typically capable of employing a variety of defense 

mechanisms which efficiently inhibit the progression of the pathogen. Besides the previously 

mentioned transcription of pathogen-specific defense genes which encode antimicrobial peptides that 

savage the pathogen itself, plants are further able to initiate the production of antimicrobial secondary 

metabolites. Moreover, pathogens can be confined to the site of infection by cell wall modifications or 

induced cell death to prevent the progression of the infection.  

 

The hypersensitive response 

Plants often prevent the spreading of (hemi-) biotrophic pathogens by the induction of programmed 

cell death (PCD) during the hypersensitive response (HR) which leads to the confinement of the 

pathogen to the site of infection, ultimately leading to the intruders’ starvation [173]. Early studies 

demonstrated that a sustained increase in cytosolic Ca2+ is essential for the onset of HR-PCD, since 

a general inhibition of Ca2+ channels suppressed cell death in pathogen-infected soybean cultures 

and cowpea [174], [175]. However, the central role in HR-PCD is occupied by ROS, which can 

induce cell death by lipid peroxidation that disrupts membrane integrity or by modifying the cellular 

redox-status [173]. This was confirmed by pharmacological inhibition or knock-out of the major ROS 

source (NADPH oxidases) in various plant species. These plants exhibit decreased levels of ROS 

and subsequent reduction in cell death [176]. Furthermore, NO was reported to be an additional 

player in HR induction. Delledonne et al. (1998) demonstrated that the exogenous application of NO 

in combination with H2O2 or O2
- activated HR-PCD synergistically since neither ROS nor NO alone 

were able to trigger an advanced HR [177]. This was further confirmed by the observation that the 

inhibition of NO accumulation in Arabidopsis compromised the plants HR development upon infection 

with an avirulent Pseudomonas strain leading to enhanced bacterial growth [177].  

These multifaceted HR-induction signals indicate that HR-PCD is regulated on a genetic level, which 

is further supported by several Arabidopsis, maize, or tomato mutants which impulsively develop HR-

induced lesions [178]. Moreover, HR-PCD remains under tight hormonal control (reviewed in [176]). 

SA occupies the most prominent role, since this hormone and ROS amplify each other in a feed-

forward mechanism which promotes cell death propagation. The involvement of SA in the onset of 

HR-PD was verified due to the lack of pathogen-induced cell death in SA-deficient Arabidopsis NahG 

mutants [179]. Furthermore, co-treatment of wild-type (WT) Arabidopsis with SA and O2
- significantly 

enhanced cell death induction [180]. Additionally, the induction of ET biosynthesis is in part required 

for the continuation of the cell death-driving ROS accumulation [181], [182]. Finally, JA accumulation 
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is involved in the containment of cell death propagation as shown by intensified HR-PCD of JA-

insensitive Arabidopsis mutants after ozone treatment [183], [184]. 

 

Callose deposition 

Another effective defense mechanism of plants against various pathogens and wounding is the 

deposition of the (1,3)-β-glucan polymer callose [185] which can occur in papillae between the 

plasma membrane and the cell wall at infection sites [186], [187]. In previous studies it was 

demonstrated that callose deposition is induced after B. cinerea infection of Arabidopsis [188]. 

Furthermore, elevated callose depositions at early time points after infection provide penetration 

resistance against the biotrophic powdery mildew fungus and A. brassicicola [186], [189]. In 

Arabidopsis, callose is synthesized by a group of 12 mostly membrane-localized callose synthases 

encoding GLUCAN SYNTHASE-LIKE (GSL) genes. GSL5, herein referred to as PMR4 (POWDERY 

MILDEW RESISTANT 4), was identified as the predominant callose synthase during wounding and 

pathogen infection, since pmr4-deficient plants failed to deposit callose at affected sites [189]–[191]. 

The induction of callose biosynthesis upon pathogen infection is a complex process where the 

involvement of ROS, SA, and indole glucosinolates (IGs) has been reported [192]–[194]. It was 

demonstrated that PMR4 expression is significantly up-regulated upon SA-treatment in an NPR1-

dependent manner, though a transcription factor regulating its gene expression has not yet been 

identified [195]–[197]. However, the effectiveness of callose deposition against biotrophic pathogens 

is still debated, since pmr4 mutants exhibited a hyperinduction of SA biosynthesis as well as a 

constitutive expression of defense genes. This consequently renders the pmr4 mutant resistant to 

these type of pathogens [191], [197]. On the contrary, Scalschi et al. (2015) revealed that a functional 

JA-biosynthetic pathway is crucial for proper callose deposition and basal resistance of B. cinerea-

infected tomato [198].  

 

Camalexin production 

Other components of the plants’ arsenal against pathogens are the low molecular weight secondary 

metabolites termed phytoalexins which affect the invader’s functionality. The most investigated 

representative of this heterogeneous group of compounds is camalexin (3-thiazol-2’yl-indole) which 

is found in Arabidopsis. Its antimicrobial activity has been tested successfully in vitro for instance 

against the hemi-biotrophic bacterium P. syringae pv maculicola, or the necrotrophic fungi A. 

brassicicola and B. cinerea [199]–[202]. Camalexin disrupts bacterial and fungal cell membranes, 

reduces fungal cell wall permeability, and induces fungal apoptotic-like programmed cell death [199], 
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[201], [203], [204]. In planta, camalexin is synthesized locally around the infection site upon detection 

of a large variety of PAMPs and DAMPs such as fungal chitosan, bacterial flagellin, and endogenous 

OGs [200], [205]. Conclusively, as mutant analysis reveals, camalexin plays a crucial role in the 

resistance against a variety of pathogens such as the necrotrophic fungi A. brassicicola or B. cinerea, 

as well as the hemibiotrophic oomycete Phytophthora brassicae and the biotrophic powdery mildew 

[206]–[209]. Interestingly, camalexin-deficient mutants are not susceptible to P. syringae, even 

though its effectiveness was reported in in vitro assays [199], [210].  

Upon PAMP/DAMP recognition, camalexin is produced de novo in close proximity to the infection site 

as a result of an elaborate defense signaling network. Various studies indicated that JA, ET, as well 

as SA and ROS are important players in camalexin synthesis induction [211]. Their involvement 

however, appears to be dependent on the infecting pathogen. Reports are available that claim that 

JAs’ contribution to camalexin synthesis induction is negligible upon A. brassicicola infection, but 

crucial when plants are invaded by B. cinerea [202], [212], [213]. Similar observations were made for 

the involvement of SA. For instance, transgenic Arabidopsis which is impeded in SA accumulation 

due to the expression of the bacterial SA-hydroxylase (NahG) did not accumulate any detectable 

camalexin upon P. syringae DC3000 infection. However, these transgenic plants generated a WT-

like increase in camalexin when infected with Phytophthora porri [214], [215] Furthermore, ET was 

reported to play a role in camalexin induction, since mutants impaired in ET signaling accumulated 

less camalexin after P. syringae or A. brassicicola treatment [202], [216]. Since camalexin 

accumulation can also be stimulated with various oxidative-stress-inducing chemicals such as 

paraquat, it is assumed that ROS may also be essential for camalexin biosynthesis [217]. In general, 

various reports have demonstrated that camalexin synthesis is regulated via a MAPK cascade that 

ultimately leads to the activation of MPK3 and MPK6. These kinases activate the transcription factor 

WRKY33, which in turn regulates genes involved in the biosynthesis of tryptophan, the precursor of 

camalexin, as well as the expression of camalexin biosynthetic genes such as the key cytochrome 

P450 PHYTOALEXIN DEFICIENT 3 (PAD3) [205]. Furthermore, WRKY33-induced camalexin 

accumulation is positively regulated by MPK4 that is activated upon P. syringae or flagellin treatment 

[125]. 

 

1.2.4 Defense priming as a measure to enhance resistance 

The activation of appropriate defense mechanisms is highly effective to protect the plant against 

pathogens. However, the induction of ample defenses negatively affects the plants fitness due to the 

inevitable consumption of resources. Moreover, the time required to implement a successful defense 

may leave the plant vulnerable to considerable damage during the early stages of infection [218]. 
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Consequently, plants evolved mechanisms which sense environmental cues in order to promote a 

state of alertness and prepare itself for potential pathogen invasions enables a faster and stronger 

defense response [219]. This approach of defense readiness is termed priming, which is postulated 

to be an adaptive, low-cost defensive state that is characterized by either no or only a slight and 

transient induction of defense responses after detection of a priming stimulus. Upon detection of a 

challenging signal (e.g. pathogen infection) however, a primed plant is able to deploy a more rapid 

and enhanced defense than naïve, non-stimulated plants [220]. So far, a variety of stimuli are 

reported to trigger the primed state, like naturally occurring compounds such as beta-aminobutyric 

acid (BABA), SA, or volatile organic compounds (VOCs). Also mild abiotic or biotic stresses such as 

temperature changes, or PAMPs and DAMPs, as well as stimuli derived from beneficial symbiotic 

microbes (e.g. Trichoderma) are known to induce a primed state [221]. The multitude of 

environmental cues which were reported to function as priming agents further encourages the 

hypothesis that exposure to NO2 may be sufficient to prime the plant into a state of alertness, 

therefore rendering it more resistant against future pathogen attacks. 

On the molecular level, priming is assumed to involve the accumulation of signaling molecules and 

proteins, as well as DNA modifications which convey the timely advanced and/or enhanced defense 

response in a concerted effort [222], [223]. For instance, in 2009, Beckers et al. demonstrated that 

the mRNA and dormant proteins of the MAPK cascade, MPK3 and MPK6 in particular, are 

accumulating after treatment with the SA analogue benzothiadiazole (BTH). Upon challenge with P. 

syringae pv maculicola, the BTH-primed plants showed a greater abundance of active 

(phosphorylated) MPK3/6, leading to an enhanced defense gene expression that consequently 

resulted in an enhanced resistance to the pathogen [224].  

Another effect associated with priming is the increase in pattern-recognition receptors such as FLS2, 

as well as their affiliated co-receptors as reported after prolonged BTH-treatment of Arabidopsis by 

Tateda et al. (2014) [225]. This is speculated to result in an enhanced sensitivity to PAMPs and an 

intensified activation of downstream signaling e.g. via MAPK cascades [223]. Yet another hypothesis 

for the molecular conveyance of priming is associated with epigenetics. Here, it is proposed that 

priming agents induce modifications of chromatin that encourage a faster and more robust activation 

of defense-related genes [223].  
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1.3 Project objective 
 

The steady increase in anthropogenic environmental pollution with NO2 is a newsworthy topic due to 

the broad spectrum of detrimental effects which NO2 inflicts on human health and the environment, 

especially plants. However, deeper understanding of the underlying mechanisms that cause these 

detrimental effects is still unknown. In plants, a common assumption is that the accumulation of toxic 

levels of NO2
- upon NO2 uptake causes severe oxidative damage which leads to cell collapse and 

ultimately culminates in the death of the plant. However, the identification of NO2-resistant or 

susceptible plant species [40], as well as reported beneficial effects of low NO2 doses indicate that 

NO2 may induce specific signaling cascades leading to a self-programmed death of the plant cell 

rather than randomly inflicting damage as a phytotoxin. 

Therefore, the first aim of this work was to expand the knowledge of the NO2-induced cell death by 

establishing a NO2-fumigation system that generates consistently-reproducible damage to 

Arabidopsis thaliana, to be used for further analysis. The established fumigation system was utilized 

to evaluate if NO2-induced cell death is solely based on NO2
- toxicity or if NO2 is capable of initiating 

signaling leading to HR-like cell death. Therefore, the NO2 disproportionation products within NO2-

damaged plants were analyzed to assess the accumulation of NO2
-. Moreover, levels of molecules 

and protein modifications that are associated with HR-PCD signaling (ROS, NO, SNO, and nTyr) 

were determined by applying histochemical and biochemical methods. In order to investigate the 

importance of these signaling molecules, their abundance was pharmacologically manipulated during 

the onset of NO2-induced cell death. Finally, Arabidopsis plants were treated with NO2
- to assess if it 

induces similar responses within the plant as they were observed after NO2 exposure. 

Independently, Arabidopsis plants were evaluated for their response to short-term exposure to non-

damaging concentrations of NO2, since a variety of beneficial effects were described for low NO2 

doses. In the literature, two main hypotheses arose for this phenomenon. First, NO2 may operate as 

an air-born fertilizer which encourages plant growth by promoting the plants nitrogen metabolism and 

secondly, NO2 may induce growth-promoting signaling.  

Examination of the immediate plant response to short-term exposure of non-damaging NO2 

concentrations via microarray analysis revealed a rapid transcriptional reprogramming, pointing to a 

previously undescribed capability of NO2 to induce a pathogen defense response. Accordingly, a 

NO2-induced resistance against the necrotroph B. cinerea and the hemibiotroph P. syringae pv 

tomato DC3000 was observed. Based on this, an attempt to unravel the underlying mechanisms of 

this induced resistance against B. cinerea was made by screening various mutants impaired in 

defense mechanisms and hormone signaling for their NO2-induced resistance phenotype. 
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Additionally, commonly known defense responses such as hormone and camalexin synthesis, 

callose deposition, and PR gene expression were examined in B. cinerea-infected plants after NO2 

fumigation. This approach was intended to provide insights into the underlying hormone and defense 

signaling pathways and to identify the executing mechanisms which cause the NO2-induced 

resistance. 
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2 Results 

2.1 Characterization of the NO2-induced cell death 
 

In recent years, multiple reports have indicated that the exposure to high dosages of NO2 caused 

detrimental effects such as growth retardation, necrosis, and cell death in various plant species such 

as Arabidopsis thaliana, pinto bean, or Nicotiana glutinosa [4], [5], [30]. However, the underlying 

mechanisms of the NO2-induced cell death have not yet been investigated in detail. To address the 

question of how NO2 triggers the plant to undergo cell death, Arabidopsis thaliana was exposed to 

various concentrations of NO2 for 1 h which caused varying degrees of damage. Changes in 

signaling molecules, protein modifications, and nitrogen-containing compounds were determined to 

highlight important players during NO2-induced cell death.  

 

2.1.1 Visualization and quantification of the NO2-induced cell death 

To characterize NO2-induced cell death, the severity of leaf damage in Arabidopsis plants caused by 

raising concentrations of NO2 needed to be assessed. Therefore, four-week-old Col-0 plants were 

fumigated for 1 h with 10, 20, or 30 ppm NO2. As a negative control plants were placed into the 

fumigation chamber and fumigated with air. After 24 h the damage was documented (Figure 5 A) and 

the dead leaf areas were visualized by Trypan Blue (Figure 5 B), which is only able to permeate and 

stain cells if the membranes are disrupted [226]. Fumigation with air and 10 ppm NO2 did not cause 

any apparent leaf damage, whereas 20 ppm NO2 visibly induced severe necrotic lesions which were 

also detected by the Trypan Blue staining. Fumigation for 1 h with 30 ppm NO2 however, resulted in 

complete leaf collapse and rapid wilting which was already apparent during the exposure period to 

NO2 (Figure 5 A, B).  

The observed development of cell death was quantified over time via electrolyte leakage. Here, 

whole rosettes were harvested directly after fumigation and submerged in water for 24 h. During that 

time, electrolytes leaked through disrupted membranes of dead cells, thereby increasing the water 

conductivity, which was measured at various time points (Figure 5 C). Plants fumigated with 10 ppm 

NO2 leaked 13 % of their electrolytes after 24 h. This was similar to the 15 % leakage in air fumigated 

plants, which supported the lack of visible symptoms or cell death staining after these treatments. 

Fumigating plants with 20 ppm NO2 resulted in a relative electrolyte leakage of 27 % that was 

excelled to 63 % for plants treated with 30 ppm NO2 (Figure 5 C). Therefore, cell death quantification 

via electrolyte leakage confirmed that NO2-induced leaf damage is dependent on its concentration.  
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2.1.2 Quantification of nitrogen compounds and protein modifications 
after NO2 fumigation 

As mentioned in section 1.1.1, NO2 rapidly disproportionates into equimolar amounts of NO2
- and 

NO3
- in aqueous solutions. This hydrolyzation was demonstrated to occur in plants upon NO2 uptake 

by Zeevaart in 1976. Here, it was also determined that NO2-induced leaf damage correlated with 

NO2
- accumulation in various plant species such as Phaseolus vulgaris (pinto bean), Datura 

stramonium (devil’s snare), Pisum sativum (pea), or Spinacea oleracea (spinach) [4]. 

To investigate if the NO2-induced cell death in Arabidopsis thaliana is accompanied by NO2
- and 

NO3
- accumulation, their contents were quantified immediately after fumigation with various NO2 

concentrations using a Sievers Nitric Oxide Analyzer NOA 280i (NOA; Figure 6 A, B). In air 

fumigated control leaves, average basal NO2
- concentrations of 1.6 nmol/mg protein were detected. 

Upon NO2 fumigation the NO2
- content gradually increased in a concentration-dependent manner, 

reaching significant peak values of up to 3478 nmol/mg protein after fumigation with 30 ppm NO2. 

Even in plants treated with 10 ppm NO2 which did not cause detectable leaf damage, NO2
- levels 

Figure 5: Concentration-
dependent cell death induced by 
NO2 

Col-0 plants were exposed to air 
(control), or 10, 20, and 30 ppm 
NO2 for 1 h. A) Visible cell 
damage. Arrows indicate damaged 
leaf areas. B) Trypan Blue staining 
of dead leaf areas 24 h after 
fumigation. A, B) Representative 
pictures of 2 independent 
experiments are shown. C) Cell 
death quantification by electrolyte 
leakage at various time points after 
fumigation. Data points represent 
means ± SD (n = 10-19). The 
figure was modified after Kasten et 
al., 2017 by permission of Oxford 
University Press. Statistics: 
Asterisks indicate significant 
differences from control samples 
via Kruskal Wallis test and 
Wilcoxon test with FDR correction 
(***p < 0.001).  
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increased on average 110-fold to 177 nmol/mg protein (Figure 6 A). Contrariwise, the insignificant 

variations in the NO3
- content, ranging from 27 µmol/mg protein in control samples to 47 µmol/mg 

protein after 30 ppm NO2 (Figure 6 B), were negligible when considering the massive increase in 

NO2
-.  

 

Due to its reactive nature, it is likely that NO2 or its oxo-derivatives such as NO2
- or ONOO- post-

translationally modify protein residues and thereby alter their activity. One example for these 

modifications is the S-nitrosylation (SNO) of proteins, where a NO moiety is covalently added to a 

Figure 6: Nitrite, nitrate, S-nitrosothiols, and nitrated proteins content upon NO2 fumigation  
Arabidopsis Col-0 plants were exposed to air (control) or different concentrations of NO2 for 1 h. A) Nitrite (NO2

-), B) 
nitrate (NO3

-), and C) S-nitrosothiols (SNO) were measured with the Nitric Oxide Analyzer, whereas in D) a 
commercial enzyme-linked immunoassay was used to quantify tyrosine-nitrated proteins (nTyr). Box plots represent 
median (solid line), mean (dashed line), and 25th/75th percentiles (grey box) from 3 independent experiments (except 
1 for B). n = 12-14 (A), 3 (B), 8-14 (C), 8-11(D). Whiskers represent 5th and 95th percentiles (only when n > 3), black 
dots are outliers. The labeling of the x-axes is identical in all graphs. The figure was modified after Kasten et al., 2017 
by permission of Oxford University Press. Statistics: Asterisks indicate significant differences from the control 
samples via Kruskal Wallis Test and Wilcoxon Test with FDR correction (*p < 0.05, **p < 0.01, ***p < 0.001).  
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reactive thiol group of cysteines [80]–[83]. Furthermore, it was reported that NO2 and ONOO- are 

capable of mediating the nitration of tyrosine (nTyr) residues [60], [87], [95], [227], [228]. To 

investigate whether the frequency of these protein modifications is altered during the NO2-induced 

cell death, SNO and nTyr levels were quantified immediately after fumigation with air, 10, 20, or 30 

ppm NO2. SNO content was determined using the NOA (Figure 6 C), whereas nTyr levels were 

quantified with a commercial Nitrotyrosine Assay Kit (Figure 6 D). 

The NOA analysis revealed that SNO increased significantly with raising NO2 concentrations. SNO 

levels in air fumigated control plants averaged to 49 pmol/mg protein. This amount tripled after 

exposure to 10 ppm NO2 to 151 pmol/mg protein and culminated in 610 pmol/mg protein after 30 

ppm NO2 (Figure 6 C). Such a continuous increase was not detected for the nitration of tyrosine 

residues. Here, basal nTyr levels of 6 nmol/mg protein in air-fumigated plants only increased 

insignificantly after exposure to 10 or 20 ppm NO2 but significantly rose 55-fold to 330 nmol/mg 

protein when fumigated with 30 ppm NO2 (Figure 6 D). 

Taken together, NO2 fumigation loaded the leaf with NO2
- and SNO even when non-damaging NO2 

concentrations (10 ppm) were applied, whereas pronounced tyrosine nitration only occurred in 

collapsing leaves after exposure to 30 ppm NO2. Though NO2 equimolarly disproportionates to NO2
- 

and NO3
- the latter was not affected by any treatment. 

 

2.1.3 NO and H2O2 production is crucial for the NO2-induced cell 
death  

NO and H2O2 are well-known signaling molecules in plants which synergistically trigger the induction 

of the HR during incompatible plant-pathogen interactions [177], [229]. To investigate their roles in 

the NO2-induced cell death, the formation of intracellular NO was evaluated with the fluorescent 

probe di-amino-fluorescein diacetate (DAF-FM DA), whereas H2O2 production was determined via 

diaminobenzidine tetrahydrochloride (DAB) staining (Figure 7 A, B). The signaling molecules were 

quantified immediately after fumigation of Arabidopsis Col-0 with various concentrations of NO2.  

The DAF-FM DA fluorescence signal representing intracellular NO was significantly increased 2.2-

fold after fumigation with 30 ppm NO2 when compared to the air-fumigated control (Figure 7A). This 

fluorescence signal in turn was significantly reduced by 31 %, when 30 ppm NO2-treated plants were 

simultaneously infiltrated with DAF-FM DA and the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-

tetramethylimidazoline-1-oxyl-3-oxide (cPTIO, 500 µM). This demonstrated the specificity of the DAF-

FM DA probe towards NO. Plants fumigated with 10 or 20 ppm NO2 did not show a significant 
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increase in fluorescence intensity when compared to the air-fumigated control, indicating that only an 

insignificant amount of NO may have accumulated as a result of these treatments (Figure 7 A). 

 

In line with the observations made for NO, DAB staining revealed an increase of H2O2 immediately 

after fumigation with 30 ppm NO2, as was evident by the conspicuous brown areas (Figure 7 B). 

Infiltration of plants with 100 U/ml of the H2O2-detoxifying enzyme catalase (CAT) before fumigation 

with 30 ppm NO2 largely prevented DAB staining and verified the dyes’ specificity towards H2O2. 

Less pronounced DAB staining was observed after fumigation with 20 ppm NO2, However, exposure 

to air or 10 ppm NO2 (Figure 7 B) did not produce staining results, which correlated with the 

described concentration-dependent NO2-induced cell death (see 2.1.1).  

Figure 7:  NO2 fumigation triggers NO and H2O2 production important for NO2-induced cell death 
Col-0 plants were exposed to air (control) or NO2 for 1 h with the indicated concentrations. A) Intracellular NO was 
quantified immediately after fumigation with a photometric assay using 5 µM DAF-FM DA that was infiltrated into 
leaves 1 h before fumigation. Injection of the NO scavenger cPTIO (500 µM) alongside DAF-FM DA before fumigation 
with 30 ppm NO2 served as a DAF-FM DA specificity control (dashed-lined column). Columns represent means ± SD 
of 3 independent experiments; n = 23-24. B) H2O2 was detected directly after fumigation via DAB staining. Injection of 
the H2O2-degrading enzyme catalase (CAT, 100 U/ml) before fumigation with 30 ppm NO2 served as a specificity 
control for the DAB staining. Representative pictures of 2 independent experiments (except 1 for NO2 + CAT) are 
shown; n = 14-16, 8 for NO2 + CAT; Scale = 5 mm. C) Scavengers of NO (500 µM cPTIO) and H2O2 (100 U/ml 
catalase) were infiltrated into leaves 30 min before exposure to 30 ppm NO2. Immediately after fumigation plant cell 
death was quantified via electrolyte leakage (cPTIO control = H2O; catalase control = 0.38 M potassium phosphate 
buffer pH 7). Columns represent means ± SD; n = 11. A.U. = arbitrary unit. The figure was modified after Kasten et al., 
2017 by permission of Oxford University Press. Statistics: Asterisks indicate significant differences from control 
samples via One Way ANOVA with Holm-Sidak post-hoc Test for multiple comparisons versus control group (**p < 
0.01, ***p < 0.001).  
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According to the literature, the development of HR requires the synergistic action of NO and ROS 

such as H2O2, since neither ROS nor NO are capable of triggering an advanced HR by themselves 

[177], [229]. This was substantiated by infiltrating leaves with cPTIO or catalase prior to fumigation 

with 30 ppm NO2 followed by ion leakage measurements after 24 h to assess cell death propagation 

(Figure 7 C). Scavenging NO with 500 µM cPTIO significantly reduced total electrolyte leakage by 

39.5 % when compared to the H2O-infiltrated control. Similarly, detoxification of H2O2 by catalase led 

to a 41.9 % decrease in total electrolyte leakage in comparison with the infiltration-control (0.38 M 

potassium phosphate buffer, pH 7) (Figure 7 C).  

In summary, these findings demonstrated that high concentrations of NO2 stimulate the accumulation 

of NO and H2O2 and corroborated the importance of these two signaling molecules in promoting the 

NO2-induced cell death.   

 

2.1.4 Nitrite infiltration resembles the effects of NO2 fumigation 

As shown in 2.1.2, exposure to non-damaging NO2 concentrations loaded the leaves with an 

excessive quantity of NO2
-. Since NO2

- accumulation is well-known to cause plant injury [230], [231] it 

was investigated whether NO2
- infiltration was able to mimic the effects of NO2 fumigation that lead to 

cell death induction. Therefore, leaves were infiltrated with 10 and 100 mM NaNO2 or H2O as control. 

Electrolyte leakage was performed 1 h after infiltration (Figure 8 A) and leaves were stained with 

Trypan Blue 24 h treatment (Figure 8 B).  

Figure 8: Nitrite infiltration mimics NO2 -induced cell death 
A) Four leaves per plant were injected with H2O (control), 10 mM, or 100 mM NaNO2. Cell death was quantified over 
time by electrolyte leakage of whole rosettes starting 1 h after injection. Data points are means ± SD from 2 
independent experiments (except 1 for 10 mM NaNO2); n = 15-22. B) Trypan Blue cell death staining was performed 
24 h after infiltration. Representative pictures are shown; n = 6-8. The figure was modified after Kasten et al., 2017 by 
permission of Oxford University Press. Statistics: Asterisks indicate significant differences from control samples via 
Kruskal Wallis Test and Wilcoxon Test with FDR correction (**p<0.01, ***p<0.001). 
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Infiltration of 100 mM NaNO2 into Arabidopsis Col-0 leaves led to rapid cell death as evidenced by a 

total electrolyte leakage of 37.6 % (Figure 8 A) and positive Trypan Blue staining (Figure 8 B) 24 h 

after infiltration. However, the cell death extent was not as severe as observed after fumigation with 

30 ppm NO2, where 63 % of the total electrolytes leaked through the damaged membranes (Figure 5 

C). Compared to the H2O-infiltrated control, infiltration of 10 mM NaNO2 did not enhance electrolyte 

leakage or Trypan Blue staining (Figure 8 A, B). 

Additionally, leaf material was harvested 3 h after NaNO2 infiltration for analysis of NO2
-, SNO, H2O2, 

NO3
-, and nTyr contents. The 3 h time point was chosen since the visible damage of 100 mM NaNO2-

treated leaves closely resembled that, which was observed directly after fumigation with 30 ppm NO2. 

As anticipated, a drastic increase of NO2
- in the NaNO2-infiltrated leaves was detected by using the 

NOA. Treatment with 10 mM NaNO2 raised the mean NO2
- levels by 4.6-fold from 11 nmol/mg protein 

in H2O-infiltrated leaves to 51 nmol/mg protein. Infiltration of 100 mM NaNO2 resulted in an average 

NO2
- content of 14070 nmol/mg protein, which corresponded to a significant 1279-fold increase 

(Figure 9 A). 

Similar observations were made for SNO, whose content tripled from 44 pmol/mg protein in H2O-

infiltrated leaves to 134 pmol/mg protein after infiltration of 10 mM NaNO2 and was further increased 

by 52-fold to 2249 pmol/mg protein after treatment with 100 mM (Figure 9 B). The absolute levels of 

Figure 9: NaNO2 injection elevates nitrite and S-nitrosothiol levels  

Leaves were infiltrated with H2O (control), 10 mM, or 100 mM NaNO2. All measurements were performed 3 h after 
infiltration. A Nitric Oxide Analyzer was used to quantify A) nitrite (NO2

-) and B) S-nitrosothiols (SNO). Box plots 
represent median (solid line), mean (dashed line), and 25th/75th percentiles (grey box) from 2 independent 
experiments; n = 7 (A), 4-7 (B). Whiskers represent 5th and 95th percentiles, black dots are outliers. The figure was 
modified after Kasten et al., 2017 by permission of Oxford University Press. Statistics: Asterisks indicate significant 
differences from control samples via Kruskal Wallis Test and Wilcoxon Test with FDR correction (**p < 0.01).  
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NO2
- and SNO measured after treatment with 10 mM NaNO2 were comparable to those determined 

after fumigation with 10 ppm NO2. On the other hand, leaves treated with 100 mM NaNO2 

accumulated approximately four times the quantity of both compounds when compared to those 

which were treated with 30 ppm NO2. Changes in NO3
- and nTyr level were also measured after 

NaNO2 infiltration, which did not show any significant differences when compared to the content in 

H2O-treated leaves (Supplemental Figure 1). 

Furthermore, the accumulation of H2O2 and NO after NaNO2 treatment was investigated since the 

production of both signaling molecules was induced after fumigation with NO2 and was crucial for the 

induction of cell death, as described in 2.1.3. Intracellular NO strongly accumulated upon treatment 

with NaNO2 as determined via the increased fluorescence intensity of DAF-FM DA 1 h after 

infiltration (Figure 10 A). The fluorescence signal was intensified by 4.7-fold upon infiltration with 10 

mM NaNO2 and further augmented to 7.1-fold when using 100 mM. This exceeded the amount of NO 

detected after fumigation with 30 ppm NO2 by a factor of 2.5 (see Figure 7 A). To ensure that the 

strong fluorescence signal specifically represented NO accumulation, 100 mM NaNO2 were co-

infiltrated with the NO scavenger cPTIO, which led to a signal reduction of 70 % (Figure 10 A, grey, 

dashed-lined column).  

 

 

Figure 10: NaNO2 infiltration triggers NO and H2O2 accumulation 
A) Intracellular NO was measured using the fluorescent probe DAF-FM DA. H2O (control), 10 mM, or 100 mM NaNO2 
were co-infiltrated with 5 µM DAF-FM DA. The resulting fluorescence signal was measured 1 h after infiltration. 
Injection of the NO scavenger cPTIO (500 µM) alongside DAF-FM DA and 100 mM NaNO2 served as a DAF-FM DA 
specificity control (dashed-lined column). Columns represent means ± SD; n = 10. ). B) H2O2 was detected by 
diaminobenzidine (DAB) staining 3 h after nitrite infiltration (representative pictures are shown); n = 8-10. A.U. = 
arbitrary unit. The figure was modified after Kasten et al., 2017 by permission of Oxford University Press. Statistics:  
Asterisks indicate significant differences from control samples via Kruskal Wallis Test and Wilcoxon Test with FDR 
correction (**p < 0.01, ***p < 0.001). 
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H2O2 accumulation after NaNO2 infiltration resembled the results obtained after NO2 fumigation. DAB 

staining and therefore H2O2 production was most prominent after applying the highest concentration 

of NaNO2 (Figure 10 B). No distinct staining was detected in leaves infiltrated with H2O or 10 mM 

NaNO2, which led to the conclusion that, at most, an insignificant amount of H2O2 was produced 

upon those treatments.  

Taken together, the infiltration of a high concentration of NO2
- (100 mM) induced less pronounced 

cell death than 30 ppm NO2 but was accompanied by a greater increase in SNO and NO. Similar to 

the observations made during the NO2-induced cell death, 100 mM NaNO2 led to an accumulation of 

H2O2 but did not alter NO3
- levels. Nitrated proteins that were enriched after fumigation with 30 ppm 

NO2 were however not affected by NaNO2.  

 

2.2 NO2 induces changes in the gene expression profile 
 

Previous research revealed that exposure to low dosages of NO2 had a beneficial impact on plants 

by enhancing growth, biomass, flowering, and yield in various plant species such as tomato, sun 

flower, or Arabidopsis  (see 1.1.1, [45]–[47]). Hence, the second part of this work aimed to 

investigate the molecular processes in plants exposed to NO2 concentrations which did not cause 

any visible damage. In accordance with the previous results, fumigation of Arabidopsis Col-0 with 10 

ppm NO2 for 1 h suited this criterion and therefore was used to examine the plants response to this 

moderate, non-damaging dose of NO2. To obtain a comprehensive overview of processes that were 

affected by NO2, a genome-wide gene expression analysis was performed using an Agilent At8x60K 

one-color microarray.  

 

2.2.1 Microarray data evaluation 

Arabidopsis Col-0 plants were fumigated with air or 10 ppm NO2 for 1 h and leaf material was 

obtained directly or 6 h after fumigation for microarray analysis. Preprocessing of the data was kindly 

performed by Dr. Elisabeth Georgii and included background correction, quantile normalization, and 

log2 transformation. Since four biological replicates per treatment were evaluated, the obtained 

values of the same gene (as classified by the TAIR 10 genome annotation [232]) were averaged 

across these replicates. Differential gene expression analysis of NO2- against air-fumigated samples 

was also conducted by Dr. Elisabeth Georgii and revealed large sets of genes that were differentially 

expressed after NO2-fumigation at both time points. The microarray data has been deposited in the 
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ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under the accession number E-

MTAB-6522. The access however, is restricted until the work is published (preliminary access via 

username: Reviewer_E-MTAB-6522, password: Nyonpqvw).   

The large set of approximately 21600 genes was filtered according to their adjusted p-value and fold 

change (FC) to the air treatment to identify relevant NO2-specific responses. Figure 11 depicts this 

data confinement. Volcano plots were generated by plotting the log2(FC) of each gene against the 

negative decadic logarithm of its respective adjusted p-value. These plots aimed to illustrate the 

comprehensive effect of NO2 upon gene regulation for each investigated time point after fumigation 

(Figure 11 A). The Venn diagrams in Figure 11 B illustrate the number of significantly regulated 

genes which were highlighted in the volcano plots using an identical color code.  

 

Figure 11: Illustration of changes in gene expression induced by 10 ppm NO2 
Col-0 plants were fumigated with 10 ppm NO2 or air for 1 h and leaf material was harvested for microarray analysis 
immediately (0 h) or 6 h after fumigation; n = 4. Changes in gene expression were determined by the fold change (FC) 
of their fluorescent signal after NO2 treatment compared to the air control. A) Volcano plots visualizing the changes in 
gene expression 0 h (top) and 6 h (bottom) after fumigation by plotting the adjusted p-value over the fold change. 
Horizontal dashed lines mark p = 0.05; vertical dashed lines indicate log2(FC) ± 1. Data points represent expression of 
individual genes. The expression of genes appearing in the colored left panels is significantly down-regulated (p < 
0.05, log2(FC) < 1), whereas expression of genes within the colored right panel shows significant up-regulation (p < 
0.05, log2(FC) > 1). B) Venn diagrams illustrating the number of significant genes that are up- (top) or down-regulated 
(bottom) with p < 0.05 and log2(FC) ± 1. Right: genes were exclusively regulated 0 h after fumigation, left: genes were 
exclusively regulated 6 h after fumigation, middle: genes were mutually regulated at both time points. Color code is 
consistent in A and B indicating genes down-regulated at 0 h (purple) and 6 h (green), or up-regulated at 0 h (blue) 
and 6 h (yellow).  
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When comparing the volcano plots of each investigated time point it became evident that NO2 

caused rapid, highly significant transcriptional reprogramming. The data points at the 0 h time point 

(Figure 11 A, top) covered a larger area within the plot plane than those at the 6 h time point (Figure 

11 A, bottom). This indicated that the changes in gene expression immediately after fumigation were 

highly significant (plot height) and more pronounced (plot width) than after 6 h. Moreover, 

approximately 2400 genes were significantly up-regulated, while approximately 2000 genes were 

down-regulated significantly immediately after fumigation, whereas only about one third as much 

(750 up- and 680 down-regulated genes) were affected after 6 h (Figure 11 B). Interestingly, the 

regulated genes scarcely overlapped across the two time points (Figure 11 B, middle). Only 11.5 % 

of all up- and 2.1 % of all down-regulated genes were affected at both time points, which hinted 

towards transient or discrete time-dependent responses of the plant to NO2. 

 

2.2.2 Ontology enrichment of genes regulated by NO2  

In the attempt to unravel the underlying biological processes induced by NO2, functional profiles of 

the up- (p < 0.05, log2(FC) > 1) or down- regulated (p < 0.05, log2(FC) < -1) gene sets were retrieved 

via Gene Ontology (GO) term enrichment analysis using the PANTHER 11.0 overrepresentation test. 

Here, each gene within the analyzed data set was classified into GO-terms. These annotation 

categories were then tested for their overrepresentation when compared to an Arabidopsis reference 

list (Figure 12).  

Immediately after fumigation 122 GO-terms were significantly enriched in the up-regulated gene set 

(Supplemental Table 1). Many of them were related to plant defense processes, which is graphically 

represented by the clustering of numerous GO-terms according to their distance within the gene 

ontology hierarchy (Figure 12, left). Here, major GO-terms included defense against wounding, fungi, 

and bacteria. Furthermore, the enrichment revealed that NO2 activated genes involved in JA 

metabolism and signaling, as well as genes responsible for mediating the response to SA and ET. 

Moreover, NO2 induced the expression of genes involved in camalexin biosynthesis and flavonoid 

glucuronidation, as well as programmed cell death, which are effective defense mechanisms against 

a variety of pathogens [199], [233]–[235]. 

Even though, only 13.5 % (319 out of 2354) of the genes up-regulated directly after fumigation were 

still highly expressed after 6 h, similar GO-terms where enriched at both time points. In total 69 GO-

terms were enriched within the set of genes up-regulated 6 h after fumigation (Figure 12, right). 40 of 

those annotations, were already enriched directly after fumigation, including responses to chitin, 

fungus, wounding, as well as JA metabolic processes (Supplemental Figure 2 and Supplemental 

Table 2). GO-terms exclusively enriched in the gene set up-regulated 6 h after fumigation 
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represented cellular water homeostasis, cell wall metabolic processes involving xyloglucan and 

polysaccharides, as well as responses to light and nutrient stimuli (Figure 12, right). 

 

Genes down-regulated immediately after fumigation encompassed 57 significantly enriched GO-

terms (Supplemental Table 3). These included general processes such as the primary metabolism, 

rhythmic and developmental processes as well as growth regulation. Furthermore, responses to the 

phytohormones auxin and gibberellin were actively repressed upon NO2 fumigation (Supplemental 

Figure 3, left and Supplemental Table 3). Six hours after exposure to 10 ppm NO2, genes involved in 

DNA maintenance such as replication and repair as well as cell cycle processes were significantly 

down-regulated (Supplemental Figure 3 right and Supplemental Table 4). 

In summary, the comparison of the gene expression profile of NO2-fumigated against air-fumigated 

plants revealed that defense responses where initiated upon exposure to moderate, non-damaging 

concentrations of NO2. More specifically, NO2 activated genes involved in the biosynthesis and 

signaling of the plant hormones JA, SA, and ET and induced the expression of genes related to 

defense mechanisms such as camalexin and flavonoid biosynthesis, programmed cell death, and 

metabolic processes within the cell wall. 

8.8 
1.5 

0 h 

16.4 
1.3 

6 h 

Figure 12: Gene ontology (GO) enrichment analysis of genes up-regulated by 10 ppm NO2 
Enriched GO terms (Fold enrichment > 1, p < 0.05) of genes up-regulated directly (0 h, left) or 6 h (right) after 
fumigation were identified using the PANTHER 11.0 overrepresentation test and visualized in scatter plots using the 
REVIGO tool. Each circle represents a GO term, whereat the number of genes it encompasses is represented by the 
circle size. The color code depicts the fold enrichment of the respective GO term within the data set compared to the 
PANTHER Arabidopsis thaliana reference list. Circles are clustered according to the distance of the respective GO 
terms within the GO hierarchical tree. Axes have no intrinsic meaning. Highly enriched or interesting GO terms are 
labeled.  
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2.3 Quantification of hormone levels after fumigation with 10 
ppm NO2 

 

The transcriptional profiling of plants fumigated with 10 ppm NO2 suggests that NO2 promotes JA and 

SA signaling. Since both hormones are well-known to be important regulators of plant immunity and 

pathogen defense [131], the influence of NO2 upon SA and JA accumulation was investigated 

further. Therefore, SA and various jasmonates were quantified via LC-MS/MS at different time points 

after NO2 treatment to assess whether the enriched abundance of the biosynthetic gene transcripts 

was translated to an accumulation of these hormones. The phytohormone measurements were 

performed in collaboration with Dr. Axel Mithöfer (Max-Planck Institute for Chemical Ecology in Jena, 

Germany). 

 

2.3.1 NO2 stimulates a rapid turnover of active jasmonates 

The term jasmonates encompasses all biologically active intermediates during the JA biosynthesis, 

such as cis-(+)-12-oxophytodienoic acid (cis-OPDA), as well as JA derivatives that are able to 

modulate biological processes, such as jasmonoyl-isoleucine (JA-Ile), methyl-jasmonate (MeJA), and 

JA itself [236], [237]. Jasmonates derive from the fatty acid linolenic acid which undergoes oxidation 

via lipoxigenases (LOX), dehydration via the allene oxide synthase (AOS), followed by subsequent 

cyclization to cis-OPDA via the allene oxide cyclases (AOC). After cis-OPDA is reduced by the 

OPDA-reductase (OPR3), three rounds of β-oxidation (e.g. via Acyl-CoA oxidase ACX1 and OPC-8:0 

CoA ligase OPCL1) are necessary to form JA. JA in turn, can be modified to JA-Ile or MeJA via the 

jasmonates-amid synthetase JAR1 and JA-carboxyl methyltransferase JMT, respectively [237]. The 

JA biosynthetic pathway is outlined in Figure 13 A, which also illustrates the gene expression levels 

of the major biosynthetic genes directly and 6 h after fumigation as they were obtained from the 

microarray data sets. The majority of the depicted genes were significantly up-regulated immediately 

after fumigation (Figure 13 A, right underlying panel), ranging in log2(FC) relative to the air control 

from 1.1 for AOS to 5.9 for AOC3. Only LOX2 and JAR1 were negligibly expressed (0 < log2FC < 1). 

At 6 h after fumigation the expression levels had declined to a maximum of log2(FC) = 2.1 for AOC1 

(Figure 13 A, left underlying panel).  
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The enrichment of biosynthetic gene transcripts directly after NO2 fumigation, suggested that NO2 

may lead to a rapid accumulation of jasmonates. However, increased levels were only measured for 

cis-OPDA starting at 3 h after fumigation (Figure 13 B, top). No significant changes were detected for 

JA or JA-Ile (Figure 13 B, middle and bottom). These findings contradict previous research which 

demonstrated that an increase in transcription levels of JA biosynthetic genes generally coincides 

Figure 13: NO2 stimulates the expression of JA synthesis genes but not jasmonate accumulation 
A) Schematic JA biosynthesis pathway illustrating the expression levels (log2(FC)) of the respective genes obtained 
from the microarray directly (0 h) or 6 h after fumigation with 10 ppm NO2. Colored panels depict log2(FC) of the 
genes compared to the air fumigated control, left = 0 h, right = 6 h after fumigation. B) Quantification of various 
jasmonates (top: cis-OPDA, middle: JA, bottom: JA-Ile) at different time points after fumigation with air or 10 ppm NO2 
was done via LC-MS/MS and normalized to the sample’s fresh weight (FW). Columns represent means ± SD; n = 5. 
Cis-OPDA = cis-(+)-12-oxophytodienoic acid, JA = jasmonic acid, JA-Ile = jasmonoyl-L-isoleucine, MeJA = methyl 
jasmonate. The figure legends and labeling of the x-axes are identical in all graphs. Statistics: Asterisks indicate 
significant differences within the time points via Two Way ANOVA + Holm-Sidak post-hoc Test (***p < 0.001). Two 
Way ANOVA showed that fumigation-induced changes in hormone levels significantly depended on the time in case 
of cis-OPDA (p = 0.002) but not for JA or JA-Ile.  
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with the accumulation of jasmonates [238]. Therefore, it was investigated whether NO2 was 

promoting a rapid decomposition of jasmonates.  

A major step during the catabolic turnover of active jasmonates is the oxidation of JA-Ile by members 

of the cytochrome P45 family (CYP94) resulting in biologically inactive 12-OH-JA-Ile and 12-COOH-

JA-Ile [239]–[241]. Additionally, JA-Ile and its hydroxylated form can be catabolized to tuberonic acid 

(12-OH-JA) by the amidohydrolases IAR3 and ILL6 [242]. Moreover, jasmonate-induced oxygenases 

(JOXs) were recently identified, which hydroxylate JA to its inactive 12-OH-JA derivative [243] and 

represents yet another catabolic pathway of active jasmonates. All the described pathways, including 

the corresponding gene expression levels were summarized in Figure 14 A.  

The microarray analysis revealed that NO2 strongly promoted the inactivation of jasmonates. 

Immediately after fumigation, the majority of genes involved in these catabolic reactions were highly 

up-regulated with fold changes (log2(FC)) to the respective air controls ranging from 1.3 up to 7.4. 

Here, especially the genes encoding the CYP94 proteins and members of JOXs were highly induced. 

Particularly in case of the latter, the transcript levels remained significantly elevated up to a log2(FC) 

of 7.8 at 6 h after NO2 treatment. Besides the JOXs, the gene transcripts of most of the 

aforementioned catabolic enzymes remained highly abundant at this time point after fumigation. All 

accurate expression levels of the genes depicted in Figure 13 A and Figure 14 A can be found in 

Supplemental Table 6.  

The rapid and extensive NO2-induced transcription of genes whose products are necessary for 

jasmonate catabolism strengthens the hypothesis that NO2 stimulates rapid jasmonate turnover. To 

further reinforce this theory, intermediates of the catabolic reactions were quantified by LC-MS/MS in 

cooperation with Dr. Axel Mithöfer (Max-Planck Institute for Chemical Ecology in Jena, Germany). In 

Figure 14 B the levels of 12-OH-JA, 12-OH-JA-Ile, and 12-COOH-JA-Ile at various time points after 

air and NO2 fumigation are shown. All catabolic intermediates rapidly increased and peaked in their 

concentrations at 3 h after NO2 fumigation. Specifically, 12-OH-JA increased significantly by a factor 

of 3.2 from 21.9 ng/g FW in air-fumigated plants to 71 ng/g FW after NO2 treatment. A similar 3.1-fold 

increase was observed for 12-COOH-JA-Ile from 6 ng/g FW (air) to 18.9 ng/g FW (NO2). OH-JA-Ile 

levels elevated significantly by 2.3-fold at 3 h after fumigation when compared to the air-fumigated 

control. After 3 h, the levels of the catabolic products gradually declined to base line levels at 24 h 

after NO2 treatment (Figure 14 B).  
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Taken in conjunction, the results suggested that exposure to NO2 has the potential to induce 

jasmonate production due to its ability of activating the transcription of genes necessary for their 

biosynthesis. However, an accumulation of jasmonates was not detectable at any time after NO2 

fumigation. According to the gene expression data, NO2 fumigation simultaneously promoted the 

induction of catabolic pathways and therefore may likely have stimulated a rapid turnover of 
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Figure 14: NO2 stimulates the catabolism of active jasmonates 
A) Schematic pathway of the catabolism of active jasmonates (JA, JA-Ile) illustrating the expression levels (log2(FC)) 
of the respective genes obtained from the microarray directly (0 h) or 6 h after fumigation with 10 ppm NO2. Colored 
panels depict log2(FC) of the genes compared to air fumigated control, left = 0 h, right = 6 h after fumigation. B) Levels 
of various jasmonate degradation products (top: 12-OH-JA, middle: 12-OH-JA-Ile, bottom: 12-COOH-JA-Ile) at 
different time points after fumigation with air or 10 ppm NO2 were measured via LC-MS/MS and normalized to the 
sample’s fresh weight (FW). Columns represent means ± SD; n = 5. 12-OH-JA = 12-hydroxyl jasmonic acid, JA-Ile = 
jasmonoyl-L-isoleucine, 12-OH-JA-Ile = 12-hydroxyl-JA-Ile, 12-COOH-JA-Ile = 12-dicarboxy-JA-Ile. The figure legends 
and labeling of the x-axes are identical in all graphs. Statistics: Asterisks indicate significant differences within the 
time points via Two Way ANOVA + Holm-Sidak post-hoc Test (*p < 0.05, **p < 0.01, ***p < 0.001). Two Way ANOVA 
showed that fumigation-induced changes significantly depended on the time for OH-JA (p < 0.001) and COOH-JA-Ile 
(p < 0.001) but not for 12-OH-JA-Ile. 
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biologically active jasmonates. This hypothesis was strengthened by the observed accumulation of 

inactive jasmonate metabolites after NO2 exposure.  

 

2.3.2 NO2 promotes a transient accumulation of salicylic acid   

In addition to jasmonates, the accumulation of SA after fumigation with 10 ppm NO2 was 

investigated, since this hormone is known to be an important signal in the plants defense against 

pathogens [133], [244]. In Arabidopsis, the de novo synthesis of SA upon pathogen infection can 

occur via two distinct pathways. In the first,  chorismate can be transformed to isochorismate by the 

isochorismate synthase ICS1 (or SA INDUCTION-DEFICIENT 2, SID2) [245]. Isochorismate is then 

further metabolized to SA potentially by the action of PBS3, a member of the acyl-

adenylate/thioester-forming enzyme family, and the acetyltransferase-family member EPS1 [246]. 

The second source of SA is the phenylpropanoid pathway, where phenylalanine is non-oxidatively 

deaminized by Phenylalanine ammonia-lyases (PAL) to cinnamate. Subsequent intermediate 

reactions lead to the formation of benzoic acid, which is finally converted to salicylic acid [247], [248]. 

Several regulatory proteins are involved in SA synthesis, including ENHANCED DISEASE 

SUSCEPTIBILTY 1 (EDS1), and PHYTOALEXIN DEFICIENT 4 (PAD4) [249]–[251]. Finally, SA is 

transported out of the chloroplast by the Multi-Antimicrobial Extrusion (MATE) transporter 

ENHANCED DISEASE SUSCEPTIBILTY 5 (EDS5) [252], [253]. The SA biosynthetic pathways are 

outlined in Figure 15 A, which also illustrates the gene expression levels of the major biosynthetic 

genes directly and 6 h after fumigation as they were obtained from the microarray data sets. 

The gene transcripts of the aforementioned proteins involved in SA biosynthesis were at least 2.2-

fold up-regulated (except EPS1, PAL3/4) immediately after fumigation with NO2 (Figure 15 A). 

Nonetheless, the transcript levels of the biosynthetic genes declined to levels comparable to those in 

air-fumigated plants at 6 h after NO2 fumigation (log2(FC) between -0.9 and 1.3). The accurate 

expression levels of the genes depicted in Figure 15 A can be found in Supplemental Table 5. 

Since an enhanced expression of biosynthetic genes such as SID2 was reported to coincide with SA 

accumulation [245], levels of this hormone were quantified after fumigation with 10 ppm NO2. LC-

MS/MS analysis revealed that the NO2-induced expression of SA biosynthetic genes was indeed 

causing a significant increase in SA levels immediately after fumigation (Figure 15 B). Basal SA level 

averaged out to approximately 90 ng/g FW in air fumigated leaves, which was exceeded by 34.5 % 

and 36.3 % directly or 3 h after fumigation, respectively. Over time the SA content rapidly declined 

from 132.6 ng/g FW at 3 h, to 73.4 ng/g FW at 6 h after fumigation. At this time point, the SA levels 

significantly decreased by 31 % when compared to the concentration in the respective air fumigated 
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control. This is in line with the previous observation that the transcript levels of the biosynthetic genes 

declined at this time point as well. 

 

In summary, exposure to 10 ppm NO2 activated the expression of genes involved in SA biosynthesis, 

particularly those associated with the isochorismate pathway like SID2. Even though, the 

enhancement in gene expression only occurred immediately after fumigation and was almost 

abolished 6 h after NO2 fumigation, it provoked a rapid, but transient accumulation of SA.  

 

 

 

 

Figure 15: NO2 promotes a rapid but transient accumulation of SA 
A) Schematic salicylic acid (SA) biosynthesis pathway illustrating the expression levels (log2(FC)) of the respective 
genes obtained from the microarray directly (0 h) or 6 h after fumigation with 10 ppm NO2. Colored panels depict 
log2(FC) of the genes compared to air fumigated control, left = 0 h, right = 6 h after fumigation. B) SA levels at 
different time points after fumigation with air or 10 ppm NO2 were measured via LC-MS/MS and normalized to the 
sample’s fresh weight (FW). Columns represent means ± SD; n = 5. Statistics: Asterisks indicate significant 
differences within the time points via Two Way ANOVA + Holm-Sidak post-hoc Test (**p < 0.01, ***p < 0.001). Two 
Way ANOVA showed that fumigation-induced changes in SA levels significantly depended on the time (p < 0.001).  
 

SA 

A 

0

30

60

90

120

150

180

0 h 3 h 6 h 24 h

ng
  S

A
/ g

 F
W

 

air 10 ppm NO2

   *** 
*** 

** 

after fumigation 

10 ppm NO2 

B 

4-3 
3-2 
2-1 0-(-1) 

log2(FC) 

0 h 6 h after fumigation 1-0 

Phenylalanine Chorismate 

PAD4 

PBS3 

PAL3 
PAL4 PAL2 

PAL1 

EDS5       SA transport
  

SID2 

Isochorismate 

Salicylic acid (SA) 

Cinnamate 

Benzoate 

EDS1 

EPS1 



 
 

39 Nitrogen dioxide - induced signaling in Arabidopsis thaliana 

2.4 Deciphering the role of phytohormones in NO2-induced 
pathogen resistance 

 

The gene expression profile obtained by the microarray analysis revealed that NO2 exposure 

activates genes associated with pathogen defense and immune system processes (see section 

2.2.2). These findings led to the conclusion that NO2 exposure may be sufficient to provide pathogen 

resistance. Here, induced resistance against necrotrophic fungi appeared to be a reasonable 

assumption, since enriched GO-terms encompassed responses against fungi and the fungal elicitor 

chitin, as well as JA- and ethylene-mediated responses, all of which are known to be involved in 

necrotrophic defense [98]. Moreover, GO-terms regarding the synthesis of metabolites with 

antifungal properties, such as camalexin [167] were highly enriched directly after fumigation. 

 

2.4.1 NO2-induced resistance against Botrytis cinerea 

To investigate whether NO2 induces resistance against necrotrophic fungi, NO2 fumigated plants 

were infected with Botrytis cinerea. The areas of the developing necrotic lesions were analyzed to 

assess the potential of NO2 to provide resistance against this pathogen. In detail, Arabidopsis Col-0 

plants were fumigated with 10 ppm NO2 for 1 h, followed by droplet-infection of detached leaves after 

6 h with approximately 1000 spores of B. cinerea which were maintained in half-strength grape juice 

during the infection period. To obtain an infection reference, unfumigated leaves were exposed to B. 

cinerea. Three days after infection the necrotic areas which had formed on fumigated leaves were 

measured and normalized to the mean necrotic area of unfumigated leaves (= 100 %).  

Since unfumigated plants were used as a control, it had to be ensured that the fumigation process of 

plants treated with NO2 did not influence the infection assay (e.g. temperature or light variation and 

wind speed in the fumigation chamber). Therefore, B. cinerea-induced lesion formation on air-

fumigated and unfumigated leaves was compared in prior experiments. Here, no significant 

differences in lesion size were detected (Supplemental Figure 5). 

Figure 16 A (top) illustrates a representative example of the necrotic lesions formed on NO2 

fumigated and non-treated plants. Evidently, lesions on NO2 fumigated plants were considerably 

smaller than those which developed on unfumigated leaves. This observation was made in numerous 

independent experiments. It was also noted that the application of half-strength grape juice alone did 

not induce lesions (Figure 16  A, bottom). Quantification of the necrotic areas revealed that the 
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necrotic lesions formed on NO2 fumigated plants were significantly reduced by approximately 30 % 

when compared to the average necrotic area which formed on unfumigated leaves (Figure 16 B). 

 

Taken together, The B. cinerea infection assay confirmed the hypothesis that NO2 induces resistance 

against necrotrophic fungi. 

 

2.4.2 The role of jasmonic acid in the NO2-induced resistance against 
B. cinerea 

As previously mentioned, it is commonly assumed that the defense against necrotrophic fungi is 

primarily mediated by jasmonates [139], [238]. According to the obtained microarray data, genes 

involved in the synthesis and signaling of this phytohormone are highly up-regulated after NO2 

exposure (see section 2.2.2). However, only a minor increase in cis-OPDA was detected after 

fumigation, while no changes of the remaining active jasmonates were determined. Nonetheless, the 

detected increase in inactive jasmonate-catabolic products without a concurrent depletion of the 

active jasmonate pool strongly suggested a NO2-induced production of jasmonates (see section 

2.3.1). To investigate whether this regulation of jasmonates is of biological significance, Arabidopsis 

knock-out mutants impaired in JA-biosynthesis and –signaling were subjected to the B. cinerea 

infection assay after NO2-fumigation.  
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Figure 16: NO2 induces resistance against Botrytis cinerea 
Col-0 plants were fumigated with 10 ppm NO2 for 1 h (unfumigated as control) followed by droplet-infection of 
detached leaves with approx. 1000 spores of B. cinerea 6 h after fumigation (half-strength grape juice as control). A) 
Representative pictures of necrotic lesions 3 days after droplet-infection with B. cinerea (top) or half-strength grape 
juice as control (bottom). Scale = 5 mm. B) Evaluation of necrotic lesion development occurred 3 days after infection 
by measuring the necrotic area via ImageJ. The necrotic areas formed on fumigated leaves were normalized to the 
mean necrotic area of unfumigated leaves (= 100 %). Columns represent means of 18 independent experiments ± 
SEM; nleaves = 624-640. Statistics: Asterisks indicate significant differences from control via Mann Whitney Rank Sum 
Test (***p < 0.001).  
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Initially, mutants impaired in JA-synthesis were tested for their NO2-induced resistance phenotype. 

Here, the aos and opr3 mutant were utilized, as both knock-out mutants are known to be impeded or 

deficient of JA accumulation upon wounding or B. cinerea infection [165], [254], [255]. The 

corresponding genetic background controls (WT) of the mutants were concurrently fumigated and 

infected to ensure that the respective WT plants can develop the NO2-induced resistance. 

Representative pictures of the necrotic lesions are shown in Supplemental Figure 6. 

 As shown in Figure 17, both WT controls developed a resistance to B. cinerea when they were 

exposed to NO2 before infection. The necrotic lesions on NO2-treated Col-gl (aos background control, 

Figure 17 A) were significantly reduced by 33.2 %, whereas WS (WT of opr3, Figure 17 B) displayed 

a 31.1 % reduction in lesion size upon NO2 fumigation. In case of both JA-deficient mutants the size 

of the B. cinerea-induced lesions was not affected by NO2 treatment, demonstrating that opr3 and 

aos lack the NO2-induced resistance phenotype (Figure 17). Statistical analysis using Two Way 

ANOVA further revealed that the observed fumigation-induced effects on the lesion size significantly 

depended on the genotype (aos vs. Col-gl: p = 0.004, opr3 vs. WS: p = 0,007). Conclusively, the 

NO2-induced resistance against B. cinerea is dependent on a functional JA-biosynthesis. 

 

Additional experiments were conducted to investigate the involvement of JA signaling in the NO2-

induced resistance against B. cinerea in more detail, since several genes involved in the propagation 

of the JA response were up-regulated upon NO2 fumigation. An overview of the JA signaling pathway 

Figure 17: Mutants impaired in JA synthesis lack the NO2-induced resistance against B. cinerea 
JA-deficient mutants were subjected to B. cinerea droplet-infection 6 h after fumigation with 10 ppm NO2 for 1 h 
(unfumigated as control). Necrotic areas formed on fumigated leaves after 3 days were normalized to the mean 
necrotic area of the respective unfumigated leaves (= 100 %). Relative necrotic area of A) aos and its WT-like genetic 
background Col-gl or B) opr3 and its WT ecotype WS. Columns represent means of 3 independent experiments ± 
SEM; nleaves = 66-74 (Col-gl), 125-129 (aos), 70-90 (WS), 105-117 (opr3). Dashed-lined columns represent respective 
WT. Statistics: Letters indicate significant differences of all pairwise comparisons via Kruskal Wallis Test + Dunn’s 
post-hoc Test (p < 0.01). Multifactorial Two Way ANOVA analysis demonstrated that fumigation-induced effects 
depended on the genotype (aos vs. Col-gI: p = 0.004; opr3 vs. WS: p = 0.007). 
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is depicted in Figure 18 A, while a detailed description of the signaling pathway can be found in 

section 1.2.2. The expression profile of the genes relevant during JA/ET-signaling revealed that COI1 

expression was not strongly influenced by NO2, whereas the transcription factors JIN1, ORA59, and 

ERF1 were highly up-regulated immediately after NO2 treatment (log2(FC) of 3.0, 2.1, and 3.3, 

respectively, Figure 18 A).  

 

However, their transcript levels declined to basal levels at 6 h after fumigation. Interestingly, the 

expression of the defense genes PDF1.2a and PR4 was only induced at the later time point and 

repressed directly after NO2 treatment. The transcript levels of VSP2 and PR3 remained relatively 

Figure 18: NO2-induced resistance is dependent on COI1- but not JIN1-mediated JA signaling 
A) Schematic pathway of jasmonic acid (JA) signaling illustrating the expression levels (log2(FC)) of the respective 
genes obtained from the microarray directly (0 h) or 6 h after fumigation with 10 ppm NO2. Colored panels depict 
log2(FC) of the genes compared to air fumigated control, left = 0 h, right = 6 h after fumigation. Stars indicate gene 
activation. B) Mutants impaired in JA signaling (coi1, jin1) were subjected to B. cinerea droplet-infection 6 h after 
fumigation with 10 ppm NO2 for 1 h (unfumigated as control). Necrotic areas formed after 3 days on fumigated leaves 
were normalized to the mean necrotic area of the respective unfumigated leaves (= 100 %). Columns represent 
means of 3 independent experiments ± SEM; nleaves = 126-128 (Col-0), 93-99 (jin1, coi1). Dashed-lined columns 
represent respective WT. C) Representative pictures of necrotic lesions formed on NO2-treated and unfumigated 
leaves of Col-0, jin1, and coi1 3 days after infection. Scale = 5 mm. Statistics: Letters indicate significant differences 
of all pairwise comparisons via Kruskal Wallis Test + Dunn’s post-hoc Test (p < 0.01). Multifactorial analysis using 
Two Way ANOVA demonstrated that the observed fumigation-induced effects significantly differed between the 
examined genotypes (p = 0.034). 
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unaffected by NO2 when compared to the air-fumigated control treatment (Figure 18 A). The accurate 

expression levels of the genes depicted in Figure 18 A can be found in Supplemental Table 6. 

Knock-out mutants which were impaired in JA-responsive signaling were examined for their NO2-

induced resistance phenotype using the same experimental set-up as described previously (Figure 

18 B). The JA-insensitive coi1 mutant did not show any significant differences in the size of the 

necrotic lesions that developed on NO2 - or non-fumigated leaves upon B. cinerea infection. NO2 

fumigation of jin1 however, resulted in a significant decrease of the lesion size by 22.7 %, which was 

comparable to the observation made for the Col-0 WT control (Figure 18 B, C). Taken together, the 

NO2-induced resistance against B. cinerea was evident in Col-0 and jin1, but not in coi1. 

These results indicated that the NO2-induced resistance against B. cinerea is dependent on JA 

accumulation and COI1- but not JIN1-mediated signaling. Therefore, the up-regulation of genes 

involved in jasmonate biosynthesis and signaling was suggested to be of biological relevance during 

the plants response to NO2. 

 

2.4.3 NO2–induced resistance in plants impaired in SA biosynthesis 
and signaling 

Since SA biosynthetic genes were up-regulated and SA level transiently increased upon NO2 

fumigation (see section 2.3.2), the role of SA in the NO2-induced resistance against B. cinerea was 

examined. In order to assess the necessity of SA accumulation during this type of resistance, 

mutants which were defective in SID2 and plants expressing the Pseudomonas putida NahG gene 

were utilized. The sid2 mutant is impaired in the main SA biosynthesis pathway and therefore does 

not accumulate SA upon pathogen infection [214], [245], whereas NahG plants express a bacterial 

SA hydroxylase which degrades SA to catechol [256], [257].  

The NO2-induced resistance in WT (Col-0) manifested itself in a 22 % reduction of the relative 

necrotic area. In the case of sid2 and NahG NO2-pretreatment facilitated a 18.4 % and 14 % 

reduction in lesion size, respectively (Figure 19, representative pictures of necrotic lesions see 

Supplemental Figure 6). Therefore, functional SID2 is not essential for the development of the NO2-

induced resistance, whereas the degradation of SA by NahG slightly impeded the establishment of 

the NO2-induced resistance phenotype. In addition, the SA-insensitive npr1 mutant was included in 

the B. cinerea infection assay after NO2 fumigation. Plants defective in NPR1 are largely impeded in 

the SA-induced defense response since they do not express certain PR genes which are 

characteristic and essential SA responses [258]. The expression of NPR1 and its responsive gene 

PR2 was induced directly after NO2 fumigation (log2(FC) = 1.13 and 1.4, respectively), followed by a 
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decline of both transcripts to a log2(FC) of -0.6 at 6 h after NO2 treatment. However, the expression 

of the SA-inducible PR1 and PR5 genes was only negligibly altered upon NO2 fumigation. (see 

Supplemental Table 5). Interestingly, NO2-pretreatment of npr1 did not accomplish the establishment 

of the NO2-induced resistance against B. cinerea (Figure 19, representative pictures of necrotic 

lesions see Supplemental Figure 6).  

 

Taken together, these results suggest that the NO2-induced resistance against B. cinerea is 

mediated by NPR1. However, it did not require SA synthesis via SID2, whereas the degradation of 

SA by bacterial NahG partially abolished the NO2-induced resistance phenotype. 

  

2.5 NO2-induced plant defense mechanisms leading to the 
resistance against B. cinerea 

 
Plants evolved complex, ornately-orchestrated signaling networks to tailor appropriate responses 

against pathogens of different lifestyles. The first line of defense commonly includes the 

reinforcement of the cell wall e.g. via callose and lignin deposition. This fortification aims to impede 

the penetration of pathogens or their spreading within the plant [189], [233]. Another mechanism 

affective against a variety of pathogens is the production of antimicrobial secondary metabolites. In 

Arabidopsis glucosinolates and the phytoalexin camalexin are both well-studied examples of these 

inducible metabolites that exhibit growth-inhibiting antifungal and antimicrobial properties [199], [202], 

[259]. Upon pathogen attack, plants also induce the expression of PR genes and defensins which 
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via Kruskal Wallis Test + Dunn’s post-hoc Test (p < 0.01). 
Two Way ANOVA showed that the fumigation-induced 
effects significantly depended on the genotypes (p = 
0.015).  
 



 
 

45 Nitrogen dioxide - induced signaling in Arabidopsis thaliana 

encode peptides that savage the pathogen itself, such as chitinases (PR3) or glucanases (PR2) 

[148].  

Considering the enormous arsenal of defense mechanisms that an attacked plant has at its disposal, 

a question arose: which ones may precipitate the NO2-induced resistance against B. cinerea. In 

order to investigate this issue, various defense mechanisms were analyzed for potential differences 

in their development when B. cinerea-infected plants were pretreated with NO2. It was hypothesized 

that NO2 fumigation may enhance or temporally advance the development of selective defense 

mechanisms and thereby promoting the plants resistance to the fungus.  

 

2.5.1 Defense gene expression in NO2-preteated, B. cinerea infected 
plants 

As mentioned above, the expression of PR- and defensin genes is a major response of pathogen-

infected plants. For instance, the increase in transcript levels of the PR1 gene is considered to be a 

marker for pathogen-induced SA-signaling, since its expression is induced via NPR1 upon SA 

accumulation [258], [260], [261]. A marker for JA-inducible defense responses is the enhanced 

expression of the plant defensin PDF1.2a, whose transcripts increase upon fungal infection and 

external JA application [262], [263]. Hence, the effect of NO2-pretreatment upon the expression of 

PR1 and PDF1.2a after B. cinerea infection was examined via qPCR. Since the B. cinerea mutant 

screen revealed that jasmonate- and SA-signaling were both necessary for the full development of 

NO2-induced resistance (see section 2.4.2 and 2.4.3), pretreatment with NO2 may affect the B. 

cinerea-induced defense gene expression. Gene transcript levels of both genes were analyzed via 

qPCR 48 h after B. cinerea spray-infection of NO2-fumigated and non-fumigated Col-0 plants. The 

obtained transcript levels were normalized to the reference genes UBC, PDF2, and ACTIN2 whose 

transcription did not differ among the treatments. 

Collectively, the infection with B. cinerea significantly enhanced the expression of PDF1.2a in 

unfumigated and NO2-treated plants when compared to the grape juice-sprayed control. Here, NO2 

fumigation stimulated a significant 2.9-fold increase of PDF1.2a transcripts from 49.8 in unfumigated 

plants compared to 144.9 after NO2 fumigation (Figure 20 A). Conclusively, NO2-pretreatment 

promoted an enhanced accumulation of PDF1.2a upon B. cinerea infection which likely contributed to 

the NO2-induced resistance phenotype. The expression of PR1 was also significantly enhanced upon 

B. cinerea infection in both NO2 - and non-fumigated plants (Figure 20 B). However, NO2-

pretreatment did not influence the accumulation of PR1 transcripts upon B. cinerea infection (Figure 
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20 B) and therefore is likely not involved in the development of the NO2-induced resistance 

phenotype.  

 

To investigate whether the NO2-induced enhancement of PDF1.2a expression after B. cinerea 

infection correlated with the observed NO2-induced resistance, mutants which lacked this phenotype 

were analyzed for their PDF1.2a transcript levels via qPCR (Figure 21).  

The WT-like genetic background (Col-gI) of the jasmonate-deficient aos displayed a significant Col-0-

like NO2-induced enhancement of PDF1.2a after B. cinerea infection. As expected, aos did not 

exhibit any transcriptional activation of PDF1.2a, after either NO2 fumigation or B. cinerea infection 

(Figure 21 B). The SA-insensitive npr1 mutant exhibited a significant transcriptional activation of 

PDF1.2a after B. cinerea infection but did not display an enhanced transcript accumulation upon NO2 

pretreatment (Figure 21 A). Moreover, the PDF1.2a copy numbers did not increase upon NO2 

fumigation in uninfected plants, as was observed in the Col-0 WT. These results demonstrated that 

NO2-induced enhancement of PDF1.2a transcription upon B. cinerea infection may be sufficient to 

facilitate the NO2-induced resistance, since mutants lacking this phenotype did not display this 

enhanced (npr1) or any B. cinerea-induced PDF1.2a expression (aos). 

Figure 20: NO2-treatment enhances PDF1.2a but not PR1 expression upon B. cinerea infection 
Col-0 plants were fumigated with 10 ppm NO2 for 1 h (unfumigated as control) followed by spray-infection with 2 x 105 
B. cinerea spores (half-strength grape juice as infection control) 6 h after fumigation. Leaf material was harvested 48 h 
after infection to determine mRNA transcript levels via qPCR. Transcript levels were normalized to the geometric 
mean of the reference genes UBC, PDF2, and ACTIN2. A) Relative transcript level of PDF1.2a. Columns represent 
means ± SD; n = 4. B) Relative transcript level of PR1. Columns represent means ± SD; n = 3-4. A, B) Hachured 
columns distinguish infection controls. Statistics: Letters indicate significant differences of all pairwise comparisons 
via Two Way ANOVA + Holm-Sidak post-hoc Test (p < 0.05). Two Way ANOVA revealed that control and B. cinerea 
infection differentially affect gene expression in case off both genes (p < 0.001) but a significant difference between air 
and NO2-induced effects was only detected for PDF1.2a (p = 0.017).  
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2.5.2 The influence of NO2 on camalexin production 

As mentioned above, the phytoalexin camalexin is a characteristic secondary metabolite with 

antimicrobial and antifungal properties whose production is induced in Arabidopsis upon infection 

with various pathogens including B. cinerea [167], [199], [264], [265].  

Camalexin is produced from tryptophan, which is converted to indole-3-acetaldoxime (IAOx) via the 

cytochrome P450 CYP79B2 or its homolog CYP79B3 [266]–[268]. This reaction is tightly controlled 

by the transcription factors MYB34, MYB51, and MYB122 [269]. IAOx is further dehydrated to indole-

3-acetonitrile (IAN) by CYP71A12 and CYP71A13 [270]. During camalexin biosynthesis glutathione 

S-transferases, including GSTF6, conjugate glutathione (GSH) to IAN [206], [271]–[273] that is 

further formed to a cysteine conjugate (Cys-IAN) with the aid of gamma-glutamyl-peptidases 1 and 3 

(GGP1/3) [274]. This compound is the substrate for the Cytochrome P450 CYP71B15/PAD3 which 

ultimately catalyzes its reaction to camalexin [210], [272], [275]. An important regulator of camalexin 

synthesis is the transcription factor WRKY33 that binds to the promoters of PAD3 and CYP71A13 

and thereby promotes their transcription at an early stage of infection [276]. 

Figure 21: Mutants impeded in the NO2-induced resistance against B. cinerea do not display an enhanced or 
any PDF1.2a expression upon infection 
Mutants were fumigated with 10 ppm NO2 for 1 h (unfumigated as control) followed by spray-infection with 2 x 105 B. 
cinerea spores 6 h after fumigation. Leaf material was harvested 48 h after infection to determine PDF1.2a transcript 
levels via qPCR that were normalized to the geometric mean of the reference genes UBC, PDF2, and ACTIN2. A) 
Relative PDF1.2a transcript level in npr1. Columns represent means ± SD; n = 4. B) Relative PDF1.2a transcript level 
in aos and its WT-like Col-gI genetic background. Columns represent means ± SD; n = 3-4. A, B) Hachured columns 
distinguish infection controls. C = half-strength grape juice as infection control, B.c. = Botrytis cinerea. Statistics: A, 
B) Letters indicate significant differences of all pairwise comparisons within the genotypes via Two Way ANOVA + 
Holm-Sidak post-hoc Test (p < 0.01). A) Two Way ANOVA showed that the changes in gene expression depended on 
the type of infection (p < 0.001) but not fumigation. B) Two Way ANOVA demonstrated that significant differences in 
gene expression were dependent on the type of infection (p < 0.001) and fumigation (p = 0.025) for Col-gI but not aos. 
Three Way ANOVA showed that the infection-induced expression changes depended on the genotype (p < 0.001). 
n.s. = not significant.  
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The camalexin synthesis pathway is outlined in Figure 22 A. Here, the expression profiles of the 

biosynthetic genes obtained during the microarray directly (0 h) and 6 h after NO2 fumigation were 

indicated by the colored panels underlying the respective genes. The gene expression profile 

indicated that NO2 treatment may activate camalexin synthesis by rapidly enhancing the expression 

of the required genes. The expression of the transcriptional regulators MYB122, MYB51, and 

WRKY33 were highly induced immediately after NO2 fumigation, which likely contributed to the 

significant increase in the biosynthetic gene transcripts such as CYP79B2, CYP71A13, and PAD3 

(for exact log2(FC) values see Supplemental Table 7). According to Frerigmann et al. (2015) the up-

regulation of these genes is essential for camalexin synthesis [269]. The hypothesis of a NO2-

induced camalexin synthesis was further substantiated by the GO-Term enrichment analysis that 

was described earlier (see 2.2.2). Here, camalexin synthesis was ranked as the most enriched GO-

Term with a fold enrichment value of 8.88 (Supplemental Table 1). 

Figure 22: Camalexin-deficient pad3 does not display NO2-induced resistance against B. cinerea 
A) Schematic pathway of camalexin synthesis illustrating the expression levels (log2(FC)) of the respective genes 
obtained from the microarray directly (0 h) or 6 h after fumigation with 10 ppm NO2. Colored panels depict log2(FC) of 
the genes compared to air fumigated control, left = 0 h, right = 6 h after fumigation. Stars indicate gene activation. B) 
Camalexin-deficient pad3 mutants were subjected to B. cinerea droplet-infection 6 h after fumigation with 10 ppm NO2 
for 1 h (unfumigated as control). Necrotic areas formed on fumigated leaves after 3 days were normalized to the 
mean necrotic area of the respective unfumigated leaves (= 100 %). Columns represent means of 3 independent 
experiments ± SEM; nleaves = 83-93. Dashed-lined columns represent respective WT. C) Representative pictures of 
necrotic lesions formed on NO2-treated and unfumigated leaves of Col-0 and pad3 3 days after infection. Scale = 5 
mm. GSH = glutathione. Statistics: Letters indicate significant differences of all pairwise comparisons via Kruskal 
Wallis Test + Dunn’s post-hoc Test (p < 0.01). Two Way ANOVA showed that the effect of fumigation is dependent on 
the genotypes (p < 0.001). 
 

CYP79B2 

CYP71A13 

CYP79B3 

CYP71A12 

0

20

40

60

80

100

120

Col-0 pad3

R
el

at
iv

e 
ne

cr
ot

ic
 a

re
a 

[%
] 

unfumigated 10 ppm NO2
 a 

b 

10 ppm NO2 

unfumigated  10 ppm NO2 

C
ol

-0
 

pa
d3

 

PAD3 

GSTF6 
GGP1 

Indole-3-acetaldoxime 

Indole-3-acetonitrile 

Dihydrocamalexic acid 

Camalexin 

Tryptophan 

GSH 

MYB51 
MYB122 

MYB34 

6-5 
5-4 
4-3 
3-2 

2-1 
1-0 
0-(-1) 
(-1)-(-2) 

Log2(FC) 

A B 

C 

0 h 6 h after fumigation 

WRKY33 

a  a 



 
 

49 Nitrogen dioxide - induced signaling in Arabidopsis thaliana 

It was reported that plants which were deficient in camalexin, such as the pad3 mutant, displayed 

enhanced susceptibility towards pathogens like B. cinerea [167]. This was confirmed during this work 

by comparing the necrotic lesion size which developed on unfumigated Col-0 and pad3 plants 

(Supplemental Figure 10). To investigate whether camalexin may be involved in the NO2-induced 

resistance, the pad3 mutant was subjected to the B. cinerea infection assay after NO2 fumigation 

(Figure 22 B, C). Three days after infection the necrotic lesions on NO2-pretreated pad3 did not 

significantly differ in size when compared to the unfumigated control. However, the NO2-induced 

resistance was fully developed in Col-0 WT, where the necrotic lesion size was significantly reduced 

by 27.6 % upon NO2 pretreatment (Figure 22 B, C). The abolishment of the NO2-induced resistance 

phenotype in pad3 led to the conclusion that the induction of PAD3 transcription contributed to the 

NO2-induced resistance against B. cinerea.  

Surprisingly, NO2 fumigation did not alter PAD3 expression upon B. cinerea infection (Figure 23 A). 

qPCR analysis 16 and 24 h after infection demonstrated that PAD3 transcript levels significantly 

increased to the same extend upon B. cinerea infection in unfumigated and NO2-treated Col-0 plants 

(Figure 23 A). Multi-factorial statistical analysis via Three Way ANOVA further confirmed that the 

significant differences in expression levels depended on the time (p < 0.001) and the type of infection 

(p < 0.001) but not on the type fumigation.  

Figure 23: NO2-treatment does not alter PAD3 and camalexin level upon B. cinerea infection 
Col-0 plants were fumigated with 10 ppm NO2 for 1 h (unfumigated or air as control) followed by spray-infection 
with 2 x 105 B. cinerea spores 6 h after fumigation. Leaf material was harvested immediately before (6 hpf) or 16, 
24, and 48 h after infection (hpi). A) Quantification of PAD3 transcript levels relative to S16 expression via qPCR. 
Columns represent means of 2 independent experiments ± SD; n = 5. B) Camalexin levels were measured via 
reverse-phase HPLC 6, 24, and 48 h after fumigation or 24 and 48 h after infection of fumigated plants. Columns 
represent means of 2 independent experiments (one for uninfected samples) ± SEM; n = 6-12. A, B) Dashed-lined 
columns distinguish infection controls. C = half-strength grape juice as infection control, B.c. = Botrytis cinerea, (-) 
= uninfected NO2- or air-fumigated plants, n. d. = not determined, hpf = hours post fumigation, hpi = hours post 
infection. Statistics: A) Letters indicate significant differences of all pairwise comparisons within the time points 
via Two Way ANOVA + Holm-Sidak post-hoc Test (16, 24 hpi: p < 0.001, 48 hpi: p < 0.01). B) Letters indicate 
significant differences of all pairwise comparisons within the time points via Two Way ANOVA + Holm-Sidak post-
hoc Test (p < 0.05).A, B) Multifactorial analysis via Three Way ANOVA showed that significant differences in 
PAD3 expression or camalexin levels depended on the time (p < 0.001) and type of infection (p < 0.001) but not 
the type of fumigation. n. s. = not significant. 
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The quantification of camalexin via HPLC at various time points after NO2 fumigation did not reveal a 

NO2-induced accumulation of this secondary metabolite (Figure 23 B, labelled with (-)). This 

demonstrated that the enhanced expression of biosynthetic genes in NO2-fumigated plants was not 

sufficient to induce camalexin production. The analysis of the camalexin content revealed that B. 

cinerea infection led to a significant gradual increase from basal 0.1 ng/mg FW, over 2.8 and 2.6 

ng/mg FW at 24 h, to 12.2 and 9.1 ng/mg FW after 48 h in air-fumigated and NO2-treated plants, 

respectively. However, no statistical differences in the camalexin content after B. cinerea infection of 

air- and NO2-treated Col-0 plants were detected (Figure 23 B). In line with this, multifactorial analysis 

via Three Way ANOVA revealed that significant differences in camalexin levels only depended on the 

time (p < 0.001) and the type of infection (p< 0.001) but not on the type of fumigation. 

Taken together, these results indicated that although NO2 fumigation rapidly induced the expression 

of biosynthetic genes, NO2 treatment was not sufficient to activate camalexin production after 

fumigation and did not enhance camalexin levels upon B. cinerea infection. However, plants impaired 

in camalexin accumulation due to a non-functional key biosynthetic enzyme (PAD3), did not exhibit 

the NO2-induced resistance against this pathogen. Conclusively, functional PAD3 but not camalexin 

was crucial for the NO2-induced resistance phenotype. 

 

2.5.3 The effect of NO2 on callose deposition after B. cinerea infection  

Another effective defense mechanism utilized by plants against various pathogens and wounding is 

the deposition of the (1,3)-β-glucan polymer callose [185] which can occur in papillae between the 

plasma membrane and the cell wall at infection sites [186], [187]. The induction of callose 

biosynthesis is a complex process where the involvement of ROS, SA, or indole glucosinolates (IGs) 

have all been reported [192], [194]. Since the activation of these pathways was evident in the 

microarray data after fumigation, the influence of a potential early or enhanced callose deposition 

during the NO2-induced resistance was examined. 

The pmr4 mutant is defective in the callose synthase gene GSL5 and therefore does not deposit 

callose upon pathogen infection [190], [277]. This mutant was subjected to the B. cinerea infection 

assay after NO2 fumigation (Figure 24 A). The necrotic lesions that developed on NO2-treated pmr4 

did not significantly differ in size from its unfumigated control, whereas the Col-0 WT exhibited a 

significant 23.7 % reduction of the necrotic area when pretreated with NO2 under the same 

conditions. Hence, the callose-deficient pmr4 mutant did not display the NO2-induced resistance 

phenotype. 
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In an independent experimental set-up, 2-deoxy-D-glucose (2-DDG) was applied to Col-0 in order to 

inhibit callose deposition. 2-DDG is commonly utilized as a potent callose inhibitor, although its mode 

of action has yet to be clarified in detail [278]–[281]. It presumably affects the biosynthesis of lipid-

linked oligosaccharides and subsequently inhibits protein glycosylation [281], [282]. Here, leaves 

were infiltrated with the inhibitor or H2O 24 h before NO2-treatment, followed by B. cinerea droplet-

infection 6 h after fumigation. As a reference, non-infiltrated Col-0 plants were identically treated. In 

all treatments, the B. cinerea-induced necrotic lesions were normalized to the average necrotic area 

which developed on unfumigated, non-infiltrated leaves. Regardless of the executed treatment, all 

unfumigated leaves developed lesions of similar size without any significant variations. This 

demonstrated that neither the infiltration process nor 2-DDG or H2O affected the plants basal 

defense response or fungal growth (Figure 24 B). H2O-infiltrated and non-infiltrated plants both 

developed a pronounced NO2-induced resistance against B. cinerea which was successfully 

suppressed by 2-DDG treatment (Figure 24 B).  

 

The inhibition of the NO2-induced resistance in Col-0 after treatment with the callose inhibitor 2-DDG 

correlated with the observations made for the callose-deficient pmr4 mutant described above. 

Therefore, these results implied that NO2 induced callose deposition ultimately led to NO2-induced 

resistance. 

Figure 24: Impaired callose formation impedes the NO2-induced resistance against B. cinerea 
A) Relative necrotic area of NO2-treated, callose-deficient pmr4 mutants (Col-0 as WT control). Col-0 and pmr4 plants 
were subjected to B. cinerea droplet-infection 6 h after fumigation with 10 ppm NO2 for 1 h (unfumigated as control). 
Necrotic areas formed after 3 days on fumigated leaves were normalized to the mean necrotic area of the respective 
unfumigated leaves (= 100 %). Columns represent means of 4 independent experiments ± SEM; nleaves = 134-145. 
Dashed-lined columns represent WT. B) Relative necrotic area determined on Col-0 plants that were infiltrated with 
1.2 mM of the callose-synthesis inhibitor 2-DDG (H2O as control) 24 h before fumigation, followed by B. cinerea 
droplet-infection. Columns represent means of 2 independent experiments ± SEM; n = 70-76 (untreated), 105-120 
(H2O), 123-130 (2-DDG). 2-DDG = 2-deoxy-D-glucose. Statistics: A) Letters indicate significant differences of all 
pairwise comparisons via Kruskal Wallis Test + Dunn’s post-hoc Test (p < 0.05). Two Way ANOVA showed that the 
effect of fumigation is dependent on the genotype (p < 0.001). B) Letters indicate significant differences of all pairwise 
comparisons via Kruskal Wallis Test + Dunn’s post-hoc Test (p < 0.05). Two Way ANOVA showed that the 
fumigation-induced effects were significantly dependent on the treatments (p = 0.014). 
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2.5.4 Callose quantification in chitosan-elicited plants after NO2-
fumigation   

Since the previous results indicated that callose deposition plays a role in the NO2-induced 

resistance, changes in the abundance of callose after NO2 fumigation were quantified. However, 

preliminary experiments showed that the autofluorescence of B. cinerea interfered with the detection 

method of callose via Aniline Blue. As a mitigation, plants were treated with chitosan, a deacetylated 

form of chitin and a known component of the fungal cell wall [283]. Chitosan is a potent elicitor of 

responses similar to those observed during fungal infection, such as camalexin production, 

lignification, the induction of a JA response, and callose deposition [192], [284]–[286]. Therefore, 

chitosan infiltration was ideal to induce a response similar to a fungal infection without impeding 

callose detection. Aniline Blue fluorescence in leaf discs was determined 4, 16, and 24 h after NO2-

treated Col-0 and pmr4 plants were infiltrated with 500 µg/ml chitosan (Figure 25).  

 

As anticipated, chitosan elicitation (E) of Col-0 triggered a significant (p < 0.001) gradual increase in 

Aniline Blue fluorescence in both NO2- and unfumigated leaves as revealed by Two Way ANOVA 

when compared to the unelicited control (Figure 25 A). The slight increase in fluorescence intensity in 

the callose-deficient pmr4 mutant was negligible when compared to WT and therefore confirmed the 
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Figure 25: NO2-treatment enhances callose deposition upon treatment with the elicitor chitosan 
Plants were fumigated with 10 ppm NO2 for 1 h (unfumigated as control) and infiltrated with 500 µg/ml chitosan (0.04 
% acetic acid as control) 4 h after fumigation. Leaf discs were obtained for callose quantification with Aniline Blue 4, 
16, and 24 h after chitosan treatment. A) Callose quantification in Col-0. B) Callose quantification in pmr4. A, B) 
Columns represent means ± SEM; nleaves = 34-44 (Col-0), 27-35 (pmr4) from 10 plants per time point and treatment. 
Dashed-lined columns represent 0.04 % acetic acid as infiltration control. C = infiltration control, E = Elicitor chitosan 
treatment, A.U. = arbitrary unit. Statistics: A, B) Letters indicate significant differences of all pairwise comparisons 
within the genotypes and time points via Kruskal Wallis Test + Dunn’s post-hoc Test (p < 0.05). Three Way ANOVA 
(genotype vs. fumigation vs. treatment) showed that at 4 h after elicitation, callose deposition significantly differed 
among Col-0 and pmr4 (p < 0.001), the treatments (p < 0.001), and the fumigations (p = 0.013). At 16 and 24 h the 
differences in callose were only significant among the genotypes and treatments (p < 0.001). A) Two Way ANOVA 
showed that chitosan-induced callose deposition significantly differed from the control treatment (p < 0.001) at all time 
points. Fumigation-induced differences in callose were only detected 4h after treatment (p < 0.004). B) Two Way 
ANOVA within the time points showed no significant effect of fumigation on callose deposition. Chitosan significantly 
influenced callose deposition 4 h (p < 0.001) and 16 h (p = 0.007) after treatment   
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specificity of Aniline Blue for callose (Figure 25 B). Although Two Way ANOVA analysis of these 

results revealed that chitosan significantly influenced the fluorescence intensity in pmr4 after 4 h (p < 

0.001) and 16 h (p = 0.007), no meaningful differences were detected between NO2-treated and 

unfumigated pmr4 plants (Figure 25 B). Notably, 4 h after elicitation, the fluorescence intensity in 

NO2-treated Col-0 plants was significantly higher than in its unfumigated counterpart (Figure 25 A). 

Multifactorial analysis via Two Way ANOVA confirmed that fumigation-induced differences in the 

fluorescence intensity were detected 4h after treatment (p < 0.004). The enhanced fluorescence 

intensity in NO2-fumigated Col-0 was compensated at later time points after elicitation (16 and 24 h). 

Confocal microscopy of Aniline Blue-stained leaf discs revealed that the callose deposition occurred 

in the extracellular space or in the cell wall, which became apparent when the UV and bright field 

channels were merged (Figure 26 bottom). Confocal microscopy further visualized the 

aforementioned measurements and attested that the fluorescence was more intense in NO2-treated 

Col-0 plants at 4 h after chitosan elicitation (Figure 26 A). The previously-mentioned compensation of 

the fluorescence intensities in NO2-treated and unfumigated Col-0 leaf discs starting 16 h after 

elicitation was also detectable via confocal microscopy (Supplemental Figure 8 A). In addition, 

microscopy revealed that fumigation with NO2 alone caused a slight increase in callose fluorescence 

(Figure 26 A).  

 

Figure 26: NO2-induced enhancement of callose upon chitosan elicitation 
Plants were fumigated with 10 ppm NO2 for 1 h (unfumigated as control) and infiltrated with 500 µg/ml chitosan (0.04 
% acetic acid as control) 4 h after fumigation. Leaf discs were obtained 4 h after chitosan treatment and stained with 
Aniline Blue. Fluorescence was detected with the TCS SP8 X confocal laser scanning microscope (Leica). Excitation 
was done with a Diode Laser UV 405 nm (0.1 % intensity), Emission was set from 480 – 500 nm. Bright field pictures 
were taken using the Transmission PMT. Channels were merged using the ImageJ software. Representative pictures 
of the Aniline Blue fluorescence (blue) were taken of NO2-fumigated or unfumigated A) Col-0 leaf discs 4 h after 
treatment with chitosan or control and B) of pmr4 leaf discs 4 h after treatment with chitosan. A, B) 3 different areas of 
3 independent leaf discs were examined with similar results. Scale = 100 µm. 
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The visual detection of Aniline Blue-stained callose was done by exciting the samples with a 405 nm 

(UV) Diode Laser at 0.1 % laser intensity. When using the same laser intensity for leaf discs obtained 

from the callose-deficient pmr4  mutant, Aniline Blue fluorescence was detectable neither 4 h or 16 h 

after elicitation (Figure 26 B, Supplemental Figure 8 B) which confirmed the dyes’ specificity to 

callose. 

Taken together, the Aniline Blue-mediated detection of callose demonstrated that NO2-pretreated 

plants deposited more callose at an early stage after treatment with a fungal elicitor than unfumigated 

plants. This further supported the previously-stated hypothesis that callose deposition is of 

importance during the NO2-induced resistance against B. cinerea. 

To investigate whether this early enhancement of callose deposition is a key defense mechanism 

that drives the NO2-induced resistance, mutant analyses were conducted. NO2-pretreated mutants 

which were previously identified to not develop the NO2-induced resistance were evaluated for their 

callose content 4 h after chitosan elicitation. The selected mutants were impaired in SA-synthesis 

(sid2) and –signaling (npr1), jasmonate-signaling (coi1), camalexin synthesis (pad3), and callose 

deposition (pmr4). Except for sid2, all selected mutants were impaired in NO2-induced resistance 

development.  
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Figure 27: Callose quantification of NO2-pretreated mutants after chitosan elicitation 
Mutants impaired in SA-synthesis (sid2) and -signaling (npr1), JA-signaling (coi1), camalexin synthesis (pad3), and 
callose deposition (pmr4) were fumigated with 10 ppm NO2 for 1 h (unfumigated as control) and infiltrated with 500 
µg/ml chitosan (0.04 % acetic acid as control) 4 h after fumigation. Leaf discs were obtained for callose quantification 
with Aniline Blue 4 h after chitosan treatment. Measured Aniline Blue fluorescence was normalized to the respective 
unfumigated controls. Columns represent means ± SEM from 3 (4 for Col-0 and pmr4) independent experiments; 
nleaves = 138-159 (Col-0), 103-119 (pmr4) from 40 plants per treatment, nleaves = 57-65 for the remaining mutants from 
16-23 plants per treatment. red = Col-0 positive control (lightly colored = unfumigated, intensely colored = NO2-
treated), blue = pmr4 negative control (lightly colored = unfumigated, intensely colored = NO2-treated). Dashed-lined 
columns represent 0.04 % acetic acid as infiltration control. C = infiltration control, E = Elicitor chitosan treatment, 
A.U. = arbitrary unit. Statistics: Letters indicate significant differences of all pairwise comparisons within the 
genotypes via Kruskal Wallis Test + Dunn’s post-hoc Test (p < 0.05).  
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As expected, a significant increase in callose-specific fluorescence intensity after chitosan elicitation 

was detected in NO2-fumigated Col-0 plants while pmr4 showed only a negligible enhancement in 

fluorescence upon elicitation without any differences between NO2-treated and unfumigated plants 

(Figure 27, red and blue, respectively). The callose-specific fluorescence of all other mutants tested 

was intensified upon chitosan elicitation to a similar extent as was observed in unfumigated Col-0. 

However, none of the elicited mutants tested exhibited the NO2-induced enhancement in 

fluorescence intensity (Figure 27). Here, the fluorescence signals were indistinguishable from those 

detected in the unfumigated controls. Hence the NO2-induced early enhancement of callose upon 

chitosan elicitation only occurred in Col-0 WT plants. Since most of the mutants tested did not 

develop a NO2-induced resistance, it was assumed that the NO2-induced early enhancement of 

callose may be a crucial factor for the development of this phenotype. However, sid2 was able to 

develop a similar NO2-induced resistance phenotype as observed in Col-0 (see 2.4.3), but no early 

enhancement of callose was detected after fumigation. Hence, additional defense mechanisms are 

likely to be involved in the propagation of the NO2-induced resistance. 

Another observation made during this experiment was that, with the exception of sid2 and pmr4, NO2 

pretreatment caused significant increases in the fluorescence intensity of non-elicited mutants. This 

correlated with observations made during confocal microscopy of Col-0 and pmr4 (Figure 26). 

However, these observations were not consistent throughout all experiments (see Figure 25 A), likely 

due to limitations in the sensitivity of the photometric assay. Nonetheless, it can be assumed that 

NO2 treatment alone was capable of inducing callose deposition.  

 

2.6 NO2-induced resistance against Pseudomonas syringae 
DC3000 

 

Up to this point, the obtained results indicate that the NO2-induced response included the activation 

of jasmonate- and SA-mediated signaling which led to defense-related expression of genes such as 

PDF1.2a, as well as genes involved in camalexin biosynthesis. Furthermore, NO2 temporally 

advanced the deposition of callose upon pathogen infection, ultimately leading to resistance against 

B. cinerea. However, these responses are not limited to the defense against necrotrophic fungi. 

Particularly defenses induced via the SA-mediated signaling pathway are commonly considered to 

be the most effective against biotrophic pathogens [98], [139], [287]. For instance, the bacterial 

elicitor flagellin 22 (flg22) which triggers SA accumulation is a potent inducer of callose deposition 

[287]–[289]. Therefore, it was investigated whether NO2 pretreatment may also provide resistance 
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against the hemi-biotrophic bacterium Pseudomonas syringae pv. tomato DC3000 (Pst. DC3000). 5-

week-old Col-0 plants were fumigated with NO2, followed by syringe infiltration with 1x105 cfu/ml Pst. 

DC3000 4 h after fumigation. The bacterial titer in the infected leaves were determined 2 h after 

infection in order to ensure that NO2- and unfumigated leaves were exposed to the same initial 

bacterial concentration. The bacterial titer was further evaluated 1 and 2 days after infection in order 

to determine if NO2 pretreatment influenced bacterial growth.  

As shown in Figure 28, infected leaves which were pretreated with 10 ppm NO2 harbored fewer 

bacteria than their unfumigated counterpart. The mean colony forming unit per ml (cfu/ml) in 

unfumigated leaves was 1.5- and 2.8-fold higher than in NO2-treated plants, one and two days after 

infection (dpi), respectively. This was indicative of a log10 (cfu/ml) at 2 dpi of 5.3 in the control and 4.8 

in NO2-treated samples. Multifactorial statistical analysis via Two Way ANOVA revealed that the 

changes in the bacterial titer over time was significantly influenced by the pretreatment with NO2 (p = 

0.008). This observation was similar to that reported by Cao et al. (2014), who reported that 

treatment of Arabidopsis with chitin oligomers triggered a resistance against Pst. DC3000 which was 

dependent on the PAMP-recognition receptors CERK1 and LYK5 [109]. Therefore, it can be 

concluded that NO2-induced signaling provided a PTI-like resistance against the hemi-biotrophic 

bacterium Pst. DC3000.  

 

 

 

Figure 28: NO2 provides resistance against Pst. 
DC3000 
Col-0 plants were fumigated with 10 ppm NO2 for 1 h 
(unfumigated as control) and infiltrated with 1x105 
cfu/ml Pst. DC3000 4 h after fumigation. Leaf discs 
of infected leaves were obtained 2 hours, and 1 and 
2 days after infection to determine the bacterial titer 
(cfu/cm2 leaf material). Columns represent means ± 
SEM from 7 independent experiments; n = 26-27 (2 
hpi), 72 (1 dpi), 66 (2 dpi). One biological replicate 
consisted of 3 leaves from 3 different plants. hpi = 
hours post infection, dpi = days post infection, cfu = 
colony forming units. Statistics: Asterisks indicate 
significant differences of all pairwise comparisons 
via Two Way ANOVA + Holm-Sidak post-hoc Test 
(*p < 0.05, ***p < 0.001). The bacterial titer 
significantly changed over time (p < 0.001), which 
was influenced by the type of fumigation (p = 0.008), 
n. s. = not significant. 
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2.6.1 Callose quantification in Pst. DC3000-infected Col-0 plants after 
NO2-fumigation 

As mentioned earlier, bacterial elicitors such as the flg22 epitope are capable of inducing callose 

deposition [288]. Since the NO2-induced resistance against B. cinerea was at least partially ascribed 

to an early enhanced induction of callose deposition in response to the fungal elicitation (see 2.5.3), it 

was investigated whether the same can be assumed for the NO2-induced resistance against Pst. 

DC3000. Hence, NO2-fumigated Col-0 and callose-deficient pmr4 leaves were subjected to the 

callose-quantifying Aniline Blue staining 4 h after Pst. DC3000 infection. 

As anticipated, neither Pst. DC3000 infection nor NO2-fumigation of the callose-deficient pmr4 led to 

changes in Aniline Blue fluorescence intensity, which confirmed the specificity of the callose 

detection method (Figure 29, right). In unfumigated Col-0, Pst. DC3000 infection did not lead to a 

significant increase of the fluorescence signal at the examined time point. However, NO2 

pretreatment caused a significant increase in the fluorescence intensity of infected leaves, which was 

indicative of an NO2-stimulated induction of callose deposition (Figure 29, left). A significant NO2-

induced increase in fluorescence intensity was also observed in MOCK treated samples when 

compared to the unfumigated control treatment. Moreover, Two Way ANOVA within the genotypes 

confirmed that callose deposition in Col-0 significantly changed after Pst. DC3000 infection (p = 

0.004) and fumigation (p < 0.001).  

 

Taken in conjunction, these results demonstrated that NO2 induced an early induction of callose 
deposition upon infection with Pst. DC3000, similar to the observations made after treatment with a 
fungal elicitor. Hence, the early enhanced induction of callose may play a crucial role in conveying 
the NO2-induced resistance against the hemi-biotrophic bacterium Pst. DC3000.   

Figure 29: NO2-treatment enhances callose 
deposition upon Pst. DC3000 infection 
Col-0 and callose-impaired pmr4 plants were 
fumigated with 10 ppm NO2 for 1 h (unfumigated as 
control) and infiltrated with 1x105 cfu/ml Pst. DC3000 
(MOCK as control) 4 h after fumigation. Leaf discs 
were obtained for callose quantification with Aniline 
Blue 4 h after infection. Columns represent means ± 
SEM from 2 independent experiments; nleaves = 46-52 
from 15 plants per treatment. Dashed-lined columns 
distinguish infection controls. MOCK = 10 mM MgCl2. 
Statistics: Letters indicate significant differences of all 
pairwise comparisons within the genotypes via Two 
Way ANOVA + Holm Sidak post-hoc Test (p < 0.05). 
Three Way ANOVA (genotype vs. fumigation vs. 
treatment) showed that callose depositions significantly 
varied between the genotypes (p < 0.001), n. s. = not 
significant 

0

1000

2000

3000

4000

5000

6000

Fl
uo

re
sc

en
ce

 (A
.U

.) 

unfumigated 10 ppm NO2

MOCK Pst. DC3000 MOCK Pst. DC3000 

n. s. 

pmr4 
10 ppm NO2 

Col-0 

a 
b 

a 

 c 



 
 

58 Discussion 

3 Discussion 

 

3.1 The characterization of the NO2-induced cell death 
 

For more than half a century, devastating effects of NO2 on plants were described and attempted to 

characterize. Here, the majority of studies postulated that increasing NO2
- in the leaves causes the 

NO2-induced cell death, as it was hypothesized that the metabolization of NO2
- consumes important 

cofactors such as NADP/NADPH. Consequently, the availability of these cofactors is limited during 

photosynthetic processes, which leads to a documented reduction in photosynthesis and subsequent 

promotion of ROS generation, ultimately culminating in oxidative stress [42]–[44]. This hypothesis 

agrees with the fact that ROS are crucial for the onset of HR-PCD during pathogen infection [173], 

[176], [290]. Hence it was assumed that NO2-induced cell death may resemble an HR-like PCD. 

However, ROS are not the only players involved in the onset of HR-PCD instead acting 

synergistically with NO, since neither ROS nor NO alone are able to initiate an advanced HR-PCD 

[177]. This interplay demonstrates that the onset of programmed cell death is a multifaceted, tightly 

regulated process. By investigating HR-PCD characteristic features, the presented work aimed to 

strengthen the hypothesis that the observed NO2-induced cell death bears resemblance to an HR-

like PCD to further broaden the knowledge of the onset of the NO2-induced cell death.  

 

3.1.1 Nitrite accumulation initiates the NO2-induced cell death  

An experimental set-up was established where four-week-old Arabidopsis Col-0 plants were 

fumigated with increasing concentrations of NO2 for 1 h. Under these controlled conditions, highly 

reproducible effects of NO2 were produced. After entering the leaf through the stomata [39], NO2 

caused cell death which positively correlated with the applied concentration, as demonstrated by 

electrolyte leakage and trypan blue staining (Figure 5). Exposure to 10 ppm NO2 did not cause any 

detectable damage to the plant, whereas 20 ppm evoked severe lesion formation and fumigation with 

30 ppm NO2 resulted in complete leaf collapse that already occurred within the hour of fumigation.  

Evaluation of the disproportionation products of NO2 within leaf tissue directly after fumigation 

confirmed previous reports that NO2 exposure causes an increase in NO2
- (Figure 6 A). Even though 

NO2 equally disproportionates in the leaf to NO2
- and NO3

-, no significant changes in NO3
- 

accumulation were detected after NO2 exposure (Figure 6 B). Previously, similar observations had 
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been  made by Zeevaart (1976) in pea plants fumigated with up to 20 ppm NO2 for 15 min [4] or 

when loading Arabidopsis leaves with NO2
- by infiltrating NaNO2 (Supplemental Figure 1 A). Zeevaart 

demonstrated in an earlier study that NO2 fumigation led to a considerable induction of nitrate 

reductase (NR) activity [291], which suggests that the NO2-induced NR activity quickly converts NO3
- 

to NO2
-, and further contributes to the dramatic increase of NO2

- [4], [291]. Studies with pathogen 

infected tomato plants have also reported elevated NO2
- levels. Here, the increase in NO2

- was 

attributed to elevated NR activity that provided an excess amount of NO2
- which was subsequently 

reduced to NO in order to facilitate the imminent defense response [292]. Moreover, massive 

accumulation of NO2
- further indicates that the nitrite reductase (NiR), which converts NO2

- to 

ammonia, is the rate-limiting enzyme during the metabolization of NO2. 

In the present work, the increase in NO2
- positively correlated with the NO2 concentrations the plants 

were exposed to, peaking at a 2100-fold increase after fumigation with 30 ppm NO2. Interestingly, 

NO2
- levels also rose up to 110-fold in plants fumigated with 10 ppm NO2, which did not cause any 

visible damage (Figure 6 A, Figure 5 A). Therefore, it can be concluded that NO2
- accumulation does 

not necessarily entail cell death. Similar observations were made when infiltrating leaves with 10 mM 

NaNO2, which elevated the NO2
- content within the tissue by a factor of 4.6 but did not result in leaf 

damage (Figure 9 A and Figure 8). In this experimental set-up, leaf damage was only visible after 

infiltrating 100 mM NaNO2 which was equivalent to a 1300-fold increase in NO2
-. These experiments 

demonstrated that plants can countervail rapid changes in their cellular chemistry up to a certain 

threshold that is likely defined by subsequent accumulation of the cell death signals ROS and/or NO. 

 

3.1.2 Accumulation of ROS is essential for the execution of the NO2-
induced cell death 

In the case of unintended ROS production, plants employ a well-tuned antioxidant defense system. 

This includes enzymes such as catalase (CAT), superoxide dismutase (SOD), and peroxidases 

(POD) which detoxify ROS with the aid of the antioxidant redox-couples ascorbate (AsA) - 

dehydroascorbate (DHA) and glutathione (GSH) - glutathione disulfide (GSSG). Under non- or low 

stress conditions the enzymatic oxidation and reduction of these antioxidants prevents ROS 

accumulation and avoids oxidative damage [293], [294]. This is likely the case during the fumigation 

of Arabidopsis with 10 ppm NO2 or infiltration with 10 mM NaNO2, since no accumulation of the ROS 

H2O2 was detected via DAB staining despite the observed increase in NO2
- (Figure 7 B and Figure 10 

B). This hypothesis is supported by observations made by Chen et al. (2010) who exposed camphor 

seedlings to 0.1 – 4 ppm NO2 for 10 h a day over a 60-day period which did not induce NO2-induced 

cell death [33]. In this study, the SOD and AsA-GSH cycle activity increased in correlation with the 
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applied NO2 concentration. The authors concluded that the activation of ROS scavenging 

mechanisms protected the plant from excessive damage caused by NO2 [33]. Though they reported 

negative effects such as chlorophyll degradation and reduction in photosynthesis at higher NO2 

concentrations. In another study, an enhanced antioxidant activity of SOD and CAT were associated 

with a tolerance to the air pollutant ozone by successfully scavenging ROS [295].  

When ROS accumulate excessively, as observed after fumigation with 20 or 30 ppm NO2 or after 

infiltration of 100 mM NaNO2 (Figure 7 B and Figure 10 B), they likely are not eliminated sufficiently 

due to a congestion of the antioxidant defense system. Insufficient ROS scavenging then inflicts 

damage by lipid peroxidation, oxidation of proteins, or interference with nucleic acids and enzyme 

activities. This ROS-induced damage can ultimately culminate in the death of the cell or the entire 

organism [33], [39]–[41], [296]. The importance of ROS for the onset of the NO2-induced cell death is 

further emphasized when the H2O2-detoxyfying enzyme CAT was infiltrated into the leaves prior to 

fumigation with 30 ppm NO2. Here, DAB staining confirmed that CAT successfully reduced the NO2-

induced accumulation of H2O2 and subsequent electrolyte leakage demonstrated that this ROS 

decrease attenuated the NO2-induced cell death by 42 % (Figure 7 B and C).  

The remaining question is: how do ROS accumulate during NO2 fumigation? During pathogen-

induced HR-PCD, the ROS burst responsible for the onset of cell death is primarily generated by the 

NADPH oxidases RBOHD and RBOHF [297]–[299]. However, during the NO2-induced cell death, 

these enzymes do not appear to be the major source of ROS, as their corresponding mutants were 

not compromised in cell death development when fumigated with 30 ppm NO2 for 1 h [39]. 

Alternatively, H2O2 may be produced by peroxidases as previously observed during P. syringae 

infection of Arabidopsis [300], [301]. Several peroxidase genes such as PER4, PER36, and PRX71 

were highly expressed within the microarray data set immediately after fumigation with 10 ppm NO2 

(log2(FC) > 6, see raw microarray data set E-MTAB-6522 at the Array Express database at EMBL-

EBI). However, this hypothesis was not examined further through the course of this work. Moreover, 

ROS may be generated according to the above-stated assumption that the NO2-induced reduction in 

photosynthesis promotes ROS accumulation by accelerating the one-electron reduction of O2 [40].  

  

3.1.3 Nitric oxide is an additional cell death signal upon NO2 
fumigation 

During the onset of pathogen-growth-restricting HR, NO is a crucial mediator of the programmed cell 

death. Initial studies on this topic were performed with soy bean cell suspensions by Delledonne et 

al. (1998) [177]. They demonstrated that the exogenous application of NO in combination with H2O2 
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or O2
- activated the HR-induced cell death synergistically, as neither ROS nor NO alone were able to 

trigger an advanced HR. This was further supported by the use of RBOH activity inhibitors or CAT-

mediated H2O2 detoxification as well as the scavenging of NO by cPTIO, where each treatment 

reduced the onset of HR [177]. This is in line with observations made during NO2-induced cell death. 

Here, NO accumulated 2.2- and 7.1-fold after fumigation with 30 ppm NO2 or infiltration with NaNO2, 

respectively (Figure 7A and Figure 10 A). However, cell death induction was only observed when the 

NO increase coincided with ROS accumulation, as was the case for the treatments with 30 ppm NO2 

and 100 mM NaNO2. NO also accumulated after infiltration with 10 mM NaNO2. However, no ROS 

increase was detected via DAB staining after this treatment, which provided a reasonable 

explanation as to why no cell death was observed. The importance of NO during NO2-induced cell 

death was further substantiated by the 40 % reduction in NO2-induced electrolyte leakage upon 

infiltration of leaves with the NO scavenger cPTIO prior to fumigation with 30 ppm NO2 (Figure 7 A). 

Unexpectedly, no increase in NO was detected with DAF-FM DA after treatment with 20 ppm NO2 

that induced localized cell death that was accompanied by H2O2 accumulation. However, due to 

method constraints, a spatially limited accumulation of NO at the site of cell death induction cannot 

be excluded. 

Major sources of NO during pathogen defense are the enzymatic reduction of NO2
- by NR as well as 

the oxidation of arginine by yet-unknown enzymes with nitric oxide synthase (NOS)-like activity [228], 

[302]. Even though NR is commonly known for its reduction of NO3
-, it was reported that, upon 

elevated cytoplasmic NO2
- levels, NR reduces this nitrogen compound to NO instead [70], [71]. Since 

NO2 fumigation overloads the leaf with NO2
-, the enzymatic reduction by NR may be a likely source 

of NO during the NO2-induced cell death. However, analysis of the nia1nia2noa2 triple mutant which 

is devoid of both, the NR (NIA1, NIA2) and NOS-like (NOA1) activity disputes this hypothesis. During 

a mutant screen, nia1nia2noa2 did not display a reduced NO2-induced cell death after exposure to 

30 ppm for 1 h. Therefore NR and NOS-like activities may not be crucial for the onset of NO2-induced 

cell death [39]. Nonetheless, NO2
- is considered a valuable source of NO production. For instance, 

exogenously applied NO2
- is spontaneously reduced to NO in the acetic conditions of the apoplast 

[66]. Furthermore, NO can be generated non-enzymatically from NO2
- when it accepts electrons from 

the mitochondrial respiratory chain, as is observed during the infection of Arabidopsis with the 

avirulent pathogen P. syringae pv. maculicola or in tobacco plants during anoxic conditions [67], [68]. 

Hence, a major role of NO2
- during the NO2-induced NO accumulation and subsequent cell death 

induction can be assumed. 

In summary, the concerted accumulation and action of ROS and NO are crucial for the onset of the 

NO2-induced cell death. This was further supported by the aforementioned mutant screen which 

revealed that mutants accumulating NO (nox1) or ROS (cad2, vtc1) were more sensitive to NO2 [39]. 
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Recent models suggest that NO is an amplifier of ROS signaling by impeding its turn-over through 

the antioxidant system. As reviewed in detail by Begara-Morales et al. (2016), NO affects various 

enzymes crucial for ROS detoxification by inhibiting their enzymatic activity via post-translational 

modifications [87]. This corresponds with reports of antioxidant depletion in H2O2 - and NO-treated 

tobacco BY-2 cells that undergo cell death [229]. A significant decline in the antioxidants glutathione 

and ascorbate was also described after fumigation of Arabidopsis with 30 ppm NO2 for 1 h [39]. 

However, it was not examined whether NO promotes the accumulation of ROS by regulating its turn-

over. Here, testing whether NO scavenging may cause a reduction in ROS after NO2 fumigation, will 

be a revealing experiment to reasonably confirm for the hypothesis. 

The presented results and reports from the literature imply that NO-mediated post-translational 

modifications are essential regulatory mechanisms during the onset of programmed cell death and 

shall be discussed further in the next chapter.  

 

3.1.4 RNS-mediated protein modifications correlate with the NO2-
induced cell death 

Post-translational modifications of proteins that are mediated by NO and its oxo-derivatives are well-

documented in plants. For example, during HR-PCD, S-nitrosylation (SNO) of cysteine and nitration 

of tyrosine residues (nTyr) were demonstrated to be of physiological relevance [83], [96], [227]. 

Therefore, the abundance of these regulatory protein modifications was analyzed immediately after 

treating Arabidopsis plants with NO2 or NO2
-. Here, the SNO content gradually increased with the 

applied NO2 concentrations, up to 610 pmol/mg protein (12-fold increase) after 30 ppm NO2 (Figure 6 

C). Similar observations were made after loading leaves with NO2
-, where SNO concentrations 

increased up to 52-fold after treatment with 100 mM NaNO2 (Figure 9 B). However, protein nitration 

was only induced after fumigation with 30 ppm NO2 and was not detected after NaNO2 infiltration 

(Figure 6 D, Supplemental Figure 1 B). Tyrosine nitration is mostly generated via ONOO- which is 

formed during the reaction of NO with O2
- (Table 1(5), [90], [91]). However, if NO levels exceed the 

amount of O2
-, the reaction to N2O3 is favored over the formation of ONOO- [303]. After NaNO2 

infiltration, O2
- is likely converted to H2O2 e.g. via an enhanced activation of SOD, as reported upon 

NO2 treatment [33], which leads to the depletion of O2
-. Since the presented results demonstrate that 

NO and H2O2 are both highly abundant after treatment with 100 mM NaNO2, NO may exceed O2
-. 

Therefore, it was concluded that NaNO2 infiltration promotes the formation of N2O3 instead of ONOO-. 

In turn, N2O3 favors the S-nitrosylation of cysteines instead of nTyr formation, which was 

demonstrated to occur heavily after loading leaves with NO2
- [84] (Table 1(1)). 
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An alternative mechanism which leads to nTyr formation involves the enzymatic reduction of NO2
- by 

oxo-metal complexes such as peroxidases in the presence of H2O2 (Table 1(5), [91], [92]). Although 

both educts of this enzymatic reduction (NO2
- and H2O2) were highly abundant after infiltration of 100 

mM NaNO2, they did not encourage nTyr formation. Considering the lack of protein nitration in 

NaNO2-infiltrated leaves, the question becomes: how nTyr formation could occur in leaves which 

were exposed to NO2. One reasonable explanation is that the introduction of ample levels of free 

radical NO2 into the leaf can directly react with tyrosine residues resulting in the formation of nTyr 

[90], [304]. Furthermore, the oxo-metal complexes may participate in nTyr formation by reducing 

NO2
- in the presence of H2O2. 

Taken together, the previous results strongly suggest that SNO modifications play an important role 

during the NO2-induced cell death, as its increase correlates with the applied concentrations of NO2 

and NaNO2 as well as the induced cell death. However, the role of nTyr is less distinct, as only the 

cell death induced by NO2 was accompanied by an increase in nTyr, while NaNO2 did not show any 

increase in this protein modification. Nonetheless, increases in tyrosine nitration are reported in 

Arabidopsis undergoing pathogen-induced HR [96], where nTyr likely regulate protein inhibition or 

degradation [93], [94], [305].  

But how do protein modifications influence the onset of cell death? For instance, NO-mediated 

protein modifications amplify ROS accumulation by disturbing the regulation of the antioxidant 

system [87], [306]. In this regard, nTyr has been shown to inhibit various isozymes of the Arabidopsis 

SOD in vitro, as well as cytosolic pea ascorbate peroxidase (APX) and its monohydroascorbate 

reductase (MDAR) which is involved in the regeneration of ascorbate [307]–[309]. Since ascorbate 

and APX are important for the detoxification of H2O2, the inhibition of their regeneration or enzymatic 

activity may lead to oxidative damage [308]. 

The S-nitrosylation of proteins also has been accredited to play a pivotal role in the regulation of the 

antioxidant system. It was demonstrated that S-nitrosylated Arabidopsis peroxiredoxin (Prx) II E and 

pea PrxIIF were inhibited in their ability to detoxify H2O2 as well as ONOO- (in case of PrxIIE) [227], 

[310]. Furthermore, studies with pea revealed that SNO inhibits peroxisomal catalase as well as 

MDAR activity [309], [311]. Additionally, an inhibitory effect of SNO was reported for APX in tobacco 

BY-2 cells during the onset of HR-PCD [312]. However, protein regulations induced by SNO are 

highly complex and cannot be generalized as strictly inhibitory. For instance, it was reported that 

SNO stimulates APX activity in pea and Arabidopsis in vivo [304], [309]. This is in line with the finding 

that SNO-modifications of RBOHD led to a reduction of ROS during the HR-PCD of P. syringae 

DC3000 infected Arabidopsis [83].  
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Taken in conjunction, the involvement of cysteine S-nitrosylation and tyrosine nitration of proteins are 

well described during the onset of HR-PCD by regulating the accumulation of ROS. These protein 

modifications often result in the impediment of ROS detoxification which subsequently causes 

oxidative damage. The accumulation of SNO during the NO2 and NaNO2-induced cell death suggests 

that this protein modification plays a critical role during this response. However, further research is 

necessary to indisputably identify SNO as a crucial mediator during this type of cell death. Here, 

knowledge about SNO levels after suppressing the NO2-induced cell death by scavenging NO or 

ROS may give vital clues about the role of SNO during cell death. Furthermore, the identification of 

distinct S-nitrosylated proteins whose regulation may convey the NO2-induced cell death has the 

potential to deepen the understanding of processes which initiate this type of cell death. Similar 

statements can be made for the tyrosine nitration of proteins during the NO2-induced cell death.  

 

3.1.5 Suggested work model of NO2-mediated cell death induction 

Upon entering the leaf through the stomata (Supplemental Figure 9), NO2
- levels within the leaf 

increase due to the disproportionation of NO2 and possible NR activity which converts the 

accumulating NO3
- to NO2

- [34], [35], [39], [291]. The enzymatic metabolization of the 

disproportionation products likely consumes cofactors which would otherwise be used during 

photosynthesis. This cofactor depletion is assumed to impede the photosynthetic fixation of CO2, 

leading to the acceleration of the one-electron reduction of O2 to O2
- [42]–[44]. NO2 exposure was 

also reported to reduce the chlorophyll content which further impairs proper photosynthetic 

processes and promotes ROS accumulation. Simultaneously, NO2 and NO2
- give rise to RNS such as 

NO or ONOO-, which then orchestrate the modification of proteins by S-nitrosylation or tyrosine 

nitration (Figure 30).  

When plants are exposed to high doses of NO2, dramatic increases of NO2
-, ROS, and NO were 

detected. NO2, NO, and other accumulating RNS mediate extensive S-nitrosylation and nitration of 

proteins, as demonstrated by increases in SNO and nTyr levels. These protein modifications were 

reported to target and inhibit several enzymes of the antioxidant system and therefore impair ROS 

detoxification [87]. An imbalance of the AsA/GSH-antioxidant cycle during the NO2-induced cell death 

was demonstrated in previous work which was not presented in this thesis. Here, fumigation with 30 

ppm NO2 for 1 h caused a depletion of reduced GSH and AsA by 90 and 80 %, respectively, while 

the oxidized GSSG increased by approximately 5-fold [39]. Therefore, NO2 exposure promotes the 

amplification of ROS which ultimately leads to oxidative damage and cell death. This hypothetic 

mode of NO2-induced cell death was outlined in Figure 30 (Top).  
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Contrariwise, in the case of exposure to moderate, non-damaging doses of NO2, the activities of the 

enzymes integrated into the antioxidant system were reported to be stimulated [33], [295]. This may 

be facilitated by the detected increase of SNO, as stimulatory effects of SNO upon APX activity were 

reported in Arabidopsis [313]. Under these conditions, the antioxidant system may successfully 

scavenge accumulating ROS, thereby protecting the cell from oxidative damage and facilitating 

survival (Figure 30, Bottom). 

 

Taken together, the NO2-induced cell death shows a high degree of similarity to HR-PCD. Central 

roles are occupied by NO and ROS (H2O2), which concertedly stimulate the onset of HR-PCD upon 

pathogen infection [177]. Additionally, nTyr and SNO modifications of proteins are reported to 

Figure 30: Hypothetical model of NO2-
mediated cell death and survival 
Top) High NO2 doses (30 ppm) induce 
dramatic increases in RNS such as NO 
and NO2

- that mediate protein 
modifications such as SNO and nTyr which 
can negatively affect the activity of the 
AsA/GSH cycle and detoxifying 
antioxidative enzymes. NO2 and its 
disproportionation product NO2

- can 
impede photosynthesis that causes the 
one-electron reduction of O2 to the ROS 
O2

-, which are converted to H2O2. The 
NO2-induced inhibition of the antioxidant 
system impedes the detoxification of 
accumulating ROS which facilitates 
oxidative damage at high concentrations 
which culminates in cell death. Shapes 
highlighted in red indicate an NO2-induced 
accumulation (compounds and 
modifications) or inhibition (enzymes). 
Bottom) Moderate doses of NO2 (10 ppm) 
cause comparatively minor increases in 
NO2

- and SNO (highlighted in a pastel red) 
and no augmentations in NO and nTyr. 
Hence, NO2 likely does not inhibit but 
stimulate the antioxidant system by 
activating enzyme modifications (Shapes 
highlighted in green). This prevents a 
build-up of ROS that are generated by the 
NO2-induced reduction in photosynthesis. 
The avoidance of oxidative stress protects 
the plant from cell death. NO2 = nitrogen 
dioxide, NO = nitric oxide, RNS = reactive 
nitrogen species, NO2

- = nitrite, SNO = S-
nitrosylation, nTyr = tyrosine nitration, GSH 
= glutathione, AsA = ascorbate, O2

- = 
superoxide anion, ? = hypothetical modes 
of action.  
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increase during HR-PCD [83], [96], [227] and facilitate the accumulation of ROS by impeding the 

antioxidant system [227], [310], [307]–[309]. These HR-PCD characteristics were also observed 

during the NO2-induced cell death which was driven by the accumulation of NO2
-. Moreover, the 

regulation of HR-PCD is significantly mediated by hormones such as SA, ET, and JA, and was also 

reported to occur on a genetic level [178], [179], [181], [182], [183], [184]. The gene expression 

profiling performed in this work suggests that similar regulatory processes also occur during the NO2-

induced cell death. The obtained microarray data revealed the potential of NO2 to stimulate hormone 

synthesis and signaling along with the expression of genes related to HR and PCD (see GO-term 

enrichment Figure 12). Though, the NO2 concentration used in the microarray experiment did not 

induce cell death, it demonstrates that NO2 exposure can enable the stimulation of pathways leading 

to HR-PCD. In summary, the results strongly suggest that NO2 induced an HR-PCD-like cell death. 

 

3.2 NO2 induces PTI-like basal disease resistance  
 

Previous research demonstrated that the cellular effect of NO2 is highly dependent on the dose which 

the plant is exposed to. As illustrated above, high doses of this gas can lead to rapid cell death. On 

the contrary, low to moderate doses were described to beneficially impact various plants species 

such as tomato, sun flower, or Arabidopsis by supporting growth, biomass formation, flowering or 

yield [45]–[47]. Several reports claimed that a fertilizing effect of NO2 is the underlying cause of these 

observations [6]–[8], [46]. Conversely, other work hypothesized that exogenously applied NO2 

induces endogenous signaling rather than boosting the metabolism [30], [50]–[52]. This hypothesis is 

strengthened by the results described above, which demonstrated that NO2 promotes the formation 

of signal-transmitting protein modifications (SNO, nTyr), as well as the accumulation of relevant 

signaling molecules (NO, H2O2). However, to date little is known about as to how non-damaging 

exposure to NO2 impacts physiological and molecular processes of the plant. In order to address this 

issue, Arabidopsis plants were fumigated with non-damaging concentrations of NO2 (10 ppm for 1 h) 

and subjected to transcriptome analysis. This approach aimed to obtain a comprehensive overview 

of NO2-induced signaling cascades or metabolic processes based on the regulation of associated 

genes. 
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3.2.1 The NO2-induced resistance is commissioned by transcriptional 
reprogramming  

The evaluation of the gene expression analysis revealed that NO2 fumigation induces extensive 

transcriptional reprogramming. Immediately after fumigation, more than 2300 genes were 

significantly up-regulated, whereas the transcription of approximately 2000 genes was suppressed 

simultaneously. Six hours after fumigation, the number of regulated genes was reduced to 

approximately 750 and 680 genes which were significantly up- or down-regulated, respectively 

(Figure 11). This demonstrated that NO2 is rapidly perceived by the plant leading to a fast but 

transient transcriptional reprogramming. This temporary response was further supported by the 

observation that only a small number of 319 up- and 57 down-regulated genes were regulated 

continuously at both time points (Figure 11). 

To obtain insights into the biological processes which were initiated upon exposure to NO2, functional 

profiles of the up- and down-regulated gene sets were generated via Gene Ontology (GO) term 

enrichment analysis. This approach revealed that NO2 induced a rapid and transient transcriptional 

activation of signaling cascades and metabolic pathways associated with basal pathogen defense 

(Figure 12, Supplemental Table 1, Supplemental Table 2). Specifically, NO2 activated genes involved 

in biosynthesis and signaling of the plant hormones JA, ET, and SA, all of which are well-known as 

primary signals in defense response regulation [132], [133], [314]. Responses involving JA 

metabolism and signaling and those inducible by chitin and fungi were persistent regulatory effects 

induced by NO2 as they were still facilitated 6 h after fumigation. Furthermore, NO2 treatment 

promoted the activation of genes involved in defense mechanisms which are directly effective against 

pathogen invasion, such as camalexin and flavonoid glucuronidation, programmed cell death, and 

metabolic processes concerning the plant cell wall [199], [233]–[235] 

However, the functional profile of genes which were down-regulated after NO2 fumigation was less 

defined. Immediately after fumigation, the transcription of genes involved in the primary metabolism 

as well as plant growth and development were highly suppressed. This was likely induced by the 

active repression of auxin- and gibberellin-mediated signaling cascades, since these phytohormones 

implement various developmental processes [315], [316] (Supplemental Table 3, Supplemental 

Figure 3). At the later time point, a significant number of genes involved in defense response or SA 

were repressed, which was indicative of the attenuation of the NO2-induced defense response. 

Furthermore, processes involving DNA maintenance and replication were repressed (Supplemental 

Table 4, Supplemental Figure 3). Presumably, this active suppression of primary physiological 

processes upon NO2 treatment reflects the plants deviation of resources in order to favor defense 

over growth and development [317], [318]. 
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PCA meta-analysis performed by Dr. Elisabeth Georgii revealed that the NO2-induced gene 

expression profile was highly similar to previously-published microarray data sets obtained after B. 

cinerea [164] and P. syringae infection [319] or after chitin [320] and flg22 treatment [129], [321]. On 

the contrary, gene expression profiles after drought or heat treatment [322] were less comparable to 

the NO2-induced response (Supplemental Figure 4). In accordance with this, NO2 fumigation caused 

a 30 % reduction in necrotic lesion formation after infection with the necrotrophic fungus B. cinerea 

and inhibited the growth of P. syringae DC3000 (Figure 16, Figure 28). A similar observation was 

made by Ferrari et al. (2007), who compared gene expression profiles of Arabidopsis treated with the 

endogenous DAMP OG or B. cinerea. Here, they reported that the OG-induced gene expression 

profile overlapped by approximately 50 % with the profile obtained after B. cinerea infection. 

Accordingly, they reported that OG-pretreatment was sufficient to render Arabidopsis resistant to this 

necrotrophic fungus [164]. 

The NO2-induced resistance demonstrated that the observed transcriptional reprogramming was 

transmitted to a physiologically relevant response leading to PTI. Conclusively, the question needs to 

be answered by which mechanisms NO2 is able to induce PTI. 

 

3.2.2 Exposure to NO2 alters hormone homeostasis 

GO-term enrichment analysis revealed that NO2 fumigation stimulated a persistent transcriptional 

activation of JA metabolic processes and signaling. Surprisingly, NO2 fumigation did not promote the 

accumulation of JA or JA-Ile at any time point after fumigation. Even though NO2 fumigation led to an 

increased abundance of biosynthetic gene transcripts, only the JA precursor cis-OPDA showed a 

significant increase at 6 h after fumigation (Figure 13). At several occasions in the past, cis-OPDA 

was reported to possess signaling capabilities which were distinct from other jasmonates [198], [236], 

[323]. As an example, during development, it has been shown that cis-OPDA is involved in the 

inhibition of seed germination in Arabidopsis and plays a role in tomato embryo development [324], 

[325]. More importantly, it was found that cis-OPDA can activate the expression of genes in concert 

or independently of other jasmonates during plant defense [323], [326]. Hence, a role of cis-OPDA 

during pathogen resistance should not be underestimated. For instance, the belated accumulation of 

cis-OPDA as a precursor of jasmonates may indicate a deferred production of JA and its derivatives 

which in turn ultimately stimulate the NO2-induced PTI. The involvement of cis-OPDA during 

pathogen defense is also evident when considering the findings of Scalschi et al. (2015) in cis-

OPDA- and JA-Ile-deficient OPR3-silenced tomato plants. These plants were highly susceptible to B. 

cinerea due to an impediment in the deposition of callose. Interestingly, the application of cis-OPDA 

but not JA restored the plants’ capability to deposit callose and subsequently reinstated basal 
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resistance to B. cinerea. Moreover, cis-OPDA treatment of WT tomato plants facilitated an enhanced 

resistance [198]. These findings may encourage the hypothesis that the NO2-induced accumulation 

of cis-OPDA is partially responsible for the NO2-induced resistance which is mainly implemented by 

the deposition of callose. However, this hypothesis was not pursued during this work as a direct link 

between cis-OPDA and callose formation as observed in tomato has yet to be identified in 

Arabidopsis. Moreover, the lack of the NO2-induced resistance in the opr3 mutant (Figure 17), which 

is devoid of jasmonates but is still able to produce cis-OPDA, demonstrates that the accumulation of 

cis-OPDA is of minor importance during the NO2-induced resistance. 

Interestingly, upon examination of the microarray data, it became apparent that gene transcripts 

associated with the catabolism of jasmonates accumulated alongside those involved in JA 

biosynthesis. During the catabolic processes, JA and JA-Ile are converted to 12-OH-JA-Ile, 12-

COOH-JA-Ile, and 12-OH-JA. The simultaneous transcriptional induction of metabolic and catabolic 

processes was previously described by Koo et al. (2011). They demonstrated that the transcription of 

the metabolic enzymes responsible for the conversion of the active jasmonates to 12-OH-JA-Ile and 

12-COOH-JA-Ile (CYP94C1, CYP94B3) overlapped with the expression of the JA biosynthetic genes 

after wounding [240]. Consequently, they determined that the accumulation of 12-OH-JA-Ile and 12-

COOH-JA-Ile after wounding coincided with a decline in JA and JA-Ile levels, which was dependent 

on COI1 [240], [327]. Other studies demonstrated that the application of MeJA, as well as wounding 

or B. cinerea infection, triggered an enhanced transcription of Jasmonate-Induced Oxygenases 

(JOXs) genes [243], [328]. JOXs were identified to metabolize JA to its inactive form 12-OH-JA. 

Accordingly, a JOX-deficient quadruple mutant (jox1jox2jox3jox4) hyperaccumulated JA and JA-Ile 

and was highly resistant to B. cinerea due to a constitutive expression of defense-related genes such 

as PDF1.2a [243]. Hence, the transcriptional activation of JOX and other jasmonate-catabolic 

enzymes terminate JA-induced defense signaling by diminishing the pool of available active 

jasmonates. Additionally, it was reported that the catabolic products 12-OH-JA-Ile, 12-COOH-JA-Ile, 

and 12-OH-JA all fail to facilitate the complex formation of COI1 with JAZ proteins and consequently 

prevent JA-mediated signaling and the activation of defense related genes [240], [243], [327]. The 

fact that the application of MeJA can initiate the transcriptional activation of JOXs demonstrates that 

jasmonates are capable of inhibiting their own signaling by arresting their production in a regulatory 

feed-back mechanism [243], [328]. Consequently, the simultaneous transcriptional activation of JA 

biosynthetic and catabolic genes provided a reasonable explanation for the lack of active jasmonates 

after NO2-fumigation. Intriguingly, the significant accumulation of the aforementioned JA catabolites 

starting at 3 h after fumigation confirmed this hypothesis (Figure 14). It is likely that NO2 induced the 

production of active jasmonates (as indicated by the increase in cis-OPDA), which in turn stimulates 

the activation of their own catabolic turn-over as a rapid feed-back mechanism. This may enable the 

preservation of resources which otherwise would have been consumed by an excessive 
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accumulation of jasmonates that escalate the induction of defense responses. Hence, no changes in 

active jasmonate levels were detected. 

Additionally, it is known that SA antagonizes JA signaling [329]. Though it predominately represses 

JA-responsive gene expression, rather than downregulating JA biosynthesis [330], SA may be 

involved in the degradation of JA. Since the gene expression analysis indicated an NO2-induced 

activation of SA biosynthetic genes and the induction of processes mediated by SA, the 

phytohormone was quantified at various time points after fumigation. In contrast to the jasmonates, 

NO2 induces a transient but significant accumulation of SA up to 3 h after fumigation (Figure 15). 

Since this transient SA peak precedes the accumulation of the jasmonate degradation products, it 

suggests that SA plays a part in the initiation of the JA-catabolic gene transcription. However, up-to-

date information on the regulation of these catabolic genes is scarce [331].  

 

Nonetheless, the SA-induced repression of JA-responsive genes was evident when considering the 

suppression of PDF1.2a and PR4 transcription. The transcriptional repression of these JA-inducible 

genes chronologically coincided with the detected SA peak as well as the increased transcription of 

Figure 31: Chronological illustration of 
the SA/JA antagonism after NO2 
fumigation 
Directly (0-3 h) after fumigation SA levels 
and SA-responsive genes as well as JA 
degradation products are up-regulated, 
which decrease after 6 h. At this time point 
the levels of cis-OPDA augmented and the 
expression of JA-responsive genes 
increase to their maximum, whereas SA 
synthesis and signaling components as well 
as JA catabolite levels decline. Colored 
panels represent fold change (log2) of 
concentration or expression from the air 
fumigated controls. SA = salicylic acid, PR 
= PATHOGENESIS-RELATED, GRX = 
glutaredoxin, 12-OH-JA = 12-hydroxyl 
jasmonic acid, 12-OH-JA-Ile = 12-hydroxyl-
JA-Ile, 12-COOH-JA-Ile = 12-dicarboxy-JA-
Ile, cis-OPDA = cis-(+)-12-oxophytodienoic 
acid, JA = jasmonic acid, JA-Ile = 
jasmonoyl-L-isoleucine, PDF1.2a = 
DEFENSINE-LIKE protein1.2a. Hatched 
boxes = no data available for this time 
point. 
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essential SA-inducible regulators of JA repression, such as the glutaredoxins GRX480 and GRXS13, 

as well as several WRKY (e.g. WRKY70) [332], [333] (Figure 31, Supplemental Table 5). As soon as 

the SA peak subsides, the transcripts of JA-inducible PDF1.2a and PR4 begin to accumulate 6 h 

after fumigation. However, whether the NO2-induced transient increase of SA is sufficient to induce 

SA-mediated defense signaling must still be resolved , as the expression of PR1 – the major marker 

of SA-induced defense [138] was not altered upon NO2 fumigation. Nonetheless, the results evidently 

demonstrated an extensive SA/JA crosstalk which is induced by NO2 (Figure 31, Supplemental Table 

5).  

Taken together, these results indicate that exposure to NO2 rapidly alters hormone homeostasis by 

inducing a fast but transient accumulation of SA. Since SA accumulation overlapped with the 

suppression of JA-responsive genes followed by a subsequent increase in JA-degradation products, 

SA likely plays a crucial role in containing JA-augmentation and –signaling. 

 

3.2.3 Jasmonate signaling via COI1 is essential for the NO2-induced 
B. cinerea resistance  

Though jasmonate accumulation was not detectable after NO2 fumigation, it was presumed that the 

enrichment of GO-terms involved in JA-mediated defense signaling is of physiological relevance 

during the NO2-induced resistance against B. cinerea. The defense against this necrotrophic fungus 

is highly dependent on JA biosynthesis and signaling, as was demonstrated on several occasions by 

utilizing mutant analyses. For instance, the JA-deficient Arabidopsis aos mutant developed necrotic 

lesions which were approximately 400 % larger than those observed on the respective WT control. 

The susceptibility of aos was preventable by exogenous application of JA [165]. Another mutant 

impaired in JA synthesis is opr3, which was unaffected in the production of the JA precursor cis-

OPDA but displays a reduction in JA levels by about 70 % when infected with B. cinerea. 

Correspondingly, opr3 mutants are susceptible to B. cinerea, although to a lesser extent than aos 

[165]. Similar susceptibilities of these mutants to B. cinerea were also observed throughout the 

course of this work (Supplemental Figure 10). 

NO2 pretreatment of the aforementioned JA-deficient mutants revealed that jasmonate biosynthesis 

was crucial for the development of the NO2-induced resistance, since neither aos nor opr3 showed a 

reduction in necrotic lesion formation upon fumigation (Figure 17). Complementary LC-MS/MS 

measurements to quantify cis-OPDA, JA, and JA-Ile in NO2- and air-fumigated Col-0 plants at various 

time points after spray-infection with B. cinerea demonstrated that JA and JA-Ile increased upon 

pathogen infection. However, NO2 pretreatment did not induce an enhanced or early accumulation of 
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cis-OPDA or the jasmonates (see Supplemental Figure 7 A, B, C). Therefore, a NO2-induced 

enhancement of jasmonate biosynthesis can be excluded as a major cause for resistance 

development. Nonetheless, it was previously demonstrated that JA-inducible genes can be activated 

without a detectable increase in endogenous jasmonate levels during pathogen infection of rice 

[334]. Thus, the NO2-induced resistance may still be conveyed by enhanced JA-dependent plant 

responses without requiring a coincided enhancement of jasmonates. This was underlined when 

examining the B. cinerea-susceptible Arabidopsis coi1 mutant which lacks a key regulator of JA-

mediated defense signaling (Supplemental Figure 10) [139], [164]. Here, the NO2-induced resistance 

was completely abolished, which demonstrates the importance of a functional JA-signaling pathway 

(Figure 18). Another key regulator of JA-induced defenses is MYC2 (JIN1) which positively regulates 

the herbivore and wound defense by activating the expression of VSP2, but inhibits pathogen 

defense by suppressing ERF1 and ORA59-mediated expression of PDF1.2a and other defense-

related genes [158], [159], [335]. Therefore, it is comprehensible that NO2-pretreated jin1 mutants 

displayed a fully-developed NO2-mediated resistance against B. cinerea (Figure 18). 

Taken together, the results demonstrated that the NO2-induced resistance against B. cinerea 

requires a functional but does not demand an enhanced synthesis of jasmonates that activate COI1-

dependent signaling. This was supported by the observation that NO2-pretreated plants exhibited an 

enhanced transcription of PDF1.2a upon B. cinerea infection (Figure 20 A). This is indicative of an 

NO2-mediated acceleration of JA-signaling. The expression of the plant defensin PDF1.2a has often 

been associated with the resistance to necrotrophic pathogens such as B. cinerea or A. brassicicola, 

and was reported to inhibit the growth of the latter in vitro [139], [262], [263]. Therefore, the NO2-

induced resistance may be conveyed by the enhanced induction of PDF1.2a transcription which 

likely increases the amount of this antifungal peptide. However, further investigation is necessary in 

order to strengthen this hypothesis e.g. by quantifying PDF1.2a peptide levels after the treatments or 

by analyzing mutants that are solely deficient in PDF1.2a. 

 

3.2.4 Distinct and ambiguous roles of NPR1 and SA during NO2-
induced B. cinerea resistance  

Ferrari et al. (2003) reported that exogenous application of SA increases the resistance of 

Arabidopsis against B. cinerea which is indicative of the involvement of SA during the defense 

against this pathogen [167]. This was in accordance with the observation made in complementary 

LC-MS/MS measurements that B. cinerea spray-infection stimulates a continuous increase in SA 

(Supplemental Figure 7D). Furthermore, Ferrari et al. observed that transgenic NahG plants which 

contain a bacterial salicylate 1-hydrolase to induce SA degradation showed enhanced disease 
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symptoms. In contrast, the sid2 mutant which is impaired in SA biosynthesis pathway via ICS1 

exhibited WT-like resistance (similar observations were made in this work, Supplemental Figure 10). 

Therefore, the authors concluded that SA which is produced independently of ICS1 may be important 

during the defense against B. cinerea. They suggested a role of the SA biosynthetic pathway via 

PAL, since PAL-inhibition led to an enhanced susceptibility in WT and sid2, but only had a small 

impact on NahG plants [245], [167]. Similar to the findings of Ferrari et al., the NO2-induced 

resistance against B. cinerea was fully established in sid2, but partially impeded in NahG (Figure 19). 

This observation indicates that SA may be involved in the development of the NO2-induced 

resistance, when generated in an ICS1-independent manner. However, the quantification of SA via 

LC-MS/MS demonstrated that NO2 does not facilitate an early or enhanced production of SA upon B. 

cinerea spray-infection. This indicates that NO2 does not induce alterations in SA levels upon B. 

cinerea infection which convey the NO2-induced resistance (Supplemental Figure 7 D). Nevertheless, 

plants treated exclusively with NO2 showed a transient increase in SA which may be sufficient to 

initiate responses that ultimately lead to resistance upon B. cinerea infection Figure 15 B).  

Alternatively, it is known that mutants which are deficient in SA (such as sid2) accumulate higher 

levels of JA due to the aforementioned SA/JA antagonism, and therefore display enhanced JA-

responsive gene expression upon pathogen attack [170]. Thus, the NO2-induced resistance 

observed in sid2 as well as the partial resistance in NahG, could be caused by an enhanced 

activation of JA-signaling. This would indicate that a functional JA- rather than SA-signaling is 

important for the NO2-induced resistance against B. cinerea. A negligible role of SA-mediated 

signaling during the NO2-induced resistance is further supported when the expression pattern of the 

SA-defense signaling marker PR1 is considered. Although PR1 is up-regulated upon B. cinerea 

infection, its expression is neither enhanced nor advanced when pretreated with NO2 (Figure 20 B). 

This is consistent with reports that sid2, which developed the NO2-induced resistance to its full 

extent, is known to be impaired in PR1 induction [214]. Contradictory to the hypothesis that SA-

signaling is inconsequential for NO2-induced resistance is the observation that a knock-out of the key 

regulator of SA-mediated defense signaling NPR1 led to a complete abolishment of the resistance 

phenotype (Figure 19). In case JA- rather than SA-signaling is involved in this type of resistance, it 

would have been expected that NO2-pretreated npr1 establishes a WT-like B. cinerea resistance. 

This is due to the fact that the NPR1 knock-out causes an alleviation of the SA-mediated suppression 

of the JA response, leading to increased JA- and PDF1.2a expression levels [170]. However, npr1 

did not develop an NO2-mediated enhancement of PDF1.2a expression as observed in WT, which 

may explain the lack of the NO2-induced resistance in this mutant (Figure 21 A).  

Interestingly, NPR1 was associated with a SA-independent mode of induced resistance which 

requires JA and ethylene (ET). In 1998 Pieterse et al. demonstrated that the non-pathogenic 
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rhizobacterium Pseudomonas fluorescens triggers an induced systemic resistance (ISR) response 

against P. syringae. This induced resistance remained in SA-non-accumulating NahG transgenic 

lines, but neither the JA-signaling-impeded jar1 nor the ethylene response mutant etr1 displayed the 

protective P. fluorescens-induced resistance. Moreover, they reported that the npr1 mutant also 

failed to develop this resistance. Therefore, they proposed that this ISR is triggered by an SA-

independent pathway in which components from the JA and ET response activate a systemic 

resistance which is dependent on NPR1 [336]. Similar observations were made by Nie et al. 2017, 

who determined that the beneficial rhizobacterium Bacillus cereus AR156 triggered ISR against B. 

cinerea and P. syringae DC3000 which was dependent on NPR1- as well as JA/ET-signaling but did 

not require SA [337], [338]. Analogous to these observations, the NO2-induced resistance is blocked 

in mutants impaired in JA- (coi1), as well as NPR1-signaling (npr1), whereas SA-deficient mutants 

(sid2, NahG) remain partially resistant. Preliminary experiments also suggested that the ethylene 

insensitive etr1 mutant which is defective of the ethylene receptor, is impaired in the NO2-induced 

resistance (Supplemental Figure 11). These findings suggest that root symbionts and NO2 may 

stimulate similar hormonal signaling pathways leading to induced resistance against the necrotrophic 

fungus B. cinerea. Moreover, the induced signaling also protected against the hemibiotrophic P. 

syringae DC3000, in case of the root symbionts [338] and NO2, as demonstrated by a reduced 

bacterial titer in NO2-pretreated Col-0 when compared to its untreated counterpart (Figure 28).  

Taken together, NO2 induces resistance against B. cinerea by simultaneously activating NPR1- and 

JA-dependent signaling. The concomitant induction of these pathways is effective in providing a 

basal resistance against various pathogens of different lifestyles, as was already demonstrated for 

root symbiont-induced resistance. However, this remains to be validated for NO2. Although NO2-

treated WT plants developed a resistance against P. syringae DC3000, mutant screens to determine 

the involved signaling pathways are still pending. Nonetheless, these findings reflect the ornately-

orchestrated defense signaling networks in Arabidopsis and demonstrate that the interplay between 

JA- and SA-mediated signaling is far more complex than simply antagonistic. 

 

3.2.5 The propagation of NO2-induced signaling leading to PTI  

Pattern-triggered immunity (PTI) characterizes the development of basal disease resistance against 

a variety of pathogens, since a multitude of pathogen- or endogenously derived elicitors 

(PAMPs/DAMPs) can induce this type of defense [105], [339]. After the perception of PAMPs by PRR 

receptors, the plant rapidly deploys signal transmitters such as ROS, Ca2+, RNS, and activated 

cytosolic kinases in order to initiate appropriate defense gene induction through MAPK and CDPK 

cascades [99]. The activation of these highly variable signaling cascades were reported numerous 
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times when plants were invaded by P. syringae DC3000 or B. cinerea where they customize 

pathogen-specific defense responses e.g. by inducing a fine-tuned production of an effective 

hormone blend [99], [150].  

NO2 provides resistance against both B. cinerea and P. syringae DC3000 which is indicative of a 

NO2-induced basal immunity which resembles PTI. This is supported by the finding that a multitude 

of early PTI-signaling components are highly induced immediately after fumigation with NO2 

(Supplemental Table 8). Amongst others, various receptor kinases such as BRI1-ASSOCIATED 

RECEPTOR KINASE 1 (BAK1) that interacts with FLS2 and other PRRs [340], PEPR1,2 that are 

associated with DAMP-perception [107], or the Lectin receptor Kinase (LecRK) –VI.2, which was 

demonstrated to be required for priming and P. syringae-induced PTI [341], are all highly up-

regulated. Moreover, receptor-like cytoplasmic kinases such as BIK1 or PCRK1, which are involved 

in PTI against P. syringae [342], are up-regulated in the gene expression data set immediately after 

fumigation (Supplemental Table 8). These kinases lead to the activation of MAP kinase cascades 

which generally consist of multi-layered phosphorylation chains involving MAP kinase kinase kinases 

(MEKK) which activate MAP kinase kinases (MEK) that subsequently phosphorylate MAP kinases 

(MPK). Finally, the latter induces transcriptional reprogramming e.g. by activating transcription 

factors such as WRKYs [343]. The Arabidopsis genome encodes 60 MEKKs, 10 MEKs, and 20 

MPKs which demonstrates that MAPK cascades offer a highly versatile network to induce a multitude 

of responses [344]. After NO2 fumigation, numerous MAPK cascade components are highly induced 

(Supplemental Table 8). Moreover, several CDPKs such as CPK1, 4, and 6 that are associated with 

PTI and defense are expressed upon NO2 fumigation (Supplemental Table 8) [345].  

Taken together, the NO2-induced enhanced expression of the aforementioned signal transmitters 

provide further evidence that NO2 promotes resistance by initiating PTI. However, transcriptional 

regulation only allows for the assumption of such mechanistic induction, since it does not provide 

evidence about the genuine availability of the active proteins that ultimately transmit the signal. 

Hence, further experiments are necessary to strengthen this hypothesis. However, studies by Nie et 

al., have previously demonstrated that an induced resistance against B. cinerea by B. cereus can be 

conveyed by an increase in crucial MAPK protein levels that initiate an augmented expression of PTI 

marker genes [337]. 

Making the assumption that NO2 stimulates basal resistance which is mechanistically similar to PTI, 

the question remains as to how NO2 is perceived by the plant to initiate defense signaling. On one 

hand, NO2 may induce signaling via DAMP-perceiving PRRs such as WALL-ASSOCIATED KINASE 

1 (WAK1) [346]. NO2 is a highly reactive molecule and therefore likely to inflict damage to the cell 

wall or membrane e.g. by oxidizing or nitrating lipids [347]. Thereby, endogenous DAMPs may be 

generated upon NO2 exposure which initiate further signaling cascades that lead to pathogen 
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resistance. The elicitation of DAMP signaling e.g. by exogenous application or endogenous 

generation of oligogalacturonides (OG) was demonstrated to induce the accumulation of 

phytoalexins, the expression of defense-related genes, and the production of ROS. Accordingly, OG-

treatment rendered Arabidopsis plants resistant to B. cinerea [106], [164], [348].  

However, the endogenous production of DAMPs is difficult to determine in vivo unless a large 

amount is present, which would be typically associated with massive tissue degradation [348], [349]. 

Therefore, an NO2-induced DAMP generation is challenging to convincingly confirm. Alternately, the 

results presented here demonstrate that NO2 induces the accumulation of signaling molecules such 

as ROS and RNS as well as inducing the S-nitrosylation and nitration of proteins which are reported 

to facilitate signal transmission during plant-pathogen interactions (see 1.1.2). For instance, 

fumigation with 10 ppm NO2 causes an increase in SNO (Figure 6), the involvement of which is well 

described in the regulation of NPR1 or the ROS-producing NADPH oxidase RBOHD [82], [83], [89]. 

Moreover, on several occasions, ROS- and RNS-mediated signaling was reported to be involved in 

PTI and pathogen defense [116]–[119], [122], [123]. Although H2O2 or NO accumulation was not 

detected after fumigation with 10 ppm NO2 for 1 h (Figure 7), the utilized methods may not have 

been sensitive enough to detect the low but physiologically-significant concentrations of these 

molecules, since the techniques were based on the qualitative determination of a histochemical 

staining (ROS) or a fluorescence signal (NO). Another possibility of NO2-induced signal induction 

may be that NO2 itself functions as a signaling molecule as proposed by Takahashi and Morikawa in 

2014 [30].  

 

3.2.6 The NO2 induced resistance is conveyed by early enhanced 
callose deposition but not camalexin 

The purpose of PTI is to deploy an arsenal of defense mechanisms which impede the propagation of 

pathogens [104]. Common outcomes of PTI induction include the de novo production of the 

antimicrobial secondary metabolite camalexin or the pathogen-confining deposition of callose at the 

site of infection [185], [200], [205]. As it is evident that NO2 fumigation triggers PTI, the induction of 

these defense mechanisms during the NO2-induced resistance against B. cinerea was examined. It 

was assumed that NO2 stimulates an enhanced induction of these defense mechanisms, thereby 

promoting the induced resistance. The gene expression analysis revealed that a majority of genes 

involved in the regulation and biosynthesis of camalexin were highly up-regulated immediately after 

NO2 fumigation (Supplemental Table 7). This was further confirmed by GO-term analysis which 

demonstrated that “camalexin biosynthesis” was the most enriched GO-term in the up-regulated data 

set (Supplemental Table 1). Therefore, an enhanced synthesis of camalexin was a likely candidate to 
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convey the NO2-induced resistance against B. cinerea. This hypothesis was supported by reports 

that claim that the camalexin-deficient pad3 mutant displays an enhanced susceptibility to this fungus 

[167] (Supplemental Figure 10). When subjecting this mutant to the NO2 resistance assay, it became 

evident that functional PAD3 is crucial for the NO2-mediated resistance (Figure 22). Surprisingly, 

HPLC quantification revealed that camalexin did not accumulate after NO2 fumigation. Moreover, 

NO2-pretreatment did not impact the expression of PAD3 or enhance the accumulation of camalexin 

upon B. cinerea infection of WT (Figure 23). These findings led to the conclusion that the NO2-

induced resistance against B. cinerea is dependent on functional PAD3, but not camalexin. A similar 

observation was previously reported by Ferrari et al., who demonstrated an increased expression in 

PAD3 upon treatment of Arabidopsis with OGs. However, they could not detect an OG-induced 

accumulation of camalexin [164]. The authors argued that elicitor treatments may not induce 

camalexin accumulation, instead they may prime plants in order to enhance camalexin production 

upon pathogen infection. However, this hypothesis was invalid for the NO2-elicited resistance, since 

NO2-pretreatment did not influence camalexin levels after infection. Previously, Zhou et al. showed 

that SA treatment activates PAD3 expression but is not sufficient to induce camalexin synthesis 

[210], [249]. Therefore, the observed transient peak in SA immediately after fumigation may have 

induced the expression of camalexin biosynthetic genes but was insufficient to initiate camalexin 

production.  

Alternatively, PAD3 may be involved in the biosynthesis of currently-unknown antimicrobial 

compounds which either originate from the degradation of camalexin or are derived from other indolic 

compounds [164]. In 2009, Bottcher et al. reported that PAD3 not only mediates the formation of 

camalexin from dihydrocamalexic acid (DHCA), but is also involved in the formation of DHCA itself 

[272]. Therefore, it is conceivable that yet unknown compounds which originate from DHCA are 

associated with the NO2-induced resistance. Moreover, Bottcher et al. identified several compounds 

as putative metabolites downstream of PAD3 in Arabidopsis undergoing biotic or abiotic stress which 

may exhibit a unknown potential to induce resistance [272].  

Besides camalexin, the fortification of the cell wall by callose was investigated for its potential role in 

the NO2-induced resistance, as it is a common readout for PTI induction [339]. The pmr4 mutant 

which is deficient in the deposition of callose upon pathogen infection displayed no NO2-induced 

resistance against B. cinerea (Figure 24 A) [190], [191], [193], [197]. Additionally, the resistance was 

compromised in WT plants which were treated with the callose synthesis inhibitor 2-DDG prior to 

fumigation with NO2 (Figure 24 B). These findings strongly implied the involvement of callose in the 

induced resistance against B. cinerea. This was examined in more detail by the photometric 

detection of callose via Aniline Blue in WT and pmr4 plants which were treated with the fungal elicitor 

chitosan after NO2 fumigation. The quantification of the Aniline Blue fluorescence revealed that, at an 
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early stage after chitosan treatment,  NO2-pretreatment significantly promoted the deposition of 

callose (Figure 25, Figure 26). The experiments demonstrated that the timely response of NO2-

induced enhanced callose formation provides a reasonable explanation to the mechanism by which 

NO2-pretreatment facilitates resistance against B. cinerea. The effectiveness of early callose 

deposition against fungal infection was previously demonstrated during powdery mildew infection of 

Arabidopsis, which impeded the penetration capabilities of the fungus [189].  

Consequently, mutants associated with the NO2-induced resistance (npr1, sid2, coi1, pmr4, and 

pad3) were tested for the NO2-mediated enhancement of callose deposition after chitosan elicitation. 

Besides the callose-deficient pmr4, all mutants were generally capable of depositing callose upon 

elicitation and/or NO2 exposure (Figure 27). Except for sid2, all mutants were deficient in cultivating 

the NO2-induced resistance, an observation which led to the conclusion that the NO2-stimulated 

enhancement of callose upon elicitation was indispensable for resistance, rather than the callose 

induction upon NO2 exposure per se. More importantly, the stimulatory effect of NO2 on chitosan-

elicited callose deposition was not detected in the npr1, sid2, or coi1 mutants, which suggested that 

both SA and JA-signaling are important prerequisites for the early enhancement of callose, but not 

for the basal onset of its deposition. 

The induction of callose synthesis is a complex process where the regulating pathways differ 

according to the perceived PAMP and the prevalent growth conditions. Thus, multiple signals are 

involved in the onset of callose deposition, rather than one conserved signaling pathway [192]. 

Therefore, defense hormones may have varying functions during the formation of callose in 

Arabidopsis. For instance, it was reported that exogenous application of SA or MeJA in the absence 

of the elicitor flagellin did not induce callose formation [193]. However, SA was reported to potentiate 

the flagellin-elicited callose formation in an NPR1-dependent manner [350]. The role of JA during 

callose deposition is similarly ambiguous. In the case of Arabidopsis, Garcia-Andrade et al. (2011) 

reported that basal callose deposition upon B. cinerea infection of WT was independent of COI1. 

However, they further claimed that the potentiated callose formation in the B. cinerea-resistant 

knock-out mutant of the transcription factor OCP3 necessitated functional COI1 [188]. These studies 

demonstrated that both SA- and JA- signaling are dispensable for basal callose deposition but are 

essential for an elicitor-triggered potentiation of callose upon pathogen infection. Analogous 

conclusions can be drawn for the NO2-induced resistance against B. cinerea based on the 

aforementioned results.  

Basal callose formation can by initiated via ROS and indole glucosinolates (IGs) in a hormone-

independent manner. It was reported on several occasions that callose deposition is positively 

regulated by ROS accumulation, which is one of the first responses during the onset of PTI [192], 

[350]. Moreover, it is well established that IGs, such as breakdown products of methoxy-indol-3-
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ylmethyl glucosinolate, induce flagellin-induced callose deposition independent of phytohormones 

[193], [194]. IGs are closely related to camalexin, as they largely share the same biosynthetic 

pathway and are known to be potent antimicrobial compounds, whose formation is induced during 

PTI [211], [268], [351], [352]. Since a multitude of IG-biosynthetic genes were up-regulated 

immediately after NO2 fumigation (Supplemental Table 7), they may be involved in the basal callose 

deposition upon NO2 exposure. Though camalexin and IGs share similar features, the unaffected 

deposition of callose upon flagellin-, chitosan-, or NO2-treatment in the pad3 mutant demonstrated 

that basal callose formation was not dependent on camalexin [193] (Figure 27). However, the lack of 

NO2-stimulated callose potentiation upon elicitation in pad3 may hint towards a PAD3-generated 

metabolite being involved in this process. 

Taken together, these obtained results suggest that NO2 triggers an early enhanced deposition of 

callose which facilitates the induced resistance against B. cinerea. Similar observations were made 

by Nie et al. (2017), who specified that the B. cereus-induced resistance against B. cinerea was 

conveyed by the early and enhanced production of ROS and callose [337]. In combination with 

published studies, the obtained data further suggests that the enhanced deposition of callose was 

dependent on PAD3, as well as functional SA- and JA-signaling pathways mediated by NPR1 and 

COI1, respectively [188], [350]. However, the data obtained while investigating the sid2 mutant 

demonstrated that the NO2-mediated potentiation of callose is likely not the sole catalyst of the NO2-

induced resistance. Despite lacking the enhanced callose formation, sid2 was still capable of 

developing the NO2-induced resistance against B. cinerea.  

Moreover, NO2 was demonstrated to cause a significantly enhanced deposition of callose 4 h after 

Col-0 plants were infected with Pst. DC3000 suggesting that similar mechanisms convey the NO2-

induced resistance against this pathogen as well. Therefore, it can be concluded that NO2 stimulates 

a PTI-resembling basal defense response that ultimately leads to an accelerated augmentation of 

callose which protects the plant against B. cinerea and P. syringae in concert with other non-

pathogen specific defense mechanisms. 

 

3.2.7 Suggested model of the NO2-induced signaling leading to 
induced resistance 

The fact the NO2 provides a general resistance against pathogens of different lifestyles – the 

necrotrophic fungus B. cinerea and the hemibiotrophic bacterium P. syringae strongly implies that 

NO2 stimulates PTI. Upon exposure to NO2, several events are likely to initiate signaling which 

ultimately leads to PTI and NO2-induced pathogen resistance. First, the damaging effects of the 
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highly reactive radical NO2 on the cell wall or membrane [347] may generate endogenous DAMPs, 

which are perceived by PRRs that subsequently launch PTI-triggering signals (Figure 32).  

 

Figure 32: Working model of the establishment of the NO2-induced resistance 
The uptake of NO2 leads to the formation of ROS, RNS, and protein modifications and potentially induces the 
generation of endogenous DAMPs. These signaling components and possibly NO2 itself can initiate the activation of 
MAP kinase cascades and CDPKs either directly or indirectly via PRRs. These in turn, transmit the signaling to the 
nucleus via the activation of transcription factors (TFs). The activity of TFs can be modulated by protein modifications 
and via ROS or RNS accumulation. TFs then can initiate the expression and synthesis of defense-related compounds 
such as SA and JA or the camalexin biosynthetic enzyme PAD3. Camalexin itself, was determined to not be essential 
for the NO2-induced resistance. In concert with PAD3 gene expression, NPR1- and COI1-mediated SA- and JA 
signaling stimulate the early enhanced deposition of callose that contributes to the induced resistance. NO2-induced JA 
signaling further promotes the enhanced expression of PDF1.2a upon B. cinerea infection. The expression of the SA-
responsive PR1 was not altered during the NO2-induced resistance. DAMP = Damage associated molecular pattern, 
PRR = pattern recognition receptor, ROS = reactive oxygen species, RNS = reactive nitrogen species, MAPK = 
Mitogen-activated protein kinase, CDPK = Ca2+dependent protein kinase, SA = salicylic acid, JA = jasmonic acid. Solid 
arrows = activation/accumulation, dashed arrows = hypothetical/ mechanism unclear. Masked (bleached) items were 
determined not to be involved in the NO2-induced resistance against B. cinerea. 
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Secondly, NO2 fumigation triggers the accumulation of signaling molecules such as ROS and NO 

and promotes signal-transmitting protein modifications like S-nitrosylation, all of which are well known 

to facilitate the propagation of the PTI response [116]–[119], [122], [123] [82], [83], [89]. Finally, NO2 

itself may function as a signaling molecule which stimulates PTI by activating downstream signaling 

[30].  

PTI signaling after perception of a triggering stimulus include the activation of MAPK and CDPK 

cascades [124], [129] that transmit the signal to the nucleus by activating transcription factors or 

potentiate the initial signal e.g. by promoting ROS accumulation [125]–[127], [130]. It was 

demonstrated that NO2 fumigation stimulates transcription of multiple players within the PTI signaling 

cascade (Supplemental Table 8), which emphasizes that this signaling network is utilized to induce 

the NO2-induced resistance. By these means, NO2 exposure initiates a rapid transcriptional 

reprogramming which stimulates a transient increase in SA. The brief peak in this phytohormone may 

facilitate further transcriptional changes such as the up-regulation of genes involved in jasmonate 

catabolism and signaling repression which lead to a net-zero turn-over rate of these phytohormones 

and ultimately results in the initial repression of jasmonate signaling (e.g. PDF1.2a). Moreover, the 

transient SA peak may stimulate the enhanced expression of camalexin biosynthetic genes 

(especially PAD3) [114]. Although suggested by the NO2-induced up-regulation of the respective 

biosynthetic genes, the NO2-induced resistance against B. cinerea was not facilitated by an 

enhanced or accelerated production of defense hormones or camalexin. Nonetheless, SA- and JA-

signaling mediated by NPR1 and COI1, respectively, as well as PAD3 are essential for the NO2-

induced resistance, since their functionality is indispensable for the early enhanced deposition of 

callose which is assumed to convey the resistance against B. cinerea. Moreover, NO2 promotes the 

enhanced expression of the antimicrobial JA-responsive plant defensin PDF1.2a which presumably 

contributes to the enhanced-resistance of NO2-fumigated plants (for summary see Figure 32).  

 

3.2.8 Is the NO2-induced basal disease resistance a result of priming 
for PTI? 

The effects of NO2 on disease resistance fuel the hypothesis that NO2 may function as a priming 

stimulus which triggers the plant into a state of alert that ultimately facilitates the acceleration and 

potentiation of defenses upon pathogen infection [223]. Commonly, a priming stimulus induces either 

no or only a slight and transient induction of defense responses [220]. The same phenomenon was 

observed after NO2 fumigation. NO2 exposure induced massive transcriptional reprogramming which 

should have promoted hormone synthesis and signaling - instead SA only increased transiently 

whereas JA did not accumulate at all. Moreover, the expression of defense-related and PR genes 
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was, at most, only slightly activated after NO2 fumigation. Furthermore, the gene expression analysis 

demonstrated that NO2-treatment had the capability to induce camalexin synthesis, which however 

was not implemented. Finally, exclusive NO2 exposure only induced a negligible, basal deposition of 

callose which was only slightly above the methodical detection limit. 

Another characteristic of defense priming is that primed plants can deploy more rapid and/or 

enhanced defenses upon perception of a challenging stimulus (e.g. pathogens) than naïve, 

unstimulated plants and are therefore more resistant to the stressor [220]. This was applicable for 

NO2-treated plants. NO2 treatment potentiated the transcription of the JA-responsive PDF1.2a upon 

B. cinerea infection and further facilitated the early enhanced deposition of callose which provided 

resistance against B. cinerea and P. syringae. 

On the molecular level, it is assumed that a priming stimulus triggers the accumulation or 

transcription of defense signaling components, thereby promoting a more rapid activation of defense 

mechanisms that subsequently conveys the development of resistance [222], [223]. An enhanced 

transcription of defense-mediating genes was previously described for the priming agent BTH, as 

well as during B. cereus-induced B. cinerea resistance [224], [337]. Both treatments led to 

augmented levels of MAP kinase mRNA and proteins, and ultimately led to a greater abundance of 

active proteins upon pathogen challenge and enhanced disease resistance [224]. Since numerous 

players involved in PTI signaling, such as MAP kinases, Ca2+ dependent protein kinases, and 

transcription factors were up-regulated after NO2 treatment, it is conceivable that the elevated 

abundance of their transcripts may contribute to a more rapid response against subsequent 

pathogen infection. Similarly, priming is associated with an increase in PRRs and their respective co-

receptors which render the primed plant more sensitive to a following perception of PAMPs and 

DAMPs and therefore enhances the subsequent activation of defense signaling [223], [225]. An 

increase in mRNA levels of various PRRs was also detected after NO2 treatment (Supplemental 

Table 8).  

Taken in conjunction, the molecular processes initiated by NO2 that facilitate a potentiation of callose 

deposition, PDF1.2a expression, and subsequent pathogen resistance resemble those observed 

during priming. However, stating that NO2 is a priming agent is not recommended at this point, since 

the obtained results are suggestive. It must still be clarified if the NO2-induced transcriptional 

alterations are actually translated to enhanced levels of physiologically active protein, which 

ultimately facilitate the NO2-induced resistance.  
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4 Outlook 

 

The ability of NO2 to induce a broad range of effects on plants offers a multitude of possibilities to 

unravel and characterize their ornate signaling networks in more detail. By utilizing comparative 

transcriptional and proteome analysis alongside mutant screens, the molecular mechanisms of cell 

death and induced resistance triggered by NO2 could further be clarified. Though this work expanded 

the understanding of the NO2-induced signaling, many questions remain unsolved. First, it is still 

ambiguous how the plant perceives NO2. During the NO2-induced cell death, evidence accumulated 

that NO2
- rather than NO2 occupies a catalyzing role. However, this must still be reviewed for the 

induced resistance. Furthermore, the hypothesis that NO2 generates endogenous DAMPs as well as 

NO2 itself functioning as an endogenous signaling molecule in plants remains unsolved, due to the 

lack of accurate quantification methods for DAMPs [348], [349] or NO2 in vivo.       

NO2 is one of the major man-made air pollutants which threatens human health and the environment, 

and has raised overt concern in public, media, and the government. The development of physical 

injuries in plants highly correlates with the concentration of NO2 which they are exposed to. This 

provides the opportunity to use NO2-sensitive species as bioindicators to monitor, assess, and 

potentially alert for harmful concentrations of NO2 in highly polluted areas, as is already implemented 

for O3 via the Bel-W3 tobacco variety [353], [354]. Moreover, it also may be worthwhile to investigate 

whether plants can be utilized to diminish the quantity of NO2 in the air. It has been recently shown 

that plants are able to fix NO from ambient air [355]; therefore, they may also be capable of 

absorbing and purging the air of excess NO2.  

Finally, the ability of NO2 to induce disease resistance against pathogens of different lifestyles which 

was outlined during this work, as well as observations made as a result of prior work indicate that 

exposure to low doses of NO2 promote biomass formation and yield [45], [47], [48] may institute new 

research approaches for green house agriculture. Here, the potential identification of an NO2-induced 

resistance in crop plants would be crucial. Moreover, it would be worthwhile to investigate whether 

the NO2-induced resistance is effective against other pests and abiotic stresses. However, in order to 

utilize the beneficial effects of NO2 in agriculture, its dose must be well adjusted, to ensure that the 

potential build-up of toxic metabolites and other negative effects are minimized.  

In conclusion, this work demonstrates that NO2 induces versatile signaling and effects in plants that 

suggest a regulatory role of NO2 and its reaction products in plant defense. This provides new 

opportunities to unravel signaling pathways in plants as well as it enables new prospects in utilizing 

plants to counter environmental pollution or in establishing NO2 in pest control management. 
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5 Material  

 

5.1 Plant material 
All experiments were performed with Arabidopsis thaliana. The utilized genotypes and their 

description and origin are summarized in Table 2.  

Table 2: Plant material information 

Line Eco type 
Gene 
Identifier 

Sources Reference Description 

Col-0   

Lehle Seeds, 

(Round Rock, 

USA) 

 
WT eco-type Columbia-0 

(Col-0) 

npr1 Col-0 AT1G64280 Xinnian Dong [258] 

Knock-out of 

NONEXPRESSOR OF PR 

GENES 1 

sid2-1 Col-0 AT1G74710 Mikael Brosché [245] 

Knock-out of SALICYLIC 

ACID INDUCTION 

DEFICIENT 2 

NahG Col-0  
Novartis AG 

(Basel, CHE) 
[256], [257] 

Transgenic Arabidopsis 

expressing the bacterial 

nahG gene encoding the 

salicylate 1-hydrolase for SA 

degradation 

pad3 Col-0 AT3G26830 Own lab stock  [265] 
Knock-out of PHYTOALEXIN 

DEFICIENT 3  

pmr4-1 Col-0 AT4G03550 

Nottingham 

Arabidopsis Stock 

Centre (NASC)  

[356] 

Knock-out of POWDERY 

MILDEW RESISTANT 4 

(NASC Number: N3858) 

coi1-16 Col-0 AT2G39940 Mikael Brosché [357] 

Knock-out of CORONATINE 

INSENSITIVE 1, 

back-crossed with Col-0 to 

remove glabra1 and 

penetration2 background 

mutations 
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Line Eco type 
Gene 
Identifier 

Sources Reference Description 

jin1 Col-0 AT1G32640 Own lab stock [157] 
Knock-out of JASMONATE 

INSENSITIVE 1 

Col-gl1 Col-0 AT3G27920 Mikael Brosché [358] 

Knock-out of GLABRA 1 

used as genetic 

background of aos 

aos Col-gl1 AT5G42650 Mikael Brosché [254] 
Knock-out of ALLENE OXIDE 

SYNTHASE 

WS   

Lehle Seeds, 

(Round Rock, 

USA)  

 
WT eco-type Wassilewskija 

(WS) 

opr3 WS AT2G06050 John Browse [255] 

Knock-out of 

OXOPHYTODIENOATE-

REDUCTASE 3 

 

5.2 Pathogens 
Pathogen stocks were maintained and provided by the group of Dr. Corina Vlot-Schuster (Institute of 

Biochemical Plant Pathology, Helmholtz-Zentrum Munich, Germany).  

Table 3: Utilized Pathogens 

Species Strain source 

Botrytis cinerea SAS 56 Vlot-Schuster group 

Pseudomonas syringae pv tomato DC3000 Vlot-Schuster group 

 

5.3 Kits 
Table 4: Purchased Kits 

Kit Company Application 

Nitrotyrosine Assay Kit, 
Chemiluminescence Detection,  
No. 17-10006 

Merck Millipore, Darmstadt, DEU 
Tyrosine nitration 

quantification 

QuantiTect® Reverse  Qiagen GmbH, Hilden, DEU cDNA synthesis 
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Kit Company Application 

Transcription Kit, No. 205311 

RNase-free DNase Set, No. 79254 Qiagen GmbH, Hilden, DEU gDNA digest 

RNeasy® Mini Kit, No. 74104 Qiagen GmbH, Hilden, DEU RNA purification 

RNeasy® Plant Mini Kit, No. 74904 Qiagen GmbH, Hilden, DEU RNA extraction 

SensiMixTM SYBR® Low-ROX Kit, 
No. QT6250 

Bioline, London, GBR qPCR 

 

5.4 Chemicals and enzymes 
Commonly used chemicals not listed in Table 5 were purchased from Sigma-Aldrich (St. Luis, USA), 

Merck (Darmstadt, DEU), or Carl-Roth GmbH (Karlsruhe, DEU).  

Table 5: Utilized chemicals and Enzymes 

Chemical/ Enzyme Company 

15 % NO in N2 Linde Group, Munich, DEU 

cPTIO, No. C221  

(2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) 
Sigma-Aldrich,  

St. Luis, USA 

2-DDG, No. D8375  

(2-Deoxy-D-glucose) 

Sigma-Aldrich,  

St. Luis, USA 

DAB, No. D5637 

(3,3’-diaminobenzidine tetrahydrochloride) 
Sigma-Aldrich,  

St. Luis, USA 

6x DNA Gel Loading Dye, No R0611 Thermo Fisher Scientific, 

Freiburg, DEU 

BSA, No. 9048-46-8  

(Bovine Serum Albumin – Albumin Bovine Fraction V) 

Serva Electrophoresis 

GmbH, Heidelberg, DEU 

Catalase from bovine liver, No. C9322 Sigma-Aldrich,  

St. Luis, USA 

Chloral hydrate, No. 23100 Sigma-Aldrich,  

St. Luis, USA 

DAF-FM DA, No. D9194 
(Di-amino-fluorescein diacetate) 

Sigma-Aldrich,  

St. Luis, USA 

Medium molecular weight chitosan, No. 448877 Sigma-Aldrich,  

St. Luis, USA 

 Aniline Blue WS (Methyl Blue), No. M6900 Sigma-Aldrich,  
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Chemical/ Enzyme Company 

St. Luis, USA 

Protein Assay Dye Reagent Concentrate, No. 5000006 Bio-Rad, Munich, DEU 

Silwet L-77, No. VIS-01 Lehle Seeds, Round Rock, 

USA 

Sulfanilamide, No. S9251 Sigma-Aldrich,  

St. Luis, USA 

Trypan Blue, No. 93590 Sigma-Aldrich,  

St. Luis, USA 

 

5.5 Buffers and solutions 
The components used to prepare buffers and solutions were purchased from Carl-Roth GmbH 

(Karlsruhe, DEU), Sigma-Aldrich (St. Luis, USA), and Merck (Darmstadt, DEU) if they were not 

explicitly listed in 5.4. 

Table 6: Preparation of buffers and solutions  

Buffer/ solution Composition Application 

1x Phosphate buffered 
saline (PBS) 

137 mM NaCl, 10 mM Na2HPO4,  

2.7 mM KCl, 1.8 mM KH2PO4 

Sample extraction from 

leaf material 

Sulfanilamide solution 5 % sulfanilamide (w/v) in 1 M HCl Nitrite scavenging (NO 

Analyzer) 

Triiodide solution 325 mg I2, 500 mg KI, 10 ml ddH2O, 

35 ml glacial acetic acid  

NO Analyzer 

VCl3 solution 50 mM VCl3 in 0.8 M HCl NO Analyzer 

K2HPO4 buffer 150 mM K2HPO4 in ddH2O, pH 9.5 Callose quantification 

Aniline Blue staining 
solution 

0.01 % (w/v) Aniline Blue in 

 K2HPO4 buffer, pH 9.5 

Callose quantification 

Alcoholic lactophenol-
Trypan Blue solution 

30 ml 96 % ethanol, 10 ml 90 % lactic acid,  

10 ml glycerol, 9.43 ml phenol, 20 mg  

Trypan Blue, 10 ml ddH2O 

Trypan Blue cell death 

staining 

MOCK 10 mM MgCl2 in ddH2O Pst DC3000 infection 

1x Tris-acetate-EDTA 
(TAE) buffer  

40 mM Tris, 1mM EDTA, 

 0.1 % (v/v) glacial acetic acid 

Gel electrophoresis 
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Buffer/ solution Composition Application 

50 mM Potassium 
phosphate buffer 

19.1 mM K2HPO4, 30.9 mM KH2PO4, pH 7 Buffer for catalase 

infiltration 

DAB buffer 1 mg/ml DAB, 0.05 % (v/v) Tween 20  

in ddH2O, pH 3.8 (KOH) 

H2O2 visualzation 

DAF-FM DA buffer 5 µM DAF-FM DA, 0.05 % (v/v) Tween 20  

in 0.1 % (v/v) DMSO  

NO detection 

 

5.6 Media 
The media were consistently prepared with ddH2O and autoclaved before use. The components 

used for media preparation were purchased from Sigma-Aldrich (St. Luis, USA), Merck (Darmstadt, 

DEU), and Becton Dickinson GmbH (Le Pont de Claix, FRA). 

Table 7: Medium preparation 

Medium Composition Application 

Agar 0.8 % (w/v) agar in ddH2O Infection of detached leaves 

NYGA  

0.5 % (w/v) bactoprotease pepton 

0.3 % (w/v) yeast extract 

2 % (v/v) glycerol 

1.8 % (w/v) agar 

Cultivation of Pst DC3000 

Oatmeal  
2 % (w/v) oatmeal 

1.5 % (w/v) agar  
Cultivation of B. cinerea 

Malt  
3 % (w/v) malt extract 

1.5 % (w/v) agar 
Cultivation of B. cinerea 

 

5.7 Antibiotics 
Antibiotics were purchased from Duchefa Biochemie (Haarlem, NLD). 

Table 8: Commonly used antibiotics 

Antibiotic Stock solution Final concentration 

Kanamycin (Kan), No. K0126-0025 50 mg/ml in ddH2O 50 µg/ml 

Rifampicin (Rif), No. R0146-0005 10 mg/ml in methanol 50 µg/ml 
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5.8 Oligonucleotides 
The following primers for quantitative PCR were kindly provided by the group of Dr. Christian 

Lindermayr (1) and Dr. Anton Schäffner (2) from the Institute of Biochemical Plant Pathology, 

Helmholtz-Zentrum Munich, Germany. The oligonucleotides were purchased from Eurofins 

Genomics, Ebersberg, DEU. 

Table 9: Primers used for quantitative PCR 

name Gene Identifier orientation Sequence 5’  3’ source 

UBC21 AT5G25760 
Forward 

Reverse 

CTGCGACTCAGGGAATCTTCTAA 

TTGTGCCATTGAATTGAACCC 

1 

1 

PDF2 AT1G13320 
Forward 

Reverse 

TAACGTGGCCAAAATGATGC 

GTTCTCCACAACCGCTTGGT 

1 

1 

ACTIN2 At3g18780 
Forward 

Reverse 

ACTTTCATCAGCCGTTTTGA 

ACGATTGGTTGAATATCATCAG 

1 

1 

TUB9 At4g20890 
Forward 

Reverse 

GTACCTTGAAGCTTGCTAATCCTA 

GTCAAAGGTGCAAAACCAAC 

2 

2 

S16 At5g18380 
Forward 

Reverse 

TTTACGCCATCCGTCAGAGTAT 

TCTGGTAACGAGAACGAGCAC 

2 

2 

PAD3 AT3G26830 
Forward 

Reverse 

TACTTGTTGAGATGGCATTGTTGAA 

CTTCCTCCTGCTTCGCCAAT 

2 

2 

PR1 AT2G14610 
Forward 

Reverse 

GTGCCAAAGTGAGGTGTAACAA 

CGTGTGTATGCATGATCACATC 

2 

2 

PDF1.2a AT5G44420 
Forward 

Reverse 

CCAAGTGGGACATGGTCAG 

ACTTGTGTGCTGGGAAGACA 

2 

2 

 

5.9 Appliances 
Table 10: Commonly used Appliances 

Appliance Type Company 

Camera Nikon DC300 Minato, Tokyo, JPN 

Microscope TCS SP8 X confocal laser scanning 

microscope 

Leica Microsystems GmbH, 

Wetzlar, DEU 
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Appliance Type Company 

Phase-contrast microscope  Carl Zeiss GmbH, Jena, DEU 

Centrifuge Centrifuge 4530 R/ Rotor FA-45-48-11 Eppendorf, Hamburg, DEU 

Mikro 220R / Rotor No. 1189-A Hettich GmbH, Tuttlingen, 

DEU  

Qiagen Sigma 4K15C / 091000F-Rotor, 

09366F-Swing Bucket  

Sigma Laborzentrifugen 

GmH, Osterode, DEU 

Spectrophotometer Infinite M1000 Pro  Tecan Trading AG, 

Maennedorf, CHE 

NanoDrop ND-1000 NanoDrop Technologies, 

Freiburg, DEU 

Tecan GENios microplate reader  Tecan Trading AG, 

Maennedorf, CHE 

DU 640 Spectrophotometer  Beckman, Hamburg, DEU 

Thermal cycler T100 Thermal Cycler Bio-Rad, Munich, DEU 

Real time thermal cycler Applied Biosystems 7500 Fast  

Real-Time PCR system (ABI 750 Fast)  

Applied Biosystems, 

Freiburg, DEU 

Homogenizer Silamat S6  Ivoclar Vivadent,  

Ellwangen, DEU  

NO Analyzer Sievers Nitric Oxide Analyzer NOA 280i  Analytix Ltd, Boldon, GBR 

AC32M  Environnement S.A., 

 Poissy, FRA 

Conductivity meter  GLM 020A Greisinger Electronic GmbH, 

Regenstauf, DEU 

Stomatal conductance 
measurement 

SC-1 Leaf Porometer Decagon Devices Inc., 

Pullman, USA 

Microarray analysis 8✕60K custom Arabidopsis microarrays 
Design ID 29132, A-GEOD-16892 

Low Input Quick Amp Labeling 

Agilent Technologies, Santa 

Clara, USA 
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5.10 Web applications and software 
Table 11: Used web applications and software 

Software Reference and Source Application 

Real-time PCR-Miner 
4.0 

[359] http://ewindup.info/miner/ qPCR data analysis 

QuantPrime [360] http://www.quantprime.de/ Primer design for qPCR 

geNorm 
 

[361]  
Identification of reference 

genes for qPCR 

Sequence Detection 
software 1.3.1 

Applied Biosystems, Freiburg, DEU 

qPCR amplification plot 

visualization and data 

collection 

Sievers NO Analysis 
Software 
 

Analytix Ltd, Boldon, GBR 

Peak area integration 

during nitrite, nitrate, and 

SNO quantification 

SigmaPlot 12.0 
Systat Software, San Jose, USA 

 

Statistical analysis and 

graph design 

ImageJ 1.49m 
Rasband, W.S., U.S. National Institutes of 

Health, Bethesda MD, USA, 

http://imagej.nih.gov/ij/ 

Picture analysis (necrotic 

area determination) and 

management (microscopy) 

Arabidopsis 
Information Resource 
(TAIR) 

[362] https://www.arabidopsis.org/ 

 

Database for genetic and 

molecular biology data of 

Arabidopsis thaliana 

PANTHER 11.0 [363] http://pantherdb.org/ 
Gene Ontology (GO) Term 

Enrichment 

REVIGO  [364] http://revigo.irb.hr/ 
Summary and visualization 

of GO Term enrichments 

jvenn [365] http://jvenn.toulouse.inra.fr/app/index.html Venn diagram generation 

ArrayExpress [366] http://www.ebi.ac.uk/arrayexpress/ 
Publication of microarray 

data 

PubMed 
National Center of Biotechnology Information, 

U.S. National Library of Medicine, Bethesda MD, 

USA, https://www.ncbi.nlm.nih.gov/pubmed 

Literature database 
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6 Methods 

 

6.1 Plant treatments 

6.1.1 Plant cultivation 

Arabidopsis thaliana seeds were sown on a mixture of soil and sand in a 4:1 ratio and vernalized for 

two days at 4 °C in the dark before being transferred to long-day growth conditions (14 h light/10 h 

dark; 65-85 μmol m-2 sec-1 light intensity; 20°C day /18°C night; 65-68 % relative humidity). To 

ensure proper germination and growth, the plants were covered with a plastic foil for the first week 

after sowing, which was replaced with a plastic lid for the following two weeks. Plants were watered 

from the bottom up three times a week until they were utilized four to five weeks after sowing. 

 

6.1.2 Fumigation of plants with NO2 

The fumigation of four to five-week-old plants with various concentrations of NO2 (10, 20, 30 ppm) 

was performed as described in Kasten et al., 2016 [39]. In brief, all fumigations were carried out for 

one hour in an air-tight flow-through fumigation chamber where illumination and temperature were 

monitored. A schematic layout of the flow-through fumigation system is depicted in Figure 33.  

To ensure a uniform fumigation the air-flow rate within the chamber was manipulated by adjustable 

inlet and outlet air flows (influx and efflux regulation). Here, Slight negative pressure was maintained 

in order to avoid inadvertent NOx reactions as air withdrawal from the chamber exceeded the air 

intake. For NO2 fumigation, 15 % NO in N2 was diverted to a mixing chamber containing Raschig 

glass rings where it reacted with 100 % O2 to NO2 before entering the fumigation chamber. The final 

NO2 concentration within the chamber was monitored by branching off the outlet flow to an AC32M 

NO Analyzer (Environnement S.A.) when it exited the chamber. Adjustments to the gas 

concentrations within the chamber were done by regulating the volume of NO introduced to the 

system per time unit (ml NO/min) with a mass flow controller and by manipulating the overall flow 

rate within the system. The O2 volumes were not altered.  
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6.1.3 Nitrite infiltration 

Four leaves of four-week-old Col-0 plants were infiltrated with 10 or 100 mM sodium nitrite (NaNO2) 

or ddH2O (negative control) from their abaxial side using a 1 ml needle-less syringe. After infiltration, 

the plants were kept in the climate chamber under long-day conditions until required for further 

experiments [39]. 

 

6.2 Cell death evaluation 

6.2.1 Electrolyte leakage 

Tissue damage was assessed via electrolyte leakage as described in Kasten et al., 2016 [39]. Whole 

plant rosettes were harvested, rinsed with ddH2O, and incubated individually in 30 ml ddH2O under 

gentle agitation at room temperature (RT). The water conductivity (µS/cm) was determined with a 

GLM 020A conductivity meter (Greisinger Electronic) after 0, 2, 4, 6, and 24 h. After capture of the 

Figure 33: Schematic layout of the flow-through fumigation system  
For NO2 fumigation, NO and O2, whose flow rates were defined by mass flow controllers, were introduced to a mixing 
chamber with Raschig glass rings to react to NO2. The gas was then introduced to the air inlet flow that enters the 
fumigation chamber. To monitor the NOx (NO and NO2) within the fumigation chamber, part of the outlet flow was 
diverted to a NOx analyzer. Arrows symbolize gas flow, NO: green; O2: grey; NO2: orange; Air: blue. Modified after 
Kasten et al., 2017 [380].  
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final measurement, the samples were frozen overnight at -20°C, followed by reheating to RT. The 

subsequent conductivity measurement of each sample was defined as 100 % electrolyte leakage and 

was used for normalization of the time course conductivities of the respective sample.  

Plants fumigated with various concentrations of NO2 or air as a control were used for electrolyte 

leakage immediately after fumigation, whereas plants infiltrated with NaNO2 or ddH2O were 

subjected to this method after air-drying for 1 h in the climate chamber. 

 

6.2.2 Trypan Blue staining 

Cell death was visualized histochemically 24 h after the various treatments by Trypan Blue staining 

as described by Joo et al., 2005 [367] with slight modifications. Whole leaves were boiled for 1 min in 

an alcoholic lactophenol-Trypan Blue solution followed by an incubation for 1 h at RT and gentle 

agitation. The leaves were distained by boiling for 20 min in a chloral hydrate solution (2.5 g/ml in 

ddH2O) using a water bath. The chloral hydrate solution was changed before the distaining continued 

at RT and gentle agitation until the leaves of the respective negative control treatments were fully 

distained. The leaves were mounted in 50 % glycerol and photographed with a Nikon DC300. 

 

6.3 Pathogen infection 
 

NO2 fumigated plants were infected with pathogens exhibiting different lifestyles: the virulent hemi-

biotrophic bacterium Pseudomonas syringae pv. tomato (Pst) DC3000 and the necrotrophic fungus 

Botrytis cinerea. 

 

6.3.1 Pseudomonas syringae pv. tomato DC3000 

Cultivation 

Pst DC3000 was cultivated for two days at 28 °C on selective NYGA agar supplemented with the 

antibiotics rifampicin and kanamycin (50 µg/ml). For each experiment a new bacteria culture was 

prepared. 
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Infection method 

Five-week-old plants that were fumigated with 10 ppm NO2 (unfumigated plants as control) were 

inoculated 4 h after fumigation with 1 x 105 colony forming units per ml Pst DC3000 suspension 

(cfu/ml). To accomplish this, bacterial cells were scraped from the cultivation plate and resuspended 

in sterile 10 mM MgCl2. The absorbance of the undiluted suspension was measured at a wavelength 

of 600 nm (OD600nm) using a DU 640 spectrophotometer (Beckman). The suspension was diluted 

according to the assumption that a Pst DC3000 solution with an OD600nm of 0.2 contains 1 x 108 

cfu/ml [149]. Three to four leaves per plant were infiltrated with the bacterial suspension or 10 mM 

MgCl2 (MOCK control) from their abaxial side using a 1 ml needle-less syringe. The inoculated plants 

were covered with a clear lid to ensure high humidity for proper infection while they were kept in the 

climate chamber under long-day conditions until required for further experiments. 

Bacterial growth assay 

The Pst DC3000 bacterial titer within the leaves was determined 2 h and 1 and 2 days after infection. 

6 mm leaf discs were obtained at the required time points with a cork borer from each infected leaf. 

In case of the 2 h time point, the sample was surface sterilized for 30 s in 80 % ethanol. Three leaf 

discs from different plants were merged to one biological replicate and homogenized for 20 s in 200 

µl 10 mM MgCl2 using a Silamat S6 Tissue Homogenizer (Ivoclar Vivadent) and 1.7-2.0 mm glass 

beads. The resulting bacterial suspension was diluted in 10 mM MgCl2 in a serial logarithmic dilution 

(10-fold) with a dilution factor range from 100 to 105. Subsequently, 20 µl of each dilution was spotted 

onto selective NYGA agar before incubating them for two days at 28 °C. Bacterial colonies were 

counted in spots containing between 10 and 100 colonies and the bacterial titer (cfu/cm2) per 

biological replicate was calculated as follows:  

𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐2 ⁄ = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ×  𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 ×  
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑉𝑉𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠

 ×  𝑐𝑐𝑙𝑙𝑓𝑓𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐 𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 

(𝑤𝑤𝑑𝑑𝑐𝑐ℎ ∶  𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 200 µ𝑐𝑐 ;  𝑉𝑉𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠 = 20 µ𝑐𝑐 ;  𝑐𝑐𝑙𝑙𝑓𝑓𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐 𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 = 1.18 𝑐𝑐𝑐𝑐−1 ) 

 

6.3.2 Botrytis cinerea 

Cultivation 

B. cinerea (strain SAS 56) hyphae stored at –80 °C were cultivated on oatmeal-containing agar in the 

dark and at RT. After two weeks, an approximately 1 cm2 piece of hyphae-containing agar was 

transferred onto malt agar and the incubation was continued until grey fungal spores emerged. 

These spores were transferred onto halves of canned apricots which were soaked for several hours 
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in ddH2O to reduce their sugar content. After cultivating B. cinerea on the apricots for approximately 

one week, the spores were used for infection experiments. B. cinerea was continuously subcultured 

on apricots until their virulence began to reduce, then a new culture was started on oatmeal-

containing agar and the process restarted. 

Droplet-infection and necrotic lesion evaluation of detached leaves 

Four-week-old plants of various genotypes were fumigated with 10 ppm NO2 (unfumigated plants as 

control). B. cinerea spores were resuspended in ddH2O and the number of spores in 1 µl was 

determined using a phase-contrast microscope (Zeiss) at 20x magnification (minimum spore number 

required: 200/µl). The spore suspension was then diluted 1:2 in sterile-filtered grape juice and the 

volume of the droplet necessary to infect a leaf with 1000 spores was calculated accordingly 

(maximum droplet volume = 10 µl). Leaves were harvested 6 h after fumigation and placed with their 

abaxial side down onto 0.8 % agar. The calculated volume of the B. cinerea spores in the half-

strength grape juice was spotted onto the leaves, while avoiding the middle vein. The agar plates 

were sealed and incubated in the climate chamber under long-day conditions. After Three days the 

necrotic lesions were documented with a Nikon DC300 and their areas were determined via ImageJ 

(version 1.49m). Since the volume of the droplet containing the B. cinerea spores used for infection 

varied between individual experiments, the areas of the necrotic lesions developed on fumigated 

leaves were normalized to those formed on unfumigated leaves (= 100 %) for each individual 

experiment. Moreover, NO2-treated and untreated WT plants were always included during the 

evaluation of mutants to assess the mutants’ general susceptibility to B. cinerea and to verify the 

virulence of the fungus and the functionality of the assay during each individual experiment.  

Spray infection of entire plants 

Entire plants were infected with B. cinerea 6 h after fumigation with 10 ppm NO2 (unfumigated or air 

fumigated plants as control) by spraying a half-strength grape juice suspension containing 2 x 105 

fungal spores/ml and 0.01 % Silwet L-77 onto the plants until run-off. The B. cinerea spore 

suspension was prepared as described above. As a negative control, plants were sprayed with the 

half-strength grape juice suspension containing 0.01 % Silwet L-77 without fungal spores. The 

infected plants were covered with a clear lid to ensure high humidity for proper infection and kept in 

the climate chamber under long-day conditions until used for further experiments.  

 

6.3.3 Chitosan elicitation 

To mimic a fungal infection, plants were inoculated with the fungal elicitor chitosan 4 h after they had 

been fumigated with 10 ppm NO2 (unfumigated plants as control). Here, three to four leaves per plant 
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were infiltrated from their abaxial side with 500 µg/ml medium molecular weight chitosan in 0.04 % 

acetic acid using a 1 ml needle-less syringe. As a negative control plants were treated with 0.04 % 

acetic acid. The treated plants were covered with a clear lid and were kept in the climate chamber 

under long-day conditions until required for further experiments.  

 

6.4 Analytical techniques 

6.4.1 Preparation of plant extracts 

Approximately 100 mg of leaf material was harvested and frozen in liquid nitrogen either immediately 

after NO2- or air-fumigation with various concentrations or 3 h after NaNO2 (H2O) infiltration. The 

samples were homogenized twice for 10 s using a Silamat S6 Tissue Homogenizer and 1.7-2.0 mm 

glass beads. The leaf material was incubated on ice for 10 min in 500 µl 1x phosphate-buffered 

saline (PBS). After centrifugation for 10 min at 14000 rpm, the supernatant was divided into aliquots 

for quantification of NO2
-, NO3

-, SNO, nTyr, and protein content. 

 

6.4.2 Measurement of nitrite, nitrate, and S-nitrosothiol contents 

The content of NO2
-, NO3

-, and SNO in leaves was determined using the Sievers Nitric Oxide 

Analyzer NOA 280i (Analytix Ltd.) as described in Kasten et al., 2016 [39]. Here, the leaf extract is 

injected into strongly-reducing reagents which convert the aforementioned compounds within the 

sample to NO. In turn, NO is oxidized by internally generated ozone resulting in NO2 (excited state) 

and O2. The emission of a photon when NO2 relaxes to its ground state is detected by a 

photomultiplier resulting in quantifiable chemiluminescence peaks.  

Endogenous NO2
- was reduced to gaseous NO by injecting leaf extracts (see 6.4.1) into a reaction 

vessel containing a triiodide solution heated to 30 °C. In order to quantify SNO, endogenous NO2
- 

was scavenged by adding 5 % sulfanilamide (w/v, in 1 M HCl) to the sample at a 1:9 dilution before 

injection into the triiodide solution. To determine the NO3
- content in the leaf extract, its total nitrogen 

content was quantified using a 50 mM vanadium chloride (VCl3) solution heated to 90 °C as the 

reducing agent. The nitrate content in the sample was then determined by subtracting the obtained 

NO2
- and SNO content from the total amount of nitrogen. Chemiluminescence peak area integration 

was performed using the Sievers NO Analysis Software. SNO, NO2
-, and NO3

- concentrations were 

quantified using NaNO2 and NaNO3 calibration curves, respectively. The measured concentrations 

were normalized to the protein content in the examined leaf extracts. 
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6.4.3 Tyrosine nitration determination 

Tyrosine nitration in plant extracts (see 6.4.1) was determined using a competitive enzyme-linked 

immunosorbent assay (ELISA) from Merck Millipore (Nitrotyrosine Assay Kit, Chemiluminescence 

Detection) and an Infinite M1000 Pro plate reader (Tecan Trading AG) according to the 

manufacturers’ instructions. The nitrotyrosine content in the plant extracts was calculated from a 

generated calibration curve using nitrotyrosine peptide standards (0.1024 µM – 1600 µM) and 

correlated to the protein content in the leaf extracts. 

 

6.4.4 Determination of protein concentration 

The protein content of plant extracts (see 6.4.1) was determined using the Protein Assay Dye 

Reagent Concentrate (Bio-Rad) which is based on the Bradford method [368]. Briefly, 5 µl of plant 

extract were incubated with a 1:5 dilution of the Bradford reagent in a total volume of 1 ml. After 

incubation for 10 min at RT the absorbance at 595 nm was determined using the DU 640 

spectrophotometer. The protein concentration of each sample was calculated from a standard curve 

that was recorded using various amounts of BSA (1 – 10 µg). 

 

6.4.5 Phytohormone measurements via LC-MS/MS 

To quantify phytohormones, approximately 250 mg leaf material (exact weight was recorded) of four-

week-old Col-0 plants that were fumigated with NO2 or air was harvested 0, 3, 6, and 24 h after 

fumigation. Similarly, leaf material from plants that were spray-infected with B. cinerea (see 6.3.2) 6 h 

after fumigation was collected 16, 24, and 48 h after infection. The samples were frozen in liquid 

nitrogen and kept at -80˚C until further use. The extraction of JA, OH-JA, cis-OPDA, JA-Ile, OH-JA-

Ile, COOH-JA-Ile, and SA as well as the liquid chromatography-tandem mass spectrometry (LC-

MS/MS) analyses were performed by Dr. Axel Mithöfer at the Max-Planck Institute for Chemical 

Ecology in Jena, Germany as described in Vadassery et al., 2012 [369]. In brief, the LC-MS/MS 

analyses were performed with an Agilent 1200 HPLC system (Agilent, Waldbronn, DEU) and 

subsequent API 5000 tandem mass spectrometer (Applied Biosystems, Darmstadt, DEU) equipped 

with a Turbo spray ion source in negative ionization mode [369]. The elution profile from Vadassery 

et al., 2012 [369] was changed to 0 - 0.5 min, 10% B; 0.5 - 4.0 min, 10 - 90% B; 4.0 - 4.02 min, 90 - 

100% B; 4.02 - 4.5 min, 100% B and 4.41 - 7.0 min, 10% B at a flow rate of 1.1 ml/min. The amounts 

of the phytohormones were calculated relative to the signal of their respective internal standards 

[369] and correlated to the sample fresh weight. 
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6.4.6 Camalexin measurements via reverse-phase HPLC  

Four-week-old Col-0 plants were fumigated with 10 ppm NO2 or air and approximately 100 mg (exact 

weight was recorded) of leaf material was collected and frozen in liquid nitrogen 6 h after fumigation. 

Simultaneously, the remaining plants were spray-infected with B. cinerea (see 6.3.2) and harvested 

24 and 48 h after infection as described above. Camalexin extraction and quantification was 

performed by Prof. Dr. Erich Glawischnig from the Technical University of Munich at the School of 

Life Sciences Weihenstephan in Freising, Germany. The procedures were done as previously 

described, but with slight modifications [269], [270], [275]. In brief, the obtained leaf material was 

extracted twice for 30 min in 200 µl of a 4:1 (v/v) dilution of MeOH in H2O at 65°C. Afterwards, the 

extracts were combined and centrifuged for 15 min at 17,000 g. The samples were then analyzed via 

reverse-phase high performance liquid chromatography, (HPLC, LiChroCART 250-4, RP-18, 5 µm, 

Merck) using a flow rate of 1 mL·min-1 and the following elution profile: MeOH/H2O (1:1; v/v) for 2 

min, followed by a 10 min linear gradient to 100% MeOH and subsequent 3 min 100% MeOH. The 

quantification of camalexin was done using a Shimadzu F-10AXL fluorescence detector (318 nm 

excitation/370 nm emission) and via UV absorption at 318 nm using a calibration curve generated 

from an authentic standard. 

 

6.5 Staining 

6.5.1 Detection of intracellular NO 

Intracellular NO was detected using DAF-FM DA as described in Kasten et al., 2016 [39]. This cell-

permeable fluorescent probe is diacetylated to DAF-FM within the cell where it reacts with NO to 

form a fluorescent benzotriazole [370]–[372]. 

Leaves of four-week-old Col-0 plants were infiltrated with 5 µM DAF-FM DA in 0.1 % DMSO and 

0.05% Tween 20 using a 1 ml syringe without a needle. After air-drying for 1 h in the climate 

chamber, the infiltrated plants were fumigated with NO2 (10, 20, or 30 ppm) or air as described in 

6.1.2. Immediately after fumigation, 6 mm leaf discs were obtained using a cork borer. The leaf discs 

were placed with the abaxial side up into wells of a black flat-bottom 96-well plate containing 50 µl 

ddH2O. The fluorescence was measured at 485 nm excitation and 535 nm emission using a Tecan 

GENios microplate reader (Tecan Trading AG). The average fluorescence value of leaf discs 

infiltrated with 0.1% DMSO containing 0.05 % Tween 20 (negative control) was subtracted from the 

sample readings. To ensure the specificity of the fluorescent probe to NO, leaves were infiltrated with 

500 µM of the NO scavenger cPTIO alongside DAF-FM DA. 
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In other experiments 5 µM DAF-FM DA in 0.1 % DMSO and 0.05 % Tween 20 with or without 500 

µM cPTIO was co-infiltrated with 10 or 100 mM NaNO2 (see 6.1.3). Here, leaf discs were obtained 1 

h after infiltration and the NO content was measured as described above. 

 

6.5.2 Visualization of H2O2 production 

Hydrogen peroxide (H2O2) generation in leaves was visualized using DAB, which is oxidized to a 

brown precipitate by H2O2 in the presence of peroxidases [373]. The procedure was modified from 

Ramel et al., 2009 [374] and described in Kasten et al., 2016 [39]. Briefly, leaves of four-week-old 

plants were detached immediately after fumigation with various concentrations of NO2, or air, or 3 h 

after NaNO2 infiltration (see 6.1.2 and 6.1.3). The leaves were subsequently vacuum-infiltrated with 1 

mg/ml DAB in ddH2O (pH 3.8, KOH) containing 0.05 % Tween 20 and incubated for 45 min in the 

climate chamber. After rinsing with ddH2O the leaves were incubated in 96 % ethanol in a water bath 

at 80 °C until all chlorophyll was removed. Finally, the leaves were mounted in 50 % glycerol and 

documented with a Nikon DC300. To confirm the H2O2 specificity of the DAB staining, plants were 

infiltrated with 100 U/ml catalase in 0.38 M potassium phosphate buffer (pH 7). After air-drying the 

plants for 1 h in the climate chamber, they were fumigated with 30 ppm NO2 and stained as 

described above. 

 

6.5.3 Callose quantification 

Callose staining and quantification was done with five-week-old NO2-fumigated Col-0 and pmr4 

plants 4 h after they have been syringe-infiltrated with Pst DC3000 (see 6.3.1). Moreover, four to-

five-week-old plants of various genotypes were elicited with chitosan (6.3.3) 4 h after NO2 treatment 

before subjecting them to the callose staining 4 h after the elicitation (additional 16 and 24 h time 

point for Col-0 and pmr4).  

Leaf discs (6 mm) were obtained from treated leaves with a cork borer at the indicated time points 

and incubated overnight in 96 % ethanol to remove chlorophyll. The distained leaf discs were gently 

dried off with paper towels and then incubated for 1 h in 150 mM K2HPO4 buffer (pH 9.5) at RT and 

mild agitation. Meanwhile, a 0.01 % Aniline Blue staining solution was prepared and stirred until 

decolorized, while protecting it from light. The samples were stained overnight in the dark at RT and 

gentle agitation. After rinsing the leaf discs in the K2HPO4 buffer, they were transferred into wells of a 

black flat-bottom 96-well plate containing 50 µl of the same buffer. Callose was quantified by 

measuring the Aniline Blue fluorescence (mean of nine reads per leaf disc) with the Infinite M1000 

Pro plate reader after adjusting the Z-positioning of the fluorescence top optics. Aniline Blue 
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fluorescence was excited with 405 nm (5 nm bandwidth of the excitation monochromator) and the 

emission wavelength was set to 490 nm (bandwidth of the emission monochromator: 20 nm). To 

minimize noise of potential autofluorescence, the fluorescence of leaf discs which were incubated 

overnight in 150 mM K2HPO4 buffer (pH 9.5) without Aniline Blue, was subtracted from the values of 

stained samples for each treatment.  

 

6.5.4 Confocal microscopy of callose depositions 

Leaf discs of treated plant were stained with Aniline Blue as described above (6.5.3), mounted in 50 

% glycerol on a microscope slide with a coverslip, and analyzed for callose depositions with the TCS 

SP8 X confocal laser scanning microscope (Leica) using the HC PL APO CS2 20x/0.75 IMM 

objective. The samples were excited with a Diode 405 Laser (Laser line UV 405 nm) at 0.1 % laser 

intensity. The emitted fluorescence was detected with a photomultiplier (PMT) at 480 – 500 nm (gain 

800), whereas bright field pictures were taken at gain 400 using the Transmission PMT. 

 

6.6 Molecular biological methods 

6.6.1 RNA extraction and cDNA synthesis 

RNA was isolated from approximately 100 mg leaf material which was frozen in liquid nitrogen 

immediately after obtaining the samples and homogenized twice for 10 s using a Silamat S6 Tissue 

Homogenizer and 1.7-2.0 mm glass beads. RNA extraction was performed using the RNeasy® Plant 

Mini Kit (Qiagen) according to the manufacturers’ instructions. The concentration and purity of the 

obtained RNA was estimated spectrophotometrically using the NanoDrop ND-1000 (NanoDrop 

Technologies). Samples which did not fulfill the aspired spectrophotometric ratios (A260/230 = 1.8 – 

2.2; A260/280 = 2.0 - 2.2) were subjected to the RNA Clean Up Protocol of the RNeasy® Mini Kit 

(Qiagen). RNA integrity and purity were additionally confirmed via agarose gel electrophoresis 

(6.6.2). Reverse transcription of 1 µg total RNA to cDNA was performed using the QuantiTect® 

Reverse Transcription Kit (Qiagen) according to the manufacturers’ instructions.  

 

6.6.2 Agarose gel electrophoresis 

To separate RNA, 1.5 % agarose gels were prepared (1.5 g agarose in 100 ml 1x TAE buffer) and 

supplemented with ethidium bromide. 1 µg RNA in 10 µl RNase-free H2O and 2 µl 6x loading dye 
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was loaded and the gel was run in a gel electrophoresis unit at 120 V for approximately 30 min. The 

separated RNA was visualized with the Gel DOC 200 (Bio-Rad). 

 

6.6.3 Quantitative Polymerase Chain Reaction (qPCR) 

qPCR performance 

Generated cDNA (6.6.1) was diluted 1:16 in ddH2O prior to qPCR, which was performed according to 

the manufacturers’ instructions of the SensiMixTM SYBR® Low-ROX Kit (Bioline). The qPCR 

reactions were prepared in a system-suitable 96-well plate that was then sealed and centrifuged for 1 

min at 3500 rpm. Subsequently, the qPCR was started in an Applied Biosystems 7500 Fast Real-

Time PCR system (Applied Biosystems) using the following conditions: 1 cycle at 95°C for 15 min; 40 

cycles of 95°C for 15 sec, 60°C for 30 sec, 72°C for 45 sec. If primer pairs were used for the first 

time, a dissociation curve was recorded after the qPCR was finished to exclude primer dimerization 

(1 cycle of 95°C for 15 sec, 60°C for 1 min, 95°C for 15 sec).  

qPCR data analysis 

Data analysis was performed using the Real-Time PCR-Miner 4.0 application [359] to obtain the 

weighted average efficiency and the number of PCR cycles required for crossing the threshold (CT) 

for each reaction. The weighted average efficiencies of each reaction for a single primer pair were 

averaged to give the average efficiency (E) for each primer pair. The efficiency corrected CT values 

(1 +  𝐸𝐸−𝐶𝐶𝐶𝐶) of the genes of interest were then normalized to the geometric mean of those obtained 

for the reference genes giving the relative transcription levels of the genes of interest.  

Selection of suitable reference genes 

To identify suitable reference genes whose transcriptions were unaffected by the various applied 

plant treatments, cDNA from NO2-fumigated, B. cinerea spray-infected Col-0 plants (see 6.3.2) and 

their respective control samples were subjected to qPCR using primer pairs for various reference 

genes. Their non-normalized expression levels were processed via the geNorm extension for 

Microsoft Excel [361]. This application calculates the internal reference gene-stability measure (M) 

which identifies the most stably expressed reference genes among treatments [361]. For qPCR 

analysis of NO2-fumigated, B. cinerea-infected plants UBC21 (M = 0.182), PDF2 (M = 0.182), and 

ACTIN2 (M = 0.038) were chosen as reference genes. In other experiments, TUB9 or S16 were used 

as reference genes after it was ensured that their amplification plots were not varying among the 

treatments.  
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6.6.4 Expression profile generation via microarray analysis 

Sample preparation and microarray performance 

Four-week-old Arabidopsis Col-0 plants were fumigated with 10 ppm NO2 or air. Approximately 50 

mg of leaf material was harvested immediately (0 h) and 6 h after fumigation and frozen in liquid 

nitrogen. The samples were homogenized twice for 10 s using a Silamat S6 Tissue Homogenizer 

and 1.7-2.0 mm glass beads. RNA was extracted with the RNeasy® Plant Mini Kit (Qiagen) as 

described in 6.6.1, with the exception that a digest of any potentially remaining DNA was included, 

using the RNase-free DNase Set for on-column DNA digestion (Qiagen) according to the RNeasy® 

Plant Mini Kit protocol. The RNA integrity was confirmed via agarose gel electrophoresis (6.6.2).  

The gene expression analysis was kindly performed by Claudia Knappe (Institute of Biochemical 

Plant Pathology, Helmholtz-Zentrum Munich, Germany) using Agilent At860K one-color microarrays 

(Design ID: 29132, A-GEOD-16892) according to the manufacturers’ One-Color Microarray-Based 

Gene Expression Analysis protocol for low input quick Amp labeling. After 17 h hybridization at 65 °C 

and washing, slides were scanned using the Agilent Microarray Scanner and data was extracted 

using the Agilent Feature Extraction Software with the template GE1_1010_Sep11. 

Data evaluation and analysis 

Preprocessing of the data was kindly performed by Dr. Elisabeth Georgii (Institute of Biochemical 

Plant Pathology, Helmholtz-Zentrum Munich, Germany). The data preprocessing was done with the 

Bioconductor 2.13 software package limma, version 3.18.13 [375] and included background 

correction, quantile normalization, log2 transformation, and averaging across probes of the same 

gene according to the TAIR10 genome annotation [232]. The differential expression analysis was 

also conducted with the limma package considering two factors (time and treatment) and a nested 

interaction formula [376], [377]. Genes with adjusted p-values < 0.05 (based on the false discovery 

rate method for adjustment) and absolute log2 fold changes > 1 or < -1 were selected for further 

analysis. The differential expressions of processed data sets were visualized via volcano plots 

generated by SigmaPlot 12.0 (Systat Software) and Venn diagrams created with jvenn [365].  

Annotated gene sets which were differentially expressed in air and NO2-treated samples were 

selected according to their adjusted p-value (p < 0.05) and their log2 fold changes (log2(FC) < -1 or > 

1) and were subjected to GO-Term enrichment analysis. This was done with PANTHER 11.0 using 

the PANTHER overrepresentation Test (release date: 2016-07-15) [363]. The gene sets were 

annotated and categorized to GO terms using the GO Ontology database (release date: 2016-12-28) 

and compared to a reference list of the PANTHER database for Arabidopsis thaliana. The 

overrepresentation test included Bonferroni correction for multiple testing and compared 
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classifications of multiple clusters of the given gene list to the reference list in order to statistically 

determine over- or under-representation of the classification categories using the binomial test for 

each gene ontology [378]. The obtained enriched GO terms (p < 0.05) were visualized in semantic 

similarity-based scatterplots generated with the REVIGO tool [364]. 

 

6.7 Pharmacological manipulation 

6.7.1 Pharmacological cell death manipulation  

Four leaves of four-week-old Col-0 plants were infiltrated from the abaxial side with either 500 µM 

cPTIO, ddH2O (control), 100 U/ml catalase in 0.38 M potassium phosphate buffer pH 7, or phosphate 

buffer alone (control) using a 1 ml needle-less syringe. After air-drying for 30 min in the climate 

chamber under long-day conditions, the plants were fumigated with 30 ppm NO2 for 1 h, followed by 

immediate electrolyte leakage measurements (see 6.2.1). 

 

6.7.2 Callose synthesis inhibition via 2-Deoxy-D-glucose 

Leaves of four-week-old Col-0 plants were syringe-infiltrated with 1.2 mM of the callose synthesis 

inhibitor 2-deoxy-D-glucose (2-DDG) or ddH2O 24 h before fumigation with 10 ppm NO2 

(unfumigated as control) [279]. Six hours after fumigation the infiltrated leaves were detached, placed 

on 0.8 % agar, droplet-infected with B. cinerea and the necrotic lesions were analyzed after three 

days as described in section 6.3.2. The necrotic areas were compared to those formed on 

unfumigated and non-infiltrated leaves (= 100 %). 

 

6.8 Statistical analysis 
Data that was obtained from experiments with only one variable parameter (e.g. fumigation) was 

analyzed using unifactorial statistical analysis. When comparing only two independent groups, the 

Student’s t-test was used, in cases where the Shapiro-Wilk normality test (p > 0.05) was passed. If 

the normality test failed, the analysis was done with the non-parametric Mann-Whitney rank Sum 

Test. The comparison of more than two independent groups that were passing the Shapiro-Wilk 

normality test (p > 0.05) was done by One-Way ANOVA and subsequent Holm-Sidak post-hoc test 

for all pairwise comparisons (indicated with letters) or comparisons against a control group. When the 

normality assumption of ANOVA failed on original or log-transformed data (Shapiro-Wilk test), the 
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non-parametric Kruskal-Wallis test with subsequent Dunn’s Method post-hoc test was performed to 

test for differences between the groups.  

Data that was obtained from experiments with two or three independent variables (fumigation, 

infection, and genotype) were analyzed using multifactorial statistical analysis. Here, Two- and 

Three-Way ANOVA was used to investigate relationships among these independent variables and 

their influence upon the investigated dependent variable. Unfortunately, the data analyzed with these 

parametric methods often failed the normality assumption. While the advantages of non-parametric 

statistical methods are acknowledged and understood, the requisite multifactorial analysis techniques 

are complex and not widely available for non-parametric data [379]. Therefore, the aforementioned 

non-parametric unifactorial Kruskal-Wallis test and Dunn’s Method for all pairwise comparisons was 

performed in addition to the multifactorial ANOVA, even though it forgoes the examination of 

interaction effects [379]. All statistical analyses were conducted using SigmaPlot 12.0 (Systat 

Software). 

In case of the cell death data presented here that was already published in Kasten et al., 2016 [39] 

the statistical analysis of data that failed the normality assumption was performed by Dr. Elisabeth 

Georgii (Institute of Biochemical Plant Pathology, Helmholtz-Zentrum München,Germany) Here, the 

non-parametric Kruskal-Wallis test using Wilcoxon tests with FDR correction for post-hoc analysis 

was performed via R version 3.0.3. Statistical significances were indicated with asterisks (***p < 

0.001, **p <0.01, *p < 0.05). 
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Supplemental Figure 1: Nitrite injection does not influence nitrate levels and nitrated proteins 
Leaves were infiltrated with H2O (control), 10 mM, or 100 mM NaNO2. All measurements were performed 3 h after 
infiltration. A Nitric Oxide Analyzer was used to quantify A) nitrate (NO3

-). B) Tyrosine-nitrated protein levels (nTyr) 
were measured by an enzyme-linked immunoassay. A, B) Box plots represent median (solid line), mean (dashed 
line), and 25th/75th percentiles (grey box) from 2 independent experiments; n = 7 (A), 3-4 (B). Whiskers represent 5th 
and 95th percentiles (only when n > 3), black dots are outliers. 
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Supplemental Figure 2: GO-term enrichment analysis of genes up-regulated by 10 ppm NO2 directly and 6 h 
after fumigation 
A) Venn Diagram illustrating the number of enriched GO-terms within the gene sets that were up-regulated at 0 h and 
6h after fumigation with 10 ppm NO2. Right: GO-terms of genes exclusively up-regulated 0 h after fumigation, left: GO-
terms of genes exclusively up-regulated 6 h after fumigation, middle: GO-terms of genes mutually up-regulated at 
both time points. B) GO-terms significantly enriched (p < 0.05) within the up-regulated gene sets of both time points 
were identified using the PANTHER 11.0 overrepresentation test and visualized in a scatter plot using the REVIGO 
tool. Each circle represents a GO-term, whereat the number of genes it encompasses is represented by the circle 
size. The color code depicts the fold enrichment of the respective GO-term within the data set compared to the 
PANTHER Arabidopsis thaliana reference list. Circles are clustered according to the distance of the respective GO-
terms within the GO hierarchical tree. Axes have no intrinsic meaning. Highly enriched or interesting GO terms are 
labeled. 
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0 h 6 h 

Supplemental Figure 3: GO-term enrichment analysis of genes down-regulated by 10 ppm NO2 
Enriched GO-terms (p < 0.05) were identified using the PANTHER 11.0 overrepresentation test and visualized in 
scatter plots using the REVIGO tool. Each circle represents a GO-term, whereat the number of genes it 
encompasses is represented by the circle size. The color code depicts the fold enrichment of the respective GO-
term within the data set compared to the PANTHER Arabidopsis thaliana reference list. Circles are clustered 
according to the distance of the respective GO-terms within the GO hierarchical tree. Axes have no intrinsic 
meaning. Highly enriched or interesting GO-terms are labeled. GO-term enrichment of genes down-regulated 
directly (0 h) (left) or 6 h (right) after fumigation. 
 

Supplemental Figure 4: NO2–induced genes are related 
to pathogen defense 
Meta-analysis of Col-0 Arabidopsis thaliana gene expression 
responses to NO2 fumigation, biotic stress, and abiotic 
stress. Microarray measurements from the NO2 fumigation 
were combined with previously published microarray data 
representing different biotic and abiotic stresses 
(ArrayExpress accession numbers, E-GEOD-6176, E-
GEOD-17382 and E-MTAB-4867), yielding 115 samples in 
total. Gene expression levels were centered for each 
experiment relative to the mean of its controls, to focus on 
treatment responses. The overall expression similarities 
between samples of the combined dataset are visualized 
using the top two principal components, capturing 22% and 
14% of the total variation, respectively. NO2, NO2 
fumigation; Bc = Botrytis cinerea infection, ArrayExpress 
accession numbers E-GEOD-5684; Ps = Pseudomonas 
syringae infection, E-GEOD-6176; Chitin = Chitin treatment, 
E-GEOD-2538; flg22 = flagellin epitope 22 treatment, E-
GEOD-17382; AS = abiotic stress treatment study, E-MTAB-
4867; for each study, treated samples are marked by 
triangles and controls by circles. Analysis and graphical 
representation was kindly performed by Dr. Elisabeth 
Georgii. 
 



 
 

122 Supplement 

  

 

  

 

 

 

 

 

 

 

 

Supplemental Figure 5: Botrytis cinerea-induced necrotic 
lesions on air and unfumigated plants 
Col-0 plants were fumigated with air for 1 h (or unfumigated) 
followed by droplet-infection of detached leaves with approx. 
1000 spores of B. cinerea 6 h after fumigation. Evaluation of 
necrotic lesion development occurred 3 days after infection 
by measuring the necrotic area via ImageJ. The necrotic 
areas formed on fumigated leaves were normalized to the 
mean necrotic area of unfumigated leaves (= 100 %). 
Columns represent means ± SEM; nleaves = 81-89. Mann 
Whitney Rank Sum Test showed no significant differences (n. 
s.).  
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Supplemental Figure 6: Representative necrotic lesions formed on NO2-fumigated mutants 
Mutants were fumigated with 10 ppm NO2 for 1 h (or unfumigated) followed by droplet-infection of detached leaves 
with approx. 1000 spores of B. cinerea 6 h after fumigation. The necrotic lesions developed 3 days after infection were 
documented for further evaluation of the relative necrotic area. Representative pictures of necrotic lesion formation 
are shown. A) Mutants impaired in SA-accumulation (sid2, NahG) and SA-signaling (npr1) alongside their Col-0 WT 
control. B) JA-deficient opr3 and its parental line WS C) A-deficient aos and its parental line Col-gI. Scale = 5 mm. 
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B. cinerea-induced hormone accumulation is not altered by NO2-
pretreatment 

 

The previous results suggested that the NO2-induced synthesis of JA and, at least in part, SA are 

crucial processes during the observed induced resistance against B. cinerea (see section 2.4) . This 

is further supported by the necessity of functional JA- and SA-mediated signaling pathways during 

the NO2-induced resistance development. To investigate, whether the observed resistance was 
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Supplemental Figure 7: B. cinerea-induced jasmonate and SA accumulation is not altered by NO2 
Col-0 plants were spray-infected with 2 x 105 B. cinerea spores 6 h after fumigation with air or 10 ppm NO2 for 1 h. 
Leaf material was harvested for LC-MS/MS analysis at the indicated time points. The levels of A) jasmonic acid (JA), 
B) jasmonoyl-isoleucine (JA-Ile), C) cis-(+)-12-oxophytodienoic acid (cis-OPDA), and D) salicylic acid (SA) were 
normalizied to the sample’s fresh weight (FW). Columns represent means ± SD; n = 4-5. A, B, C, D) Letters indicate 
significant differences of all pairwise comparisons within the time points via Two Way ANOVA + Holm-Sidak post-hoc 
Test (p < 0.05). Two Way ANOVA revealed that changes in hormone levels were significantly dependent on the type 
of infection for all hormones and time points (p < 0.05). The infection-induced changes were not dependent on the 
type of fumigation. Dashed-lined columns distinguish infection controls. C = half-strength grape juice as infection 
control, B.c. = B. cinerea, n. s. = not significant, hpi = hours post infection. 
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conveyed by an enhanced or temporally advanced production of these phytohormones, their levels 

were quantified in NO2- and air-fumigated Col-0 plants at various time points after spray-infection 

with B. cinerea.  

The LC-MS/MS measurements revealed a significant increase of JA in air fumigated plants at all 

analyzed time points after B. cinerea infection. However, in NO2-fumigated samples JA increased 

significantly only at 24 h after infection (Supplemental Figure 7 A). Multi-factorial analysis via Two 

Way ANOVA demonstrated that changes in the JA content was significantly dependent on the type of 

infection (control vs. B. cinerea) but not on the type of fumigation (air vs. NO2). Similar results were 

obtained after measuring the JA-Ile and cis-OPDA content (Supplemental Figure 7 B, C). In contrast 

to JA, SA levels were gradually increasing significantly over time upon B. cinerea infection in both 

NO2- and air- fumigated plants (Three Way ANOVA, p < 0.001). However, the SA content in NO2-

fumigated plants was consistently lower than the levels measured in plants exposed to air prior to 

infection (Supplemental Figure 7 D). This was reflected by the multi-factorial analysis via Two Way 

ANOVA that determined a significant difference in SA levels due to fumigation at 24 and 48 h after 

infection (p < 0.006). 

In summary, these results indicated that the B. cinerea-induced jasmonate accumulation was not 

altered by NO2 pretreatment. Moreover, it was demonstrated that B. cinerea infection generally 

induced a gradual increase in SA, which however was less pronounced in NO2-fumigated plants. 

Therefore, it can be concluded that the NO2-induced resistance against B. cinerea was not mediated 

by a temporally advanced or enhanced accumulation of the above mentioned phytohormones. 
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Stomatal conductance of utilized mutants 

The stomatal conductance measurements to water vapor (mmol/m2s) were done using a SC-1 Leaf 

Porometer (Decagon Devices Inc) to determine the plants capability to take up the applied NO2. 

Stomata conductance measurements of four-week-old Col-0 plants directly after fumigation with 

various concentrations of NO2 were performed in the course of the publication of Kasten et al., 2016. 

Here, it was shown that the fumigation with 10 ppm NO2 did not induce stomatal closure. However, 

Supplemental Figure 8: Callose detection via Aniline Blue 16 h after chitosan elicitation 
Plants were fumigated with 10 ppm NO2 for 1 h (unfumigated as control) and infiltrated with 500 µg/ml chitosan (0.04 
% acetic acid as control) 4 h after fumigation. Leaf discs were obtained 16 h after chitosan treatment and stained with 
Aniline Blue. Fluorescence was detected with the TCS SP8 X confocal laser scanning microscope (Leica). Excitation 
with Diode Laser UV 405 nm (0.1 % intensity), Emission at 480 – 500 nm. Bright field pictures were taken at gain 400 
using the Transmission PMT. Channels were merged using the ImageJ software. Representative pictures of the 
Aniline Blue fluorescence were taken of NO2-fumigated or unfumigated A) Col-0 leaves 16 h after treatment with 
chitosan or control or B) of pmr4 leaves 16 h after treatment with chitosan. A, B) 3 different areas of 3 independent 
leaf discs were examined with similar results. Scale = 100 µm. 
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Supplemental Figure 9: Basal 
stomatal conductance of utilized 
mutants.  
Stomatal conductance was measured 
using a leaf porometer. Conductance 
of mutants was normalized to their 
respective parental line (= 100 %). 
Columns represent mean ± SD; n = 
13-16, except n = 35 for pmr4. p.L. = 
parental line (Col-0 for npr1, sid2, 
NahG, coi1, jin1, pad3, pmr4; WS for 
opr3; Col-gI for aos) Asterisks indicate 
significant differences from respective 
parental line via One Way ANOVA + 
Holm-Sidak Test (**p < 0.01). 
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20 ppm NO2 caused a 20 % reduction of the stomatal conductance, whereas exposure to 30 ppm 

NO2 led to a 75 % increase in stomatal conductance which was linked to the rapid wilting. As a e 

control, untreated Col-0 plants were transferred to the dark for 2.5 h to obtain a conductance 

reference of closed stomata [39]. Moreover, the basal stomatal conductance of the mutants utilized in 

this work was analyzed to ensure comparable NO2 uptake through the stomata throughout the used 

genotypes. 

As shown in Supplemental Figure 9, the stomatal conductance of the utilized mutants was similar to 

the parental lines, indicating that the mutations did not influence the stomatal aperture. Therefore, it 

can be concluded, that the mutants were taking up similar amounts of NO2 during the fumigation 

period. The only exception was the aos mutant which displayed a significantly elevated stomatal 

conductance when compared to the respective Col-gI parental line.  

 

B. cinerea susceptibility of the utilized mutants 

The general susceptibility of the utilized mutants towards B. cinerea infection was analyzed in parallel 

to the B. cinerea infection assay of NO2-fumigated plants, since untreated mutants and their 

Supplemental Figure 10: B. cinerea susceptibility of the utilized mutants 
Detached leaves of unfumigated plants were droplet-infected with approx. 1000 spores of B. cinerea. Evaluation of 
necrotic lesion development occurred 3 days after infection by measuring the necrotic area via ImageJ. The necrotic 
areas formed on leaves of untreated plants were normalized to the mean necrotic area formed on leaves of their 
respective untreated parental line (= 100 %). Columns represent means ± SD; nleaves = coi1: 99 (p.L: 91); jin1: 95 (p.L: 
37); opr3: 21 (p.L: 18); aos: 125 (p.L: 66); npr1: 95 (p.L: 37); sid2: 154 (p.L: 68); NahG: 223 (p.L: 263); pad3: 98 (p.L: 
91); pmr4: 206 (p.L: 197). p.L. = parental line (Col-0 for npr1, sid2, NahG, coi1, jin1, pad3, pmr4; WS for opr3, Col-gI 
for aos) Asterisks indicate significant differences to the corresponding parental line via Mann-Whitney Rank Sum Test 
(**p < 0.01, ***p < 0.001). n. s. = not significant. 
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respective parental lines were infected alongside the NO2 treated ones (see 6.3.2 for detailed 

method). The obtained necrotic areas formed on leaves of untreated mutants were normalized to the 

mean necrotic area formed on leaves of their respective untreated parental line (= 100 %). 

Supplemental Figure 10 depicts the determined necrotic area formed on the investigated mutants 

three days after infection relative to their respective parental lines.  

 

  

 

8.2 Supplementary Tables 
 

Supplemental Table 1: List of significantly enriched GO-terms of genes up-regulated directly after NO2 
fumigation 

A = number of genes in the reference list mapping to the GO-term. B = number of genes in the sample list mapping to 
the GO-term. C = number of genes from the sample list that is expected to map to the GO-term based on the 
reference list (reference genes total / A) * samples genes total). FE = Fold enrichment of genes in sample list over the 
expected number (B/C; FE > 1 = overrepresented GO-term). Blue: Selection of GO-terms associated with stress and 
defense responses against pathogens. Yellow: GO-terms highlighted in the corresponding REVIGO scatterplot. 

GO biological process GO-term ID A B C FE p-value 

camalexin metabolic process GO:0052317 9 7 0.79 8.88 4.11E-02 
camalexin biosynthetic 
process GO:0010120 9 7 0.79 8.88 4.11E-02 

cellular response to hypoxia GO:0071456 23 16 2.01 7.94 1.12E-06 

response to chitin GO:0010200 109 75 9.55 7.85 9.17E-38 
cellular response to oxygen 
levels GO:0071453 26 16 2.28 7.03 6.24E-06 

cellular response to 
decreased oxygen levels GO:0036294 26 16 2.28 7.03 6.24E-06 

response to organonitrogen 
compound GO:0010243 136 83 11.91 6.97 3.07E-38 

Supplemental Figure 11: The etr1 mutant lacks the 
NO2-induced resistance against B. cinerea 
etr1 and Col-0 plants were subjected to B. cinerea 
droplet-infection 6 h after fumigation with 10 ppm NO2 
for 1 h (unfumigated as control). Necrotic areas formed 
on fumigated leaves after 2 days were normalized to the 
mean necrotic area of the respective unfumigated 
leaves (= 100 %). Columns represent means of 2 
independent experiments ± SEM; nleaves = 57 (Col-0), 
30-35 (etr1). Asterisks indicate significant differences of 
all pairwise comparisons via Kruskal Wallis Test + 
Dunn’s post-hoc Test (***p < 0.001). The displayed 
results are preliminary. 0
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GO biological process GO-term ID A B C FE p-value 

regulation of jasmonic acid 
mediated signaling pathway GO:2000022 23 12 2.01 5.96 3.15E-03 

response to molecule of 
bacterial origin GO:0002237 20 10 1.75 5.71 3.33E-02 

jasmonic acid biosynthetic 
process GO:0009695 22 11 1.93 5.71 1.27E-02 

jasmonic acid metabolic 
process GO:0009694 27 13 2.37 5.5 2.81E-03 

response to oomycetes GO:0002239 35 16 3.07 5.22 3.49E-04 
defense response to 
oomycetes GO:0002229 29 13 2.54 5.12 6.05E-03 

toxin metabolic process GO:0009404 54 24 4.73 5.07 5.59E-07 

induced systemic resistance GO:0009682 29 12 2.54 4.72 3.16E-02 
response to nitrogen 
compound GO:1901698 211 87 18.48 4.71 7.45E-28 

response to hypoxia GO:0001666 59 24 5.17 4.64 3.10E-06 

response to wounding GO:0009611 184 74 16.12 4.59 9.15E-23 
regulation of response to 
biotic stimulus GO:0002831 50 20 4.38 4.57 9.11E-05 

toxin catabolic process GO:0009407 43 17 3.77 4.51 1.07E-03 
secondary metabolite 
catabolic process GO:0090487 43 17 3.77 4.51 1.07E-03 

regulation of response to 
external stimulus GO:0032101 54 21 4.73 4.44 6.77E-05 

plant-type hypersensitive 
response GO:0009626 68 26 5.96 4.36 2.34E-06 

glutathione metabolic 
process GO:0006749 55 21 4.82 4.36 9.16E-05 

response to decreased 
oxygen levels GO:0036293 66 25 5.78 4.32 5.82E-06 

host programmed cell death 
induced by symbiont GO:0034050 69 26 6.04 4.3 3.15E-06 

defense response to 
bacterium, incompatible 
interaction 

GO:0009816 40 15 3.5 4.28 9.20E-03 

response to oxygen levels GO:0070482 67 25 5.87 4.26 7.80E-06 
regulation of immune system 
process GO:0002682 91 31 7.97 3.89 9.69E-07 

programmed cell death GO:0012501 94 31 8.23 3.76 2.06E-06 
regulation of immune 
response GO:0050776 82 27 7.18 3.76 2.49E-05 

indole-containing compound 
metabolic process GO:0042430 65 21 5.69 3.69 1.35E-03 

response to hydrogen 
peroxide GO:0042542 53 17 4.64 3.66 1.66E-02 

regulation of innate immune 
response GO:0045088 80 25 7.01 3.57 2.24E-04 

response to bacterium GO:0009617 354 110 31.01 3.55 2.01E-25 
defense response to 
bacterium GO:0042742 282 87 24.7 3.52 1.75E-19 

innate immune response GO:0045087 241 74 21.11 3.51 3.58E-16 

flavonoid glucuronidation GO:0052696 62 19 5.43 3.5 9.50E-03 

cellular glucuronidation GO:0052695 62 19 5.43 3.5 9.50E-03 
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GO biological process GO-term ID A B C FE p-value 

glucuronate metabolic 
process GO:0019585 62 19 5.43 3.5 9.50E-03 

immune response GO:0006955 246 74 21.55 3.43 1.07E-15 

immune system process GO:0002376 277 83 24.26 3.42 9.78E-18 
uronic acid metabolic 
process GO:0006063 64 19 5.61 3.39 1.48E-02 

cell death GO:0008219 125 37 10.95 3.38 9.74E-07 
regulation of defense 
response GO:0031347 182 53 15.94 3.32 3.53E-10 

defense response, 
incompatible interaction GO:0009814 132 38 11.56 3.29 1.21E-06 

response to jasmonic acid GO:0009753 178 51 15.59 3.27 1.80E-09 

aging GO:0007568 114 31 9.99 3.1 1.55E-04 

response to salicylic acid GO:0009751 171 45 14.98 3 5.51E-07 
regulation of response to 
stress GO:0080134 233 61 20.41 2.99 4.93E-10 

response to toxic substance GO:0009636 96 25 8.41 2.97 5.73E-03 
ethylene-activated signaling 
pathway GO:0009873 135 35 11.83 2.96 7.26E-05 

response to reactive oxygen 
species GO:0000302 138 35 12.09 2.9 1.22E-04 

protein autophosphorylation GO:0046777 115 29 10.07 2.88 1.79E-03 
cellular modified amino acid 
metabolic process GO:0006575 106 26 9.29 2.8 1.04E-02 

cellular response to ethylene 
stimulus GO:0071369 151 36 13.23 2.72 3.47E-04 

response to oxygen-
containing compound GO:1901700 1168 274 102.32 2.68 2.57E-44 

positive regulation of 
response to stimulus GO:0048584 143 33 12.53 2.63 2.22E-03 

flavonoid biosynthetic 
process GO:0009813 113 26 9.9 2.63 3.09E-02 

response to oxidative stress GO:0006979 364 83 31.89 2.6 4.57E-11 

defense response GO:0006952 1302 293 114.05 2.57 2.84E-44 

response to acid chemical GO:0001101 907 197 79.45 2.48 1.15E-26 

response to ethylene GO:0009723 235 51 20.59 2.48 2.15E-05 
phosphorelay signal 
transduction system GO:0000160 167 36 14.63 2.46 3.44E-03 

response to heat GO:0009408 161 34 14.1 2.41 1.01E-02 
response to water 
deprivation GO:0009414 237 50 20.76 2.41 7.05E-05 

response to water GO:0009415 243 51 21.29 2.4 6.06E-05 

response to abscisic acid GO:0009737 416 86 36.44 2.36 2.71E-09 
abscisic acid-activated 
signaling pathway GO:0009738 161 33 14.1 2.34 2.50E-02 

response to alcohol GO:0097305 420 86 36.79 2.34 4.41E-09 
cellular response to abscisic 
acid stimulus GO:0071215 173 35 15.15 2.31 1.82E-02 

cellular response to alcohol GO:0097306 173 35 15.15 2.31 1.82E-02 

response to other organism GO:0051707 1016 204 89 2.29 1.67E-23 

response to external biotic GO:0043207 1017 204 89.09 2.29 1.88E-23 
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GO biological process GO-term ID A B C FE p-value 

stimulus 

response to organic cyclic 
compound GO:0014070 288 57 25.23 2.26 6.83E-05 

protein phosphorylation GO:0006468 755 148 66.14 2.24 1.81E-15 

response to biotic stimulus GO:0009607 1058 206 92.68 2.22 3.70E-22 
response to endogenous 
stimulus GO:0009719 1309 250 114.67 2.18 2.39E-26 

defense response to other 
organism GO:0098542 784 149 68.68 2.17 1.88E-14 

response to organic 
substance GO:0010033 1496 284 131.05 2.17 5.27E-30 

cellular response to acid 
chemical GO:0071229 354 66 31.01 2.13 5.35E-05 

regulation of response to 
stimulus GO:0048583 426 79 37.32 2.12 2.96E-06 

response to stress GO:0006950 2769 505 242.56 2.08 6.01E-53 

response to chemical GO:0042221 2100 382 183.96 2.08 5.60E-38 
response to temperature 
stimulus GO:0009266 416 75 36.44 2.06 2.40E-05 

response to external 
stimulus GO:0009605 1294 229 113.35 2.02 1.12E-19 

response to lipid GO:0033993 567 100 49.67 2.01 2.89E-07 
sulfur compound metabolic 
process GO:0006790 303 52 26.54 1.96 1.53E-02 

response to osmotic stress GO:0006970 461 79 40.38 1.96 7.97E-05 

response to salt stress GO:0009651 418 71 36.62 1.94 5.27E-04 
cellular response to oxygen-
containing compound GO:1901701 454 77 39.77 1.94 1.77E-04 

signal transduction GO:0007165 1477 248 129.38 1.92 1.33E-18 
response to inorganic 
substance GO:0010035 693 116 60.71 1.91 2.12E-07 

phosphorylation GO:0016310 1084 181 94.96 1.91 1.21E-12 

single organism signaling GO:0044700 1505 249 131.84 1.89 6.98E-18 

signaling GO:0023052 1506 249 131.92 1.89 7.58E-18 
cellular response to chemical 
stimulus GO:0070887 864 142 75.69 1.88 5.84E-09 

cell communication GO:0007154 1662 269 145.59 1.85 2.73E-18 
cellular response to 
endogenous stimulus GO:0071495 653 105 57.2 1.84 1.28E-05 

response to hormone GO:0009725 1226 195 107.4 1.82 8.51E-12 
cellular response to hormone 
stimulus GO:0032870 646 102 56.59 1.8 5.08E-05 

cellular response to organic 
substance GO:0071310 755 119 66.14 1.8 3.83E-06 

intracellular signal 
transduction GO:0035556 488 76 42.75 1.78 4.89E-03 

response to abiotic stimulus GO:0009628 1507 233 132.01 1.77 3.07E-13 

response to stimulus GO:0050896 4768 736 417.67 1.76 1.80E-53 
hormone-mediated signaling 
pathway GO:0009755 605 93 53 1.75 6.59E-04 

cellular response to stimulus GO:0051716 2138 324 187.29 1.73 2.66E-18 
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GO biological process GO-term ID A B C FE p-value 

response to fungus GO:0009620 503 75 44.06 1.7 2.46E-02 
phosphate-containing 
compound metabolic 
process 

GO:0006796 1476 215 129.3 1.66 1.54E-09 

phosphorus metabolic 
process GO:0006793 1532 223 134.2 1.66 5.90E-10 

protein modification process GO:0036211 1693 238 148.3 1.6 2.75E-09 
cellular protein modification 
process GO:0006464 1693 238 148.3 1.6 2.75E-09 

positive regulation of 
biological process GO:0048518 648 91 56.76 1.6 2.97E-02 

macromolecule modification GO:0043412 1904 244 166.79 1.46 7.22E-06 

regulation of cellular process GO:0050794 3772 450 330.42 1.36 1.57E-08 
regulation of biological 
process GO:0050789 4093 485 358.54 1.35 5.00E-09 

single-organism process GO:0044699 7081 795 620.29 1.28 2.72E-12 

biological regulation GO:0065007 4745 521 415.66 1.25 4.31E-05 

cellular process GO:0009987 9015 965 789.7 1.22 8.33E-11 

cellular metabolic process GO:0044237 6708 699 587.61 1.19 2.59E-04 

metabolic process GO:0008152 8335 841 730.14 1.15 1.43E-03 
organic substance metabolic 
process GO:0071704 7223 728 632.73 1.15 1.62E-02 

 

 

Supplemental Table 2: List of significantly enriched GO-terms of genes up-regulated 6 h after NO2 fumigation 

A = number of genes in the reference list mapping to the GO-term. B = number of genes in the sample list mapping to 
the GO-term. C = number of genes from the sample list that is expected to map to the GO-term based on the 
reference list (reference genes total / A) * samples genes total). FE = Fold enrichment of genes in sample list over the 
expected number (B/C; FE > 1 = overrepresented GO-term). Bold: GO-Terms specifically enriched 6 h after 
fumigation (remaining GO terms also enriched 0 h after fumigation). Yellow: GO-terms highlighted in the 
corresponding REVIGO scatterplot. 

GO biological process GO-term ID A B C FE p-value 

cellular water homeostasis GO:0009992 10 5 0.3 16.4 3.69E-02 
jasmonic acid metabolic 
process GO:0009694 27 9 0.82 10.93 4.83E-04 

regulation of jasmonic acid 
mediated signaling pathway GO:2000022 23 7 0.7 9.98 1.92E-02 

response to hydrogen 
peroxide GO:0042542 53 14 1.62 8.66 4.24E-06 

toxin catabolic process GO:0009407 43 9 1.31 6.86 2.07E-02 
secondary metabolite 
catabolic process GO:0090487 43 9 1.31 6.86 2.07E-02 

xyloglucan metabolic 
process GO:0010411 50 10 1.52 6.56 9.91E-03 

response to wounding GO:0009611 184 35 5.61 6.24 8.99E-14 

response to chitin GO:0010200 109 20 3.32 6.02 8.84E-07 
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GO biological process GO-term ID A B C FE p-value 

glutathione metabolic 
process GO:0006749 55 10 1.68 5.96 2.24E-02 

response to organonitrogen 
compound GO:0010243 136 23 4.15 5.55 2.12E-07 

response to toxic substance GO:0009636 96 15 2.93 5.12 9.98E-04 

response to jasmonic acid GO:0009753 178 27 5.43 4.97 5.67E-08 
cell wall polysaccharide 
metabolic process GO:0010383 93 13 2.84 4.58 1.86E-02 

response to reactive oxygen 
species GO:0000302 138 19 4.21 4.52 2.14E-04 

cellular response to 
nutrient levels GO:0031669 105 14 3.2 4.37 1.44E-02 

cellular response to 
starvation GO:0009267 98 13 2.99 4.35 3.20E-02 

response to light intensity GO:0009642 107 14 3.26 4.29 1.77E-02 
cellular response to 
extracellular stimulus GO:0031668 130 17 3.96 4.29 1.99E-03 

response to nutrient levels GO:0031667 124 16 3.78 4.23 4.89E-03 
cellular response to 
external stimulus GO:0071496 134 17 4.09 4.16 2.98E-03 

response to extracellular 
stimulus GO:0009991 150 19 4.57 4.15 7.45E-04 

response to nitrogen 
compound GO:1901698 211 26 6.43 4.04 9.53E-06 

organonitrogen compound 
catabolic process GO:1901565 167 20 5.09 3.93 8.76E-04 

response to water 
deprivation GO:0009414 237 28 7.23 3.87 6.02E-06 

response to oxidative stress GO:0006979 364 42 11.1 3.78 1.42E-09 

response to water GO:0009415 243 28 7.41 3.78 1.02E-05 

response to heat GO:0009408 161 18 4.91 3.67 8.39E-03 
defense response to 
fungus GO:0050832 438 43 13.36 3.22 1.22E-07 

response to fungus GO:0009620 503 49 15.34 3.19 7.15E-09 

response to acid chemical GO:0001101 907 88 27.66 3.18 1.26E-17 
response to oxygen-
containing compound GO:1901700 1168 113 35.61 3.17 2.23E-23 

cellular carbohydrate 
metabolic process GO:0044262 287 25 8.75 2.86 1.02E-02 

response to inorganic 
substance GO:0010035 693 60 21.13 2.84 3.27E-09 

single-organism catabolic 
process GO:0044712 498 43 15.18 2.83 5.52E-06 

chemical homeostasis GO:0048878 270 23 8.23 2.79 3.40E-02 
response to temperature 
stimulus GO:0009266 416 35 12.68 2.76 3.07E-04 

response to salt stress GO:0009651 418 33 12.75 2.59 2.72E-03 

response to osmotic stress GO:0006970 461 36 14.06 2.56 1.16E-03 
monocarboxylic acid 
metabolic process GO:0032787 452 35 13.78 2.54 2.01E-03 

cellular catabolic process GO:0044248 821 63 25.03 2.52 1.26E-07 
response to external 
stimulus GO:0009605 1294 98 39.46 2.48 8.19E-13 
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GO biological process GO-term ID A B C FE p-value 

defense response to other 
organism GO:0098542 784 59 23.91 2.47 1.08E-06 

response to endogenous 
stimulus GO:0009719 1309 98 39.91 2.46 1.67E-12 

response to other organism GO:0051707 1016 76 30.98 2.45 3.97E-09 
response to external biotic 
stimulus GO:0043207 1017 76 31.01 2.45 4.16E-09 

response to chemical GO:0042221 2100 154 64.03 2.41 1.23E-20 

response to biotic stimulus GO:0009607 1058 77 32.26 2.39 1.04E-08 
response to organic 
substance GO:0010033 1496 108 45.62 2.37 5.36E-13 

response to abscisic acid GO:0009737 416 30 12.68 2.37 4.47E-02 

response to abiotic stimulus GO:0009628 1507 105 45.95 2.29 1.43E-11 

response to hormone GO:0009725 1226 84 37.38 2.25 2.17E-08 

response to stress GO:0006950 2769 188 84.43 2.23 2.67E-22 

response to lipid GO:0033993 567 38 17.29 2.2 1.92E-02 

catabolic process GO:0009056 1157 77 35.28 2.18 6.22E-07 
response to light stimulus GO:0009416 562 37 17.14 2.16 3.65E-02 
oxoacid metabolic process GO:0043436 963 63 29.36 2.15 5.20E-05 
organic acid metabolic 
process GO:0006082 965 63 29.42 2.14 5.60E-05 

response to radiation GO:0009314 583 38 17.78 2.14 3.50E-02 

defense response GO:0006952 1302 81 39.7 2.04 4.44E-06 
carboxylic acid metabolic 
process GO:0019752 852 53 25.98 2.04 3.04E-03 

carbohydrate metabolic 
process GO:0005975 882 54 26.89 2.01 3.83E-03 

oxidation-reduction process GO:0055114 1294 79 39.46 2 1.59E-05 
small molecule metabolic 
process GO:0044281 1316 78 40.13 1.94 6.78E-05 

regulation of biological 
quality GO:0065008 1047 59 31.92 1.85 1.57E-02 

response to stimulus GO:0050896 4768 267 145.38 1.84 2.70E-21 
organic substance 
catabolic process GO:1901575 1010 56 30.8 1.82 4.20E-02 

single-organism metabolic 
process GO:0044710 3137 156 95.65 1.63 1.61E-06 

single-organism process GO:0044699 7081 281 215.91 1.3 7.34E-04 
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Supplemental Table 3: List of significantly enriched GO-terms of genes down-regulated directly (0 h) after 
NO2 fumigation 

A = number of genes in the reference list mapping to the GO-term. B = number of genes in the sample list mapping to 
the GO-term. C = number of genes from the sample list that is expected to map to the GO-term based on the 
reference list (reference genes total / A) * samples genes total). FE = Fold enrichment of genes in sample list over the 
expected number (B/C; FE > 1 = overrepresented GO-term). Yellow: GO-terms highlighted in the corresponding 
REVIGO scatterplot. 

GO biological process GO-term ID A B C FE p-value 

regulation of organ growth GO:004662 17 9 1.29 6.98 1.86E-02 

hormone transport GO:0009914 86 21 6.53 3.22 1.08E-02 

auxin transport GO:0060918 84 20 6.38 3.14 2.57E-02 

response to gibberellin GO:0009739 123 29 9.34 3.11 3.91E-04 
auxin-activated signaling 
pathway GO:0009734 165 39 12.52 3.11 3.10E-06 

cellular response to auxin 
stimulus GO:0071365 176 39 13.36 2.92 1.73E-05 

rhythmic process GO:0048511 100 22 7.59 2.9 3.21E-02 

regulation of growth GO:0040008 204 39 15.48 2.52 7.27E-04 
response to red or far red 
light GO:0009639 173 31 13.13 2.36 3.80E-02 

regulation of hormone levels GO:0010817 232 41 17.61 2.33 2.61E-03 

response to auxin GO:0009733 296 49 22.47 2.18 1.60E-03 
hormone-mediated signaling 
pathway GO:0009755 605 98 45.92 2.13 1.88E-08 

cellular response to hormone 
stimulus GO:0032870 646 100 49.03 2.04 1.34E-07 

cellular response to 
endogenous stimulus GO:0071495 653 100 49.56 2.02 2.37E-07 

response to light stimulus GO:0009416 562 82 42.66 1.92 8.65E-05 

response to radiation GO:0009314 583 83 44.25 1.88 1.97E-04 
cellular response to organic 
substance GO:0071310 755 108 57.3 1.88 1.80E-06 

cellular response to chemical 
stimulus GO:0070887 864 117 65.58 1.78 7.57E-06 

regulation of developmental 
process GO:0050793 484 65 36.74 1.77 2.87E-02 

response to lipid GO:0033993 567 75 43.03 1.74 1.09E-02 

response to hormone GO:0009725 1226 159 93.05 1.71 2.37E-07 
anatomical structure 
morphogenesis GO:0009653 631 79 47.89 1.65 4.08E-02 

signaling GO:0023052 1506 184 114.3 1.61 7.90E-07 
response to endogenous 
stimulus GO:0009719 1309 160 99.35 1.61 1.16E-05 

single organism signaling GO:0044700 1505 184 114.23 1.61 7.51E-07 

signal transduction GO:0007165 1477 181 112.1 1.61 8.90E-07 

protein phosphorylation GO:0006468 755 91 57.3 1.59 4.02E-02 
response to organic 
substance GO:0010033 1496 176 113.55 1.55 2.74E-05 

cell communication GO:0007154 1662 196 126.14 1.55 3.18E-06 

response to abiotic stimulus GO:0009628 1507 168 114.38 1.47 1.66E-03 
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GO biological process GO-term ID A B C FE p-value 

RNA biosynthetic process GO:0032774 1534 166 116.43 1.43 1.03E-02 
nucleic acid-templated 
transcription GO:0097659 1532 166 116.28 1.43 9.60E-03 

transcription, DNA-templated GO:0006351 1532 166 116.28 1.43 9.60E-03 

cellular response to stimulus GO:0051716 2138 224 162.27 1.38 2.04E-03 
heterocycle biosynthetic 
process GO:0018130 1883 196 142.92 1.37 1.52E-02 

developmental process GO:0032502 2342 244 177.76 1.37 9.60E-04 
single-organism 
developmental process GO:0044767 2292 239 173.96 1.37 1.20E-03 

response to chemical GO:0042221 2100 219 159.39 1.37 3.73E-03 
regulation of nucleobase-
containing compound 
metabolic process 

GO:0019219 2052 212 155.75 1.36 1.01E-02 

anatomical structure 
development GO:0048856 2186 226 165.92 1.36 4.54E-03 

regulation of cellular process GO:0050794 3772 390 286.29 1.36 3.48E-07 
single-multicellular organism 
process GO:0044707 2012 206 152.71 1.35 2.41E-02 

regulation of RNA 
biosynthetic process GO:2001141 1992 204 151.19 1.35 2.62E-02 

regulation of transcription, 
DNA-templated GO:0006355 1992 204 151.19 1.35 2.62E-02 

regulation of nucleic acid-
templated transcription GO:1903506 1992 204 151.19 1.35 2.62E-02 

organic cyclic compound 
biosynthetic process GO:1901362 2085 212 158.25 1.34 2.72E-02 

multicellular organism 
development GO:0007275 1962 200 148.91 1.34 4.20E-02 

regulation of RNA metabolic 
process GO:0051252 2011 205 152.63 1.34 3.28E-02 

regulation of cellular 
biosynthetic process GO:0031326 2175 219 165.08 1.33 3.54E-02 

regulation of macromolecule 
biosynthetic process GO:0010556 2134 215 161.97 1.33 4.10E-02 

regulation of biological 
process GO:0050789 4093 408 310.66 1.31 1.03E-05 

response to stimulus GO:0050896 4768 450 361.89 1.24 9.03E-04 

biological regulation GO:0065007 4745 448 360.14 1.24 9.28E-04 

primary metabolic process GO:0044238 6726 600 510.5 1.18 9.01E-03 

single-organism process GO:0044699 7081 631 537.44 1.17 4.93E-03 

metabolic process GO:0008152 8335 732 632.62 1.16 3.54E-03 
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Supplemental Table 4: List of significantly enriched GO-terms of genes down-regulated 6 h after NO2 
fumigation 

A = number of genes in the reference list mapping to the GO-term. B = number of genes in the sample list mapping to 
the GO-term. C = number of genes from the sample list that is expected to map to the GO-term based on the 
reference list (reference genes total / A) * samples genes total). FE = Fold enrichment of genes in sample list over the 
expected number (B/C; FE > 1 = overrepresented GO-term). Yellow: GO-terms highlighted in the corresponding 
REVIGO scatterplot. 

GO biological process GO-term ID A B C FE p-value 

maintenance of DNA repeat 
elements GO:0043570 5 4 0.14 27.77 3.47E-02 

DNA unwinding involved in 
DNA replication GO:0006268 11 6 0.32 18.93 2.30E-03 

DNA replication initiation GO:0006270 19 10 0.55 18.27 8.41E-07 

mismatch repair GO:0006298 19 7 0.55 12.79 3.87E-03 
DNA-dependent DNA 
replication GO:0006261 66 22 1.9 11.57 3.41E-13 

regulation of DNA replication GO:0006275 22 7 0.63 11.04 1.00E-02 

sister chromatid segregation GO:0000819 30 9 0.86 10.41 7.19E-04 

DNA replication GO:0006260 105 31 3.03 10.25 6.99E-18 

sister chromatid cohesion GO:0007062 24 7 0.69 10.12 1.76E-02 
regulation of DNA metabolic 
process GO:0051052 62 15 1.79 8.4 1.71E-06 

double-strand break repair GO:0006302 65 13 1.87 6.94 2.01E-04 

recombinational repair GO:0000725 45 9 1.3 6.94 1.89E-02 
double-strand break repair 
via homologous 
recombination 

GO:0000724 45 9 1.3 6.94 1.89E-02 

meiosis I GO:0007127 50 10 1.44 6.94 6.04E-03 
nuclear chromosome 
segregation GO:0098813 56 11 1.61 6.82 2.30E-03 

DNA conformation change GO:0071103 77 15 2.22 6.76 2.96E-05 

DNA recombination GO:0006310 104 20 3 6.68 1.49E-07 

chromosome segregation GO:0007059 74 14 2.13 6.57 1.27E-04 

chromosome organization GO:0051276 160 28 4.61 6.07 2.31E-10 

nuclear division GO:0000280 140 20 4.03 4.96 2.18E-05 

DNA metabolic process GO:0006259 407 57 11.73 4.86 1.27E-18 

DNA repair GO:0006281 238 33 6.86 4.81 8.42E-10 
cellular response to DNA 
damage stimulus GO:0006974 251 34 7.23 4.7 7.01E-10 

cell cycle GO:0007049 336 45 9.68 4.65 1.51E-13 

mitotic cell cycle GO:0000278 159 20 4.58 4.37 1.68E-04 

cell cycle process GO:0022402 257 32 7.4 4.32 2.96E-08 

mitotic cell cycle process GO:1903047 155 19 4.47 4.25 5.19E-04 

organelle fission GO:0048285 171 20 4.93 4.06 5.23E-04 

regulation of cell cycle GO:0051726 123 14 3.54 3.95 4.35E-02 

response to salicylic acid GO:0009751 171 19 4.93 3.86 2.19E-03 
covalent chromatin 
modification GO:0016569 184 19 5.3 3.58 6.26E-03 
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GO biological process GO-term ID A B C FE p-value 

chromatin organization GO:0006325 266 25 7.66 3.26 9.98E-04 

response to bacterium GO:0009617 354 29 10.2 2.84 1.96E-03 
defense response to 
bacterium GO:0042742 282 23 8.12 2.83 2.75E-02 

macromolecular complex 
subunit organization GO:0043933 569 36 16.39 2.2 3.29E-02 

cellular response to stress GO:0033554 641 39 18.47 2.11 3.49E-02 

defense response GO:0006952 1302 76 37.51 2.03 1.82E-05 

cellular response to stimulus GO:0051716 2138 107 61.59 1.74 5.13E-05 
nucleic acid metabolic 
process GO:0090304 2342 112 67.47 1.66 2.38E-04 

response to stress GO:0006950 2769 125 79.77 1.57 8.52E-04 
cellular macromolecule 
biosynthetic process GO:0034645 2322 103 66.9 1.54 2.18E-02 

macromolecule biosynthetic 
process GO:0009059 2365 103 68.13 1.51 4.57E-02 

nucleobase-containing 
compound metabolic 
process 

GO:0006139 2668 114 76.86 1.48 3.58E-02 

cellular macromolecule 
metabolic process GO:0044260 4640 195 133.68 1.46 4.32E-05 

cellular nitrogen compound 
metabolic process GO:0034641 3391 141 97.69 1.44 1.21E-02 

macromolecule metabolic 
process GO:0043170 5102 202 146.99 1.37 1.81E-03 

cellular process GO:0009987 9015 319 259.72 1.23 1.27E-02 

 

Supplemental Table 5: Expression levels of genes involved in SA synthesis and signaling after NO2 
fumigation  

Gene identifier Gene name 
Log2(FC) 0 h after 

fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h 
after fumigation 

Adjusted p-
value (6 h) 

Salicylic acid biosynthesis 

AT1G74710 SID2 2.3053534 1.37E-07 -0.31670839 0.27809226 

AT4G39030 EDS5 3.4845846 1.67E-08 -0.27153089 0.477030564 

AT3G52430 PAD4 1.4214768 2.48E-05 -0.64033254 0.027362497 

AT3G48090 EDS1 1.43692611 6.85E-07 -0.93948064 0.000237996 

AT5G13320 PBS3 3.77980444 9.09E-09 -0.10520734 0.808827945 

AT5G67160 EPS1 0.58619695 0.011819885 1.32496964 5.96E-05 

AT2G37040 PAL1 1.74224789 9.93E-10 0.01219666 0.948353146 

AT3G53260 PAL2 1.1927456 8.51E-09 0.86416786 2.11E-06 
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Gene identifier Gene name 
Log2(FC) 0 h after 

fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h 
after fumigation 

Adjusted p-
value (6 h) 

AT5G04230 PAL3 0.07396231 0.674201616 0.27061899 0.127486251 

AT3G10340 PAL4 0.2601411 0.193130629 0.14511412 0.53277289 

Salicylic acid signaling 

AT1G64280 NPR1 1.13147433 6.94E-09 -0.61358311 2.87E-05 

AT5G45110 NPR3 2.98459189 1.06E-10 -0.6097793 0.004280587 

AT4G19660 NPR4 1.36710295 1.65E-08 -1.47053007 7.19E-08 

AT2G14610 PR1 0.48457067 0.713171685 0.45859077 0.757733057 

AT3G57260 PR2 1.38537964 0.012745562 -0.59005243 0.327840235 

AT1G75040 PR5 -0.23199291 0.644028905 -0.41090322 0.440667848 

SA/JA antagonism 

AT1G28480 GRX480 4.954707006 3.88E-11 0.362616221 0.249993984 

AT1G03850 GRXS13 2.366637283 2.25E-07 -0.276725041 0.396429606 

AT3G56400 WRKY70 1.649574763 2.54E-06 -1.273249496 0.000130928 

 

Supplemental Table 6: Expression levels of genes involved in JA metabolism and signaling after NO2 
fumigation  

Gene identifier Gene name 
Log2(FC) 0 h after 

fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h after 
fumigation 

Adjusted p-
value (6 h) 

Jasmonic acid biosynthesis 

AT3G45140 LOX2 0.29936586 0.20539973 0.09023726 0.758535601 

AT5G42650 AOS 1.06884717 2.88E-07 0.47674915 0.002347514 

AT3G25760 AOC1 3.74756795 4.30E-08 2.09437071 0.000103818 

AT3G25770 AOC2 2.00832712 2.13E-05 1.00521972 0.014251216 

AT3G25780 AOC3 5.89378452 8.86E-09 1.4277827 0.008198394 

AT2G06050 OPR3 4.55497977 1.49E-09 0.96858217 0.01487426 

AT1G20510 OPCL1 3.29065124 2.51E-11 0.03284445 0.886476281 

AT4G16760 ACX1 2.04941269 8.24E-10 1.02350605 1.09E-05 

AT1G19640 JMT 1.772145 3.62E-07 0.569341 0.022749138 
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Gene identifier Gene name 
Log2(FC) 0 h after 

fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h after 
fumigation 

Adjusted p-
value (6 h) 

AT2G46370 JAR1 0.84270923 0.003031519 0.42470691 0.176340243 

Jasmonate degradation 

AT3G48520 CYP94B3 5.027700359 7.85E-06 - - 

AT2G27690 CYP94C1 7.369592824 8.40E-12 2.309638659 1.79E-05 

AT1G51760 IAR3 4.319788841 1.45E-09 1.22380636 0.002273903 

AT1G44350 ILL6 3.338781836 4.76E-08 1.206166754 0.003448252 

AT3G11180 JOX1 -0.227574086 0.704935835 0.604919743 0.423333559 

AT5G05600 JOX2 4.642255982 2.75E-07 3.869310863 1.01E-05 

AT3G55970 JOX3 1.338194284 0.063009528 5.485827802 0.000337485 

AT2G38240 JOX4 6.629138728 1.90E-09 7.774977258 4.44E-08 

Jasmonic acid signaling 

AT2G39940 Coi1 -0.35855322 0.002834311 0.13641258 0.268753124 

AT1G32640 Jin1 2.99256481 4.25E-09 0.82382461 0.005260595 

AT5G24770 VSP2 0.438796 0.53128334 0.844486 0.253393582 

AT1G06160 ORA59 2.10652946 9.33E-05 1.60891672 0.002366441 

AT3G23240 ERF1 3.342387 9.57E-10 -1.235135 0.000599824 

AT5G44420 PDF1.2a -1.64941911 0.00059253 1.65231951 0.001414071 

AT3G12500 PR3/ CHI-B 0.15154295 0.320426581 0.45500831 0.010220648 

AT3G04720 PR4/ HEL -1.10776727 5.76E-05 0.47459554 0.050739575 

 
 
 

     

Supplemental Table 7: Expression levels of genes involved in camalexin and IG biosynthesis and regulation 
after NO2 fumigation  

Gene identifier Gene name 
Log2(FC) 0 h 

after fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h 
after fumigation 

Adjusted p-
value (6 h) 

Camalexin and indole glucosinolate biosynthesis 

AT4G39950 CYP79B2 1.5942638 1.47E-05 0.15002735 0.651132865 

AT2G22330 CYP79B3 0.657435 3.92E-05 0.234207 0.089628303 

AT1G74080 MYB122 3.15432391 0.005689325 - - 

AT1G18570 MYB51 2.89400572 1.97E-11 -0.8458643 5.55E-05 

AT5G60890 MYB34 -1.17378227 8.69E-07 0.2335127 0.177074107 
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Gene identifier Gene name 
Log2(FC) 0 h 

after fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h 
after fumigation 

Adjusted p-
value (6 h) 

AT3G23250 MYB15 6.950444311 6.02E-12 1.70474003 6.53E-05 

Camalexin biosynthesis 

AT2G30750 CYP71A12 1.78825 0.000271105 -0.364713 0.399877932 

AT2G30770 CYP71A13 4.01893268 1.24E-06 0.88673599 0.17518124 

AT2G38470 WRKY33 4.18155 3.57E-11 -0.479832 0.054996766 

AT1G02930 GSTF6/GST1 3.11845959 4.26E-07 1.05326363 0.017426827 

AT4G30530 GGP1 2.02688605 1.69E-08 0.54477288 0.013020945 

AT3G26830 PAD3 5.54423567 5.94E-10 -0.00566199 0.992435407 

Indole glucosinolate biosynthesis 

AT4G31500 SUR2 1.26942088 2.56E-05 -0.16312868 0.547924355 

AT1G74100 ST5A 2.40142849 4.48E-09 0.20806597 0.364102054 

AT5G57220 CYP81F2 3.32760805 2.11E-09 -2.11173085 2.40E-06 

 

Supplemental Table 8: Expression levels of genes involved in PTI signaling after NO2 fumigation  

Gene identifier Gene name 
Log2(FC) 0 h after 

fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h after 
fumigation 

Adjusted p-
value (6 h) 

Pattern recognition receptors and receptor kinases 

AT5G46330 FLS2 2.477331855 4.92E-11 -0.238748242 0.117538282 

AT5G20480 EFR 3.771551511 3.18E-12 -0.117755052 0.515795596 

AT1G73080 PEPR1 4.120852467 1.17E-11 0.508838978 0.02274284 

AT1G17750 PEPR2 3.955601202 9.14E-12 0.57961727 0.007297789 

AT4G33430 BAK1 1.116936477 5.79E-08 -0.164699479 0.222964589 

AT2G13790 BKK1 3.02960254 4.03E-12 -0.499414173 0.001551624 

AT2G33580 LYK5 2.25391379 5.07E-10 -0.94912091 3.60E-05 

AT2G23770 LYK4 2.875943463 5.91E-10 -0.795346924 0.001509231 

AT3G21630 CERK1 0.745213821 1.50E-05 -0.805176556 2.66E-05 

AT2G32680 RLP23 2.160953709 9.18E-05 -1.123777282 0.025555714 

AT2G31880 SOBIR1 1.640076212 1.31E-06 -1.136025163 0.000200735 

AT3G59700 LecRL-VI.2 3.141663212 8.05E-11 0.062771907 0.803796841 

AT1G21250 WAK1 0.076996692 0.854144616 -1.931174806 0.000111168 
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Gene identifier Gene name 
Log2(FC) 0 h after 

fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h after 
fumigation 

Adjusted p-
value (6 h) 

Receptor-like cytoplasmic kinases (RLCKs) 

AT4G35230 BSK1 0.044561305 0.656935677 0.003341069 0.979985825 

AT3G09830 PCRK1 2.70921087 3.23E-12 -0.644516276 5.71E-05 

AT2G39660 BIK1 3.634331265 6.51E-11 0.325397528 0.157625644 

MAP kinase kinase kinases (MEKKs) 

AT4G08500 MEKK1 2.009116819 5.00E-11 -0.130891369 0.298110129 

AT4G08480 MEKK2 0.069838028 0.636188162 -0.601898895 0.000588096 

AT4G08470 MEKK3 0.070979674 0.617301043 -0.571901047 0.000672963 

AT4G12020 MEKK4 0.451596151 0.000389128 0.008906519 0.957148535 

MAP kinase kinases (MEKs) 

At4g26070 MKK1 0.575988102 6.51E-05 -1.775317697 4.01E-09 

AT4G29810 MKK2 0.493302809 0.065234191 -0.477493511 0.10428203 

AT1G51660 MKK4 3.049221543 2.08E-10 -0.529980276 0.017271867 

AT3G21220 MKK5 2.306362326 8.48E-10 -0.547756158 0.005513085 

AT5G56580 MKK6 1.931544114 3.84E-08 -0.150962394 0.508985968 

AT1G73500 MKK9 2.738896055 2.29E-11 -0.339005692 0.031850921 

MAP kinases (MPKs) 

AT3G45640 MPK3 2.635972207 6.42E-12 -0.626840703 0.000121204 

AT4G01370 MPK4 0.862073329 5.63E-05 -0.480309983 0.013306768 

AT4G11330 MPK5 1.425609226 2.90E-09 0.212999981 0.095805978 

AT2G43790 MPK6 0.341417379 0.002334733 0.040493942 0.75098806 

AT1G01560 MPK11 5.703046812 2.38E-11 -0.715179763 0.030775879 

AT2G01450 MPK17 2.255883102 4.46E-10 0.449895309 0.011594938 

Ca2+-dependent protein kinases (CPKs) 

AT5G04870 CPK1 1.804845119 1.75E-09 -0.26940905 0.082343909 

AT3G10660 CPK2 1.427466374 1.40E-08 -0.090684336 0.562516545 

AT4G23650 CPK3 0.461996149 0.001028162 -0.279159081 0.030172701 

AT4G09570 CPK4 2.524332616 2.55E-12 -0.539859815 8.74E-05 

AT2G17290 CPK6 1.789589439 9.99E-10 0.522978667 0.001405313 

AT5G12480 CPK7 1.489326265 1.79E-08 -0.349937464 0.027879828 

AT3G20410 CPK9 1.640635399 9.08E-09 -0.364096212 0.027532029 
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Gene identifier Gene name 
Log2(FC) 0 h after 

fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h after 
fumigation 

Adjusted p-
value (6 h) 

AT1G18890 CPK10 2.125274405 2.59E-08 -0.269580356 0.246656109 

AT1G35670 CPK11 1.423269492 2.20E-08 0.501233994 0.002593215 

AT2G41860 CPK14 -1.059475199 0.175969588 -0.511183888 0.73312425 

AT4G21940 CPK15 0.714779209 3.76E-05 -0.092429475 0.56186187 

AT4G04740 CPK23 0.988034405 6.40E-05 -0.336776738 0.121328043 

AT5G66210 CPK28 4.358471374 2.69E-13 -0.251194166 0.079626589 

AT1G76040 CPK29 2.64395474 5.06E-09 -0.333866077 0.190305817 

AT1G74740 CPK30 1.277947686 1.77E-08 0.20094548 0.133336925 

AT4G04695 CPK31 0.979199227 4.28E-06 -1.736402068 6.31E-08 

AT3G57530 CPK32 3.501399242 3.62E-12 0.14948961 0.368232792 

WRKY transcription factors 

AT1G62300 WRKY6 4.077917071 9.99E-11 0.115095912 0.711260987 

AT5G46350 WRKY8 2.040451284 1.90E-08 0.317326093 0.140302811 

AT4G31550 WRKY11 2.189308072 1.42E-11 -0.627206062 4.94E-05 

AT2G23320 WRKY15 2.874086746 4.53E-11 -0.522785183 0.00511854 

AT4G31800 WRKY18 3.01017454 9.45E-11 -0.071076129 0.750560984 

AT4G01250 WRKY22 4.2778598 1.31E-10 1.355499138 0.000216219 

AT5G07100 WRKY26 2.576262524 3.94E-08 0.474069165 0.101465146 

AT4G18170 WRKY28 4.449973058 1.04E-09 2.569515658 1.30E-05 

AT5G24110 WRKY30 3.651716874 3.67E-11 -0.698252502 0.028992386 

AT2G38470 WRKY33 4.181549838 3.57E-11 -0.479832282 0.054996766 

AT5G22570 WRKY38 2.016822922 0.000154773 -3.653812537 1.75E-06 

AT3G04670 WRKY39 1.283942258 1.62E-07 0.265716494 0.118368375 

AT1G80840 WRKY40 7.060795372 5.00E-11 1.762008578 0.000533941 

AT2G46400 WRKY46 3.489935514 3.83E-09 0.169986703 0.624236928 

AT5G49520 WRKY48 5.324693137 8.18E-10 1.797994595 0.000687954 

AT5G26170 WRKY50 1.758786671 0.001389325 -1.292401537 0.020651216 

AT5G64810 WRKY51 3.588365052 2.57E-08 -1.526927017 0.000675467 

AT4G23810 WRKY53 3.114489521 1.10E-09 -1.256090574 0.00010193 

AT2G40750 WRKY54 1.669092458 1.29E-06 -2.682848199 5.73E-08 

AT2G40740 WRKY55 3.03082701 2.32E-08 -0.41869877 0.252065738 

AT5G01900 WRKY62 3.490965249 8.19E-06 -0.053538495 0.922088843 
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Gene identifier Gene name 
Log2(FC) 0 h after 

fumigation 
Adjusted p-
value (0 h) 

Log2(FC) 6 h after 
fumigation 

Adjusted p-
value (6 h) 

AT1G66600 WRKY63 2.801526358 1.13E-08 0.09100254 0.786691071 

AT3G56400 WRKY70 1.649574763 2.54E-06 -1.273249496 0.000130928 

AT5G28650 WRKY74 1.242829873 2.87E-09 0.310506291 0.007968568 

AT5G13080 WRKY75 4.368888622 6.86E-06 1.720546864 0.008598336 
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