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ABSTRACT 72 

Nitrogen dioxide (NO2) forms in plants under stress conditions, but little is known about its 73 

physiological functions. Here, we explored the physiological functions of NO2 in plant cells 74 

using short-term fumigation of Arabidopsis (Arabidopsis thaliana) for 1 h with 10 parts per 75 

million (ppm) NO2. Although leaf symptoms were absent, the expression of genes related to 76 

pathogen resistance was induced. Fumigated plants developed basal disease resistance, or 77 

pattern-triggered immunity (PTI), against the necrotrophic fungus Botrytis cinerea and the 78 

hemibiotrophic bacterium Pseudomonas syringae. Functional salicylic acid (SA) and 79 

jasmonic acid (JA) signaling pathways were both required for full expression of NO2-induced 80 

resistance against B. cinerea. An early peak of SA accumulation immediately after NO2 81 

exposure was followed by transient accumulation of oxophytodienoic acid. Simultaneous 82 

NO2-induced expression of genes involved in jasmonate biosynthesis and jasmonate 83 

catabolism resulted in the complete suppression of JA and JA-isoleucine (JA-Ile) 84 

accumulation, which was accompanied by a rise in the levels of their catabolic intermediates 85 

12-OH-JA, 12-OH-JA-Ile, and 12-COOH-JA-Ile. NO2-treated plants emitted the volatile 86 

monoterpene α-pinene and the sesquiterpene longifolene (syn. junipene), which could 87 

function in signaling or direct defense against pathogens. NO2-triggered B. cinerea 88 

resistance was dependent on enhanced early callose deposition and CYTOCHROME P450 89 

79B2 (CYP79B2), CYP79B3, and PHYTOALEXIN DEFICIENT 3 (PAD3) gene functions but 90 

independent of camalexin, CYP81F2, and 4-OH-indol-3-ylmethylglucosinolate derivatives. In 91 

sum, exogenous NO2 triggers basal pathogen resistance, pointing to a possible role for 92 

endogenous NO2 in defense signaling. Additionally, the study revealed the involvement of 93 

jasmonate catabolism and volatiles in pathogen immunity.  94 

 95 

INTRODUCTION 96 

Plants face many challenges from phytopathogenic bacteria, fungi, and oomycetes. These 97 

pathogenic organisms have evolved various feeding strategies. Biotrophic pathogens such 98 

as powdery mildew nourish on nutrients from living cells, while necrotrophic pathogens such 99 

as Botrytis cinerea kill the host to feed on dead cell contents (Glazebrook, 2005; Mengiste, 100 

2012). Hemibiotrophs including Pseudomonas syringae on the other hand, can pursue both 101 

feeding strategies (Glazebrook, 2005).  102 

 103 

The plant perceives the invading pathogen by recognizing conserved pathogen- and 104 

damage-associated molecular patterns (PAMPs and DAMPs) including the bacterial flagellin, 105 

fungal chitin, and oligogalacturans (OGs) derived from damaged plant cell walls (Boller and 106 

Felix, 2009; Heil and Land, 2014). Binding of such elicitors to specific pattern-recognition 107 

receptors (PRRs) initiates PAMP-triggered immunity (PTI) also referred to as basal pathogen 108 
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resistance (Boller and Felix, 2009; Couto and Zipfel, 2016). Immediate cellular responses 109 

upon PAMP-recognition are the rapid influx of calcium ions (Ca2+) into the cytosol and the 110 

production of reactive oxygen species (ROS) such as superoxide (O2
-) or hydrogen peroxide 111 

(H2O2) (Boller and Felix, 2009; Bigeard et al., 2015). Additionally, reactive nitrogen species 112 

(RNS), such as nitric oxide (NO), are crucial for pathogen-induced signal transduction 113 

(Gaupels et al., 2011; Mur et al., 2013). 114 

 115 

The phytohormones salicylic acid (SA), jasmonic acid (JA), and the bioactive JA-isoleucine 116 

(JA-Ile) conjugate are considered to be major mediators of plant defense (Browse, 2009; Vlot 117 

et al., 2009; Pieterse et al., 2012; Wasternack and Hause, 2013). NONEXPRESSOR OF PR 118 

GENES 1 (NPR1) and CORONATINE INSENSITIVE 1 (COI1) are central transcriptional 119 

regulators of SA- and JA-responsive genes, respectively. The SA and JA/ET pathways are 120 

interconnected via complex regulatory networks and commonly antagonize each other with 121 

SA being a potent antagonist of JA-signaling (Robert-Seilaniantz et al., 2011; Caarls et al., 122 

2015). Several NPR1-regulated TGA and WRKY transcription factors have been implicated 123 

in SA/JA crosstalk (Pieterse et al., 2012; Caarls et al., 2015). The JA pathway is also 124 

controlled on the level of jasmonate catabolism. In response to wounding and pathogen 125 

attack, excess JA and JA-Ile are inactivated by hydroxylation and carboxylation, forming 12-126 

OH-JA, 12-OH-JA-Ile, and 12-COOH-JA-Ile (Heitz et al., 2016; Caarls et al., 2017; Smirnova 127 

et al., 2017). The jasmonate catabolism pathway is inducible by JA in the course of a 128 

negative feed-back regulation (Caarls et al., 2017). 129 

 130 

Pathogens can be prevented from spreading by PAMP-triggered formation of the (1,3)-β-131 

glucan polymer callose, which is deposited between the plasma membrane and cell wall at 132 

infection sites (Luna et al., 2011; Ellinger and Voigt, 2014). Callose deposition is induced 133 

after B. cinerea infection of Arabidopsis (Arabidopsis thaliana) (García-Andrade et al., 2011). 134 

PMR4 (POWDERY MILDEW RESISTANT 4) is the predominant callose synthase during 135 

pathogen infection (Jacobs et al., 2003; Nishimura et al., 2003; Ellinger et al., 2013). Other 136 

well-studied component of the plants arsenal against pathogens are indole glucosinolates 137 

and the phytoalexin camalexin (3-thiazol-2’yl-indole) found in Arabidopsis (Glawischnig, 138 

2007). In planta, camalexin is synthesized upon detection of various PAMPs and DAMPs 139 

(Kliebenstein et al., 2005; Rauhut et al., 2009; Ahuja et al., 2012), and its antimicrobial 140 

activity against P. syringae and B. cinerea has been confirmed in vitro (Rogers et al., 1996; 141 

Kliebenstein et al., 2005). Indole glucosinolates such as 4-OH-indol-3-ylmethylglucosinolate 142 

(4-OH-I3M) have important functions in antifungal defense after activation by the P450 143 

monoxygenase CYP81F2 and the atypical myrosinase PENETRATION RESISTANCE 2 144 

(PEN2) (Bednarek et al., 2009; Clay et al., 2009). 145 
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 146 

The RNS nitrogen dioxide (NO2) arises during stress-induced signaling by the oxidation of 147 

NO, reduction of nitrite (NO2
-), or decomposition of peroxynitrite (ONOO-) (Pryor, 2006; Groß 148 

et al., 2013). Chloroplastic nitrite reductase activity utilizes electrons diverted from 149 

photosynthesis for the multi-step reduction of nitrite to ammonia (Beevers and Hageman, 150 

1969). Accordingly, treatment of soybean (Glycine max) with a photosynthesis-inhibiting 151 

herbicide or incubation in darkness leads to the accumulation of nitrite and the subsequent 152 

emission of NO2 that is derived from nitrite by an unknown mechanism (Klepper, 1979; 153 

Klepper, 1990). In vitro experiments demonstrate that the heme-containing horseradish 154 

peroxidase (HRP) can produce NO2 through one-electron reduction of nitrite in the presence 155 

of H2O2 (Shibata et al., 1995; Sakihama et al., 2003). Additionally, HEMOGLOBIN 1 of 156 

Arabidopsis and alfalfa (Medicago sativa) can produce NO2 mechanistically similar to HRP 157 

(Sakamoto et al., 2004; Maassen and Hennig, 2011).  158 

 159 

NO2 is a highly reactive compound that can exert specific physiological functions by nitration 160 

(-NO2 group) of nucleophiles such as fatty acids (FAs), nucleotides, and proteins. The 161 

nitration of FAs (nitro-FAs) has been observed in Arabidopsis exposed to abiotic stresses 162 

(Mata-Pérez et al., 2016b); and nitro-FAs are proposed to act as signaling molecules 163 

(Schopfer et al., 2011; Mata-Pérez et al., 2016b). Nitration of cyclic guanosine 164 

monophosphate (cGMP) to give 8-nitro-cGMP triggers stomatal closure whereas unmodified 165 

cGMP mediates stomatal opening (Joudoi et al., 2013). Moreover, increased protein tyrosine 166 

nitration is a common event during plant defense responses (Arasimowicz-Jelonek and 167 

Floryszak-Wieczorek, 2011; Gaupels et al., 2011; Mata-Pérez et al., 2016; Kolbert et al., 168 

2017). This protein modification is mediated directly by NO2 or via decomposition of 169 

peroxynitrite to NO2, which subsequently binds to accessible protein tyrosine residues (Pryor, 170 

2006; Radi, 2012; Groß et al., 2013; Kolbert et al., 2017). NO2-modified proteins are often 171 

irreversibly inhibited as described for several antioxidant enzymes and the abscisic acid 172 

receptor PYRABACTIN RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY 173 

COMPONENTS OF ABA RECEPTORS (RCAR) (Gaupels et al., 2011; Groß et al., 2013; 174 

Castillo et al., 2015; Mata-Pérez et al., 2016a). Together, these examples illustrate how NO2 175 

can participate in defense signaling. On the other hand, high endogenous levels of RNS can 176 

also result in excessive oxidation and nitration of bio-molecules, severe metabolic 177 

perturbations, and even structural injuries of cells (Corpas and Barroso, 2013; Groß et al., 178 

2013). Dependent on the severity of the inflicted nitro-oxidative stress, cells either trigger 179 

defense and repair mechanisms or die (Thomas et al., 2008; Groß et al., 2013). In this 180 

scenario, NO2 and other RNS would act as inducers of defense signaling rather than signals 181 

themselves.                    182 

 www.plantphysiol.orgon September 11, 2018 - Published by Downloaded from 
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


6 
 

 183 

To date, the investigation of NO2 in vivo is hampered by the fact that no specific dyes and 184 

donors are commercially available. For this reason, nothing is known about endogenous 185 

levels of NO2 under stress conditions. Nevertheless, functions of NO2 in plants have been 186 

frequently explored by fumigations with gaseous NO2 as a donor treatment. After stomatal 187 

uptake, the lipophilic NO2 and its more water-soluble dimer N2O4 readily penetrate cell 188 

membranes and diffuse into the cytosol (Wellburn, 1990). In the aqueous environment of the 189 

leaf NO2 disproportionates to nitrite and nitrate that are further reduced to ammonia by nitrite 190 

and nitrate reductases (Beevers and Hageman, 1969; Zeevaart, 1976; Sparks, 2009). Nitrite 191 

levels are positively correlated with NO2-induced leaf damage in a number of plant species 192 

(Zeevaart, 1976; Kasten et al., 2016). Plants generally accumulate high nitrite levels and 193 

show strong leaf damage after NO2 fumigation in the dark (Zeevaart, 1976; Yoneyama and 194 

Sasakawa, 1979; Shimazaki et al., 1992) because - as mentioned above - nitrite reductase 195 

activity is dependent on photosynthesis. However, nitrite levels also strongly increase in pea 196 

(Pisum sativum) and Arabidopsis after NO2 fumigation in the light probably because they 197 

exceed the enzymatic capacity of nitrite reductase (Zeevaart, 1976; Kasten et al., 2016). 198 

 199 

Long-term exposure to parts per billion (ppb) levels of NO2 has beneficial effects on plant 200 

growth and development (Srivastava et al., 1994; Takahashi et al., 2014), whereas NO2 201 

concentrations in the parts per million (ppm) range cause the induction of antioxidant 202 

defense and other stress responses (Xu et al., 2010; Liu et al., 2015; Kasten et al., 2016). In 203 

the current work, Arabidopsis was exposed to 10 ppm NO2 for 1 h, which did not cause 204 

visible leaf symptoms or ion leakage as a measure of membrane damage (Kasten et al., 205 

2016). Responses of Arabidopsis to NO2 were investigated by microarray analysis, pathogen 206 

assays, and measurements of phytohormones, volatiles, camalexin, and callose.  207 

 208 

  209 
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RESULTS 210 

NO2 triggers the expression of genes related to pathogen defense 211 

Exposure of Arabidopsis Col-0 plants to 10 ppm NO2 for 1 h did not cause visible symptoms 212 

(Supplemental Fig. S1), which is in agreement with previous data showing that ion leakage 213 

as a measure of membrane damage does not increase after this treatment (Kasten et al., 214 

2016). However, close examination under UV light revealed the emission of red chlorophyll 215 

fluorescence immediately after fumigation that faded at the 6 h time point (Fig. 1 A) indicative 216 

of photoprotective energy dissipation due to a transient stress-induced metabolic 217 

perturbation (Lichtenthaler and Miehe, 1997; Chaerle and Van Der Straeten, 2000). 218 

 219 

Microarray analysis was performed with leaf material sampled immediately or 6 h after 220 

fumigation with air or 10 ppm NO2 for 1 h (Supplemental Dataset S1). Volcano plots 221 

illustrated that both up- and down-regulation of gene expression was more pronounced 222 

directly after NO2 fumigation than after 6 h (Fig. 1 B). Approximately 4400 genes were 223 

significantly regulated immediately after fumigation, whereas 6 h later only 1430 genes were 224 

differentially regulated (Fig. 1 C). The regulated genes scarcely overlapped among both time 225 

points (Fig. 1 B). Only 11.5% of all up- and 2.1% of all down-regulated genes were affected 226 

at both time points, which suggested discrete time-dependent responses of the plant to NO2. 227 

 228 

Gene Ontology (GO) term enrichment analysis (Supplemental Fig. S2) was applied to assess 229 

biological processes underlying the observed NO2-induced gene regulation. Directly after 230 

fumigation 122 GO-terms were significantly enriched in the up-regulated gene set 231 

(Supplemental Dataset S1). The majority of GO terms was related to plant defense including 232 

responses to wounding, the fungal elicitor chitin, and fungal as well as bacterial pathogen 233 

attacks (Fig. 2 A). NO2 also activated genes involved in the JA and ethylene signaling 234 

pathways, camalexin biosynthesis, flavonoid glucuronidation, and programmed cell death. 235 

Principal component analysis (PCA) was used for comparison of the NO2-regulated genes to 236 

previously published microarray datasets obtained after treatment of plants with B. cinerea 237 

(Ferrari et al., 2007), P. syringae (Lewis et al., 2015), chitin (Ramonell et al., 2005), the 238 

bacterial elicitor flg22 (Zipfel et al., 2004; Boudsocq et al., 2010), and exposure to the abiotic 239 

stresses drought and/or heat (Georgii et al., 2017) (Fig. 2 B). Although the biotic stress 240 

studies were conducted on a different microarray platform (Affymetrix ATH1), their post-241 

treatment expression samples are closer to the NO2-fumigated samples directly after 242 

treatment ("NO2 0h") than the abiotic stress samples sharing the same platform with the NO2 243 

study (Agilent At8x60K, ID: 29132). 244 

 245 
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In summary, the microarray analysis revealed that exposure to 10 ppm NO2 specifically up-246 

regulated the expression of genes associated with defense against fungal and bacterial 247 

pathogens.  248 

 249 

NO2 triggers basal pathogen resistance 250 

To investigate whether NO2 induces resistance against necrotrophic fungi as suggested by 251 

the gene expression data, NO2 fumigated plants were infected with B. cinerea. Arabidopsis 252 

Col-0 plants were fumigated with 10 ppm NO2 for 1 h, followed by droplet-infection of 253 

detached leaves with B. cinerea 6 h later. The areas of the developing necrotic lesions were 254 
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then analyzed to assess if NO2 provides resistance against this pathogen. In Fig. 3 A, a 255 

representative example of the necrotic lesions formed on NO2-fumigated and non-treated 256 

plants is illustrated. Quantification of the necrotic areas revealed that the average sizes of 257 

necrotic lesions formed on NO2 fumigated leaves were significantly reduced by ~30% when 258 

compared to unfumigated leaves (Fig. 3 A). Therefore, these results confirmed that NO2 259 

induces resistance against the necrotrophic fungus B. cinerea. 260 

 261 

The GO term enrichment analysis and PCA suggested that NO2 also elicits defense 262 

responses effective against bacterial pathogens. Therefore, plants were fumigated with NO2, 263 

followed by syringe infiltration with 1x105 colony forming units per ml (cfu ml-1) P. syringae pv. 264 

tomato DC3000 4 h later. The bacterial titers in the infected leaves were determined 2 h, 1 265 

day, and 2 days post infection (dpi) to determine if NO2 fumigation influenced bacterial 266 

growth. As shown in Fig. 3 B, infected leaves pretreated with 10 ppm NO2 harbored fewer 267 

bacteria than their unfumigated counterparts. Therefore, it can be concluded that NO2-268 

induced signaling also decreased the susceptibility of Arabidopsis to the hemi-biotrophic 269 

bacterium P. syringae. 270 

 271 

Together, the findings above imply that NO2 initiated the onset of basal pathogen resistance 272 

similar to the induction of PTI by PAMPs such as chitin and flagellin. 273 

 274 
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NO2 triggers signaling by SA and oxophytodienoic acid (OPDA) while JA and JA-Ile are 275 

catabolized 276 

SA biosynthesis and signaling genes were enhanced following NO2 exposure (Supplemental 277 

Dataset S1, Supplemental Fig. S3). Therefore, levels of this hormone were determined by 278 

LC-MS/MS after fumigation with 10 ppm NO2 (Fig. 4). SA levels were approximately 90 ng g-1 279 

fresh weight (FW) in air fumigated leaves when averaged across time points but increased to 280 

121 and 133 ng g-1 FW directly or 3 h after fumigation with NO2, respectively. At the 6 h time 281 

point the SA content rapidly declined again to 73 ng g-1 FW, resulting in a significant 282 

decrease of 31% when compared to the concentration in the respective air-fumigated control. 283 

This is in line with the observation that transcript levels of the biosynthetic genes declined at 284 

this time point as well (Supplemental Dataset S1). In summary, exposure to 10 ppm NO2 285 

provoked a rapid, but transient accumulation of SA. 286 

 287 
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Jasmonates derive from the fatty acid linolenic acid which undergoes oxidation via 288 

lipoxygenases (LOX), dehydration via the allene oxide synthase (AOS), followed by 289 

subsequent cyclization to OPDA via the allene oxide cyclases (AOC). After cis-OPDA is 290 

reduced by OPDA-reductase (OPR3), three rounds of β-oxidation (e.g. via Acyl-CoA oxidase 291 

(ACX1) and OPC-8:0 CoA ligase (OPCL1)) are necessary to form JA. JA in turn, can be 292 

modified to JA-Ile or methyl JA via jasmonate-amido synthetase (JAR1) and JA-carboxyl 293 

methyltransferase (JMT), respectively (Browse, 2009; Wasternack and Hause, 2013). This 294 

biosynthetic pathway is outlined in Fig. 5. The majority of depicted genes were significantly 295 

up-regulated directly after fumigation with a log2(FC) of up to 5.9 for AOC3, whereas 6 h after 296 

fumigation the expression levels generally declined. 297 

 298 

A major step during the catabolic turnover of active jasmonates is the oxidation of JA-Ile by 299 

members of the cytochrome P450 94 (CYP94) family (Fig. 5) resulting in biologically inactive 300 

12-OH-JA-Ile and 12-COOH-JA-Ile (Kitaoka et al., 2011; Koo et al., 2011; Heitz et al., 2012). 301 

JA-Ile and its hydroxylated form can be further catabolized to tuberonic acid (12-OH-JA) by 302 

the amidohydrolases IAA-ALANINE RESISTANT 3 (IAR3) and IAA-LEUCINE RESISTANT 303 

(ILR)-LIKE 6 (ILL6) (Widemann et al., 2013). Moreover, jasmonate-induced oxygenases 304 

(JOXs) hydroxylate JA to its inactive 12-OH-JA derivative (Caarls et al., 2017; Smirnova et 305 

al., 2017), which represents yet another pathway of jasmonate catabolism. Directly after 306 

fumigation, the majority of genes involved in these catabolic reactions were highly up-307 

regulated with fold changes to the respective air controls ranging from log2(FC) 1.3 up to 7.4. 308 

The genes encoding for the CYP94 enzymes and members of the JOXs were highly induced. 309 
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The transcript levels of JOXs were still significantly elevated up to a log2(FC) of 7.8 6 h after 310 

NO2 treatment. Besides the JOXs, the gene transcripts of most of the above mentioned 311 

catabolic enzymes were also still highly abundant at this time point after fumigation. All 312 

expression levels of the depicted genes can be found in Supplemental Dataset S1. 313 

 314 

The gene expression data suggested the simultaneous induction of jasmonate biosynthesis 315 

and catabolism. LC-MS/MS revealed that OPDA levels were elevated by 69% at 6 h after 316 

fumigation compared to leaf extracts from air-fumigated plants (Fig. 6 A), which was 317 

associated with the enhanced expression of defensin-coding genes including PLANT 318 

DEFENSIN 1.2A (PDF1.2A) (Supplemental Dataset S1). By contrast, significant changes 319 

were neither detected for JA nor JA-Ile (Fig. 6 B,C). The rapid and extensive NO2-induced 320 
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transcription of genes whose products are necessary for jasmonate catabolism encourages 321 

the hypothesis that NO2 stimulates rapid jasmonate turnover. Accordingly, all catabolic 322 

intermediates of JA and JA-Ile increased and peaked in their concentrations at 3 h after NO2 323 

fumigation. 12-OH-JA increased significantly by a factor of 3.2 from 22 ng g-1 FW in air 324 

fumigated plants to 71 ng g-1 FW after NO2 treatment (Fig. 6 D) while 12-OH-JA-Ile levels 325 

elevated significantly by 2.3-fold at 3 h after fumigation when compared to the air fumigated 326 

control (Fig. 6 E). A 3.1-fold increase was observed for 12-COOH-JA-Ile from 6 ng g-1 FW 327 

(air) to 19 ng g-1 FW (NO2) (Fig. 6 F). After the concentration of all intermediates peaked at 3 328 

h after treatment, their accumulation gradually declined to base line levels 24 h after NO2 329 

treatment.  330 

 331 

Together, the results suggest that exposure to NO2 triggered consecutive peaks of SA and 332 

OPDA. The simultaneous induction of jasmonate production and catabolism pathways 333 

resulted in the accumulation of 12-OH-JA, 12-OH-JA-Ile, and 12-COOH-JA-Ile. The latter 334 

process might be controlled by genes involved in SA/JA antagonism crosstalk that were 335 

strongly up-regulated upon NO2 exposure (Supplemental Dataset S1). 336 

 337 

The SA and JA signaling pathways are both crucial for NO2-induced B. cinerea 338 

resistance 339 

Since SA biosynthesis was up-regulated upon NO2 fumigation, the role of SA in the NO2-340 

induced resistance against B. cinerea was examined by utilizing mutants defective in 341 

SALICYLIC ACID INDUCTION DEFICIENT 2 (SID2) and plants expressing the 342 
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Pseudomonas putida NahG gene. The sid2 mutant is impaired in the main SA biosynthesis 343 

pathway and therefore does not accumulate SA upon pathogen infection (Nawrath and 344 

Métraux, 1999; Wildermuth et al., 2001), whereas NahG-transgenic plants express a 345 

bacterial SA hydroxylase that degrades SA to catechol (Delaney et al., 1994). The B. cinerea 346 

infection assay after NO2 fumigation revealed that in Col-0 plants the lesion size was reduced 347 

by 22% upon NO2-pretreatment (Fig. 7 A). The relative necrotic area of NO2-fumigated sid2 348 

was also reduced by 18.4% when compared to the lesion size of its non-fumigated 349 

counterpart. However, NO2-pretreatment provoked only a 14% reduction of the relative 350 

necrotic area of NahG-expressing plants. This decrease was not significantly different (P > 351 

0.05) from the average lesion size measured on unfumigated NahG plants (Fig. 7 A) 352 

indicating that the NO2-induced resistance against B. cinerea was compromised. 353 

Furthermore, the SA-insensitive npr1 mutant was included in the B. cinerea infection assay 354 

after NO2 fumigation. Interestingly, NO2-pretreatment of npr1 plants did not result in a 355 

reduction of B. cinerea-induced necrotic lesions. The basal resistance of unfumigated plants 356 
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was not strongly altered in sid2 and npr1 (+18.7% relative necrotic area compared to Col-0 in 357 

untreated trials) but was markedly compromised in NahG transgenic plants (+88.0% relative 358 

necrotic area). Similar results have been reported for these plant lines (Ferrari et al., 2003). 359 

Taken together, the results suggest that the NO2-induced resistance against B. cinerea is 360 

mediated by NPR1. However, it did not require SA synthesis via SID2, whereas the 361 

degradation of SA by bacterial NahG partially abolished the NO2-induced resistance 362 

phenotype. 363 

 364 

NO2 exposure caused a strong rearrangement of jasmonate metabolism. To investigate, 365 

whether jasmonates or components of the JA signaling pathway were implicated in the NO2-366 

induced pathogen resistance, several Arabidopsis knock-out mutants impaired in JA-367 

biosynthesis and -signaling were subjected to the B. cinerea infection assay. The aos and 368 

opr3 knock-out mutants were utilized, since they are impeded in JA accumulation upon 369 

wounding or B. cinerea infection (Stintzi and Browse, 2000; Park et al., 2002). As shown in 370 

Fig. 7 B, the size of the B. cinerea-induced lesions was not affected by NO2 treatment in both 371 

JA-deficient mutants whereas the necrotic lesions on NO2-treated Col-gl (aos parental line) 372 

were reduced by 28.6%, and WS (wild-type of opr3) displayed a 33.1% reduction in lesion 373 

size upon NO2 fumigation. Knock-out mutants that were impaired in JA signaling were also 374 

examined for their NO2-induced resistance phenotype. The JA-insensitive coi1 mutant did not 375 

show any significant differences in the size of the necrotic lesions that developed on NO2-376 

fumigated or untreated leaves upon B. cinerea infection. The results indicated that the NO2-377 

induced resistance against B. cinerea is dependent on JA accumulation and COI1-mediated 378 

signaling. It is noteworthy that the three tested JA mutants were all more susceptible than the 379 

respective wild-type lines confirming the importance of JA in basal resistance against B. 380 

cinerea (Thomma et al., 1998). 381 

 382 

Collectively, the results above argue for a crucial role of SA and jasmonates during the NO2-383 

induced pathogen resistance. However, further phytohormone measurements revealed that 384 

the levels of SA, JA, and JA-Ile at 16, 24, and 48 h after B. cinerea infection were not 385 

influenced by NO2 pre-treatment (Supplemental Fig. S4). This would suggest that SA, OPDA, 386 

and possibly the accumulating JA/JA-Ile catabolites function in the NO2-mediated induction of 387 

defense responses before but not during B. cinerea infection. 388 

 389 

The volatile organic compounds (VOCs) α-pinene and longifolene are induced after 390 

NO2 exposure 391 

Under stress conditions plants emit a wide range of VOCs (Niinemets, 2010). Among several 392 

detected VOCs (Supplemental Fig. S5), only the emission of the monoterpene α-pinene and 393 
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the sesquiterpene longifolene were significantly increased after exposing plants to NO2 (Fig. 394 

8, Supplemental Figs. S5 and S6). α-pinene acts as a signal in the plant-to-plant 395 

communication of systemic acquired resistance (SAR) (Riedlmeier et al., 2017) while 396 

sesquiterpenes often are released after the occurrence of abiotic/biotic stress (Ghirardo et. 397 

al., 2012; Ghirardo et al., 2016). NO2 induced the emission of α-pinene between 1 and 9 h 398 

(day 1) after NO2 fumigation (Fig. 8 A), although the expression of the monoterpene 399 

biosynthetic gene GERANYLGERANYL REDUCTASE (GGR) was not enhanced 400 

immediately or 6 h after NO2 exposure (Supplemental Dataset S1). By comparison, 401 

increases of longifolene (syn. junipene) were not detectable until the day after NO2 exposure 402 

(day 2) and significantly increased (p < 0.05) the following day (day 3) (Fig. 8 B). The 403 

sesquiterpene related gene CYP81D11 was found upregulated immediately after the NO2 404 

treatment (Supplemental Dataset S1). Similar to α-pinene, longifolene emission rates were 405 

very low. 406 

 407 

NO2-induced B. cinerea resistance involves CYP79B2/B3 and PAD3 but not camalexin 408 

NO2 exposure triggered the expression of genes involved in the biosynthesis of tryptophan-409 

derived secondary metabolites (Fig. 9 A, Supplemental Dataset S1). In the initial step of this 410 

pathway, CYP79B2 and CYP79B3 convert tryptophan into indole-3-acetaldoxime, which 411 

serves as a precursor for both indole glucosinolates as well as camalexin (Hull et al., 2000; 412 

Glawischnig et al., 2004). The expression of CYP79B2 increased immediately after NO2 413 

fumigation with a log2(FC) of 1.6 but was not strongly altered at the 6 h time point while 414 

CYP79B3 was generally less responsive to NO2 (Fig. 9A). In the indole glucosinolate 415 
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pathway, CYP81F2 and CYP81F3 catalyze the hydroxylation of indol-3-ylmethylglucosinolate 416 

(I3M, glucobrassicin) to 4-OH-I3M. The expression of CYP81F2 was up-regulated with a 417 

log2(FC) of 3.3 immediately after NO2 fumigation but was down-regulated at the 6 h time 418 

point. By comparison, CYP81F3 expression was only marginally altered after the NO2 419 

treatment. Camalexin biosynthesis is dependent on the enzyme PAD3, which synthesizes 420 

both camalexin and the precursor dihydrocamalexin (Schuhegger et al., 2006; Bottcher et al., 421 

2009). PAD3 expression was enhanced with a log2(FC) of 5.5 immediately after NO2 422 

fumigation but dropped to wild-type levels at the 6 h time point. 423 

 424 

The above-mentioned genes all function in plant resistance against fungal pathogens and, 425 

therefore, their possible involvement in NO2-induced resistance against B. cinerea was 426 

further investigated using appropriate mutants. Upon B. cinerea infection the cyp79b2/b3 427 

double mutant displayed a 112% increase in necrotic area formation compared to wild-type 428 

plants, which was not influenced by pre-treatment with 10 ppm NO2 6 h before inoculation 429 

(Fig. 9 B). Hence, CYP79B2/B3 play an important role in basal and NO2-induced resistance 430 

against B. cinerea. This conclusion was corroborated by the fact that myb51 mutant plants 431 

lacking the MYB51 positive regulator of CYP79B2/B3 expression were significantly more 432 

susceptible to B. cinerea than Col-0 wild-type plants. Upon NO2 fumigation the necrotic area 433 

was reduced only by 12% as compared to 23% in Col-0 plants suggesting that the NO2-434 

induced resistance was partially compromised (Fig. 9 B). 435 
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 436 

Additional experiments with the cyp81f2 and pad3 mutants were aimed at determining the 437 

specific contributions of indole glucosinolates and camalexin to basal and NO2-induced 438 

pathogen immunity. B. cinerea infection of the cyp81f2 mutant caused necrotic lesions with 439 

10% smaller areas than in wild-type plants. Pre-treatment with NO2 before infection resulted 440 

in a 33% reduction in lesion size demonstrating that the cyp81f2 mutant was capable of 441 

establishing NO2-induced pathogen resistance (Fig. 9 B). By contrast, the camalexin-442 

deficient pad3 mutant displayed an enhanced susceptibility towards B. cinerea as reported 443 

earlier (Ferrari et al., 2003). This became apparent by the 113% increase in necrotic lesion 444 

size that developed on unfumigated pad3 plants compared to unfumigated wild-type plants 445 

(Fig. 9 B). At 3 dpi the necrotic lesions on NO2-pretreated leaves of pad3 did not significantly 446 

differ in their size in comparison to their unfumigated control suggesting that pad3 did not 447 

develop NO2-induced B. cinerea immunity (Fig. 9 B). Regarding the compromised basal and 448 

NO2-induced B. cinerea resistance, pad3 had a similar phenotype to the cyp79b2/b3 mutant.  449 

 450 

These findings led us to conclude that the induction of camalexin biosynthesis genes 451 

contributed to the NO2-induced resistance against B. cinerea. Surprisingly, however, no 452 

accumulation of camalexin was observed upon NO2 exposure (Supplemental Fig. S7). 453 

Moreover, the NO2 treatment did not alter PAD3 expression or camalexin levels upon B. 454 

cinerea infection (Fig. 9 C,D). Reverse-transcription quantitative PCR (RT-qPCR) analysis 16 455 

and 24 h after infection demonstrated that PAD3 transcript levels significantly increased to 456 

the same extent upon B. cinerea infection in unfumigated and NO2-treated Col-0 plants (Fig. 457 

9 C). Accordingly, no statistical differences in the camalexin content of air- and NO2-treated 458 

Col-0 plants were detected after B. cinerea infection (Fig. 9 D) although B. cinerea infection 459 

led to a significant gradual increase in camalexin from basal 0.1 to 12.2 ng mg-1 FW after 48 460 

h in NO2-treated plants.  461 

 462 

Taken together, these results indicated that NO2 fumigation rapidly induced the expression of 463 

camalexin biosynthesis genes but did not result in camalexin accumulation. It was further 464 

shown that NO2-induced B. cinerea resistance was dependent on CYP79B2/B3 and PAD3 465 

but independent of camalexin, CYP81F2, and indole glucosinolates.  466 

 467 

Tryptophan-derived secondary metabolites accumulate after NO2 fumigation 468 

Non-targeted Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) 469 

was employed to identify tryptophan-derived secondary metabolites that could function as 470 

signals or defensive compounds in NO2-induced B. cinerea resistance. To this end, 471 

Arabidopsis Col-0 plants were exposed to 10 ppm NO2 for 1 h, and leaves were sampled 6 h 472 
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later because this was the time point at which plants were usually inoculated with B. cinerea 473 

spores. Leaf extracts from untreated cyp79b2/b3 plants served as zero reference because 474 

they are devoid of tryptophan-derived indole glucosinolates and camalexin (Hull et al., 2000; 475 

Glawischnig et al., 2004). The following criteria were applied to filter the FT-ICR-MS results 476 

for candidate CYP79B2/B3-dependent metabolites involved in NO2-induced pathogen 477 

immunity: (a) Metabolites were not detected in cyp79b2/b3 extracts but in all 10 leaf extracts 478 

from wild-type plants and (b) showed significantly up-regulated levels at 6 h after NO2 479 

fumigation. Three of nine identified metabolites had exact masses corresponding to the 480 

indole glucosinolate glucobrassicin (I3M), its degradation product ascorbigen, and the 481 

methoxylated ascorbigen derivative 1,4-dimethoxyindol-3-ylmethylascorbate (Table 1, 482 

Supplemental Table S1) confirming that the experimental approach identified tryptophan-483 

derived compounds. Two other metabolites contained no sulfur atom but at least one 484 

nitrogen atom and thus could represent indolic compounds. Further experiments are needed 485 

to specify if and how glucobrassicin, ascorbigen, 1,4-dimethoxyindol-3-ylmethylascorbate, 486 

and the other identified CYP79B2/B3-dependent metabolites are involved in NO2-induced B. 487 

cinerea immunity.    488 

 489 

Enhanced callose formation is essential for NO2-induced B. cinerea resistance 490 

Callose deposition at infection sites is an effective plant defense mechanism against various 491 

pathogens (Ellinger and Voigt, 2014). The pmr4 mutant is defective in the GLUCAN 492 

SYNTHASE-LIKE 5 (GSL5) gene and does not deposit callose upon pathogen infection 493 

(Jacobs et al., 2003; Nishimura et al., 2003). This mutant was subjected to the B. cinerea 494 

infection assay after NO2 fumigation (Fig. 10 A). The size of necrotic lesions did not differ 495 

between NO2-treated and unfumigated pmr4 plants, whereas the NO2-treated Col-0 wild-type 496 

exhibited a 23.7% reduction of the necrotic area. Additionally, Col-0 leaves were infiltrated 497 

with the callose deposition inhibitor 2-deoxy-D-glucose (2-DDG) (Bayles et al., 1990) or H2O 498 

24 h before NO2-treatment, followed by B. cinerea droplet-infection 6 h after fumigation (Fig. 499 

10 B). H2O-infiltrated plants developed a 31% lesion size reduction when compared to the 500 

lesions formed on unfumigated, non-infiltrated leaves. Importantly, NO2-induced resistance 501 

was suppressed in NO2-fumigated, 2-DDG treated leaves (Fig. 10 B). Hence, PMR4-502 

mediated callose deposition is essential for NO2-induced resistance. 503 

 504 

Autofluorescence of B. cinerea interfered with the Aniline Blue staining of callose. Therefore, 505 

chitosan was employed as a potent elicitor of callose deposition (Kohle et al., 1985). 506 

Arabidopsis Col-0 plants were fumigated with NO2 followed by leaf infiltration of 500 µg ml-1 507 

chitosan 4 h later (Fig. 11). The photometric Aniline blue assay revealed that chitosan 508 

triggered a 4- to 6-fold increase in fluorescence at 4 and 16 h after the elicitor treatment, 509 
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respectively (Fig. 11 A). Exclusively at the earlier time point the callose-dependent 510 

fluorescence was further enhanced in NO2-pretreated plants. Aniline blue fluorescence was 511 

localized in the extracellular space but was absent in pmr4 confirming the specificity of the 512 

callose detection (Fig. 11 B). The NO2-enhanced callose formation at 4 h after chitosan 513 

treatment was suppressed in the SA mutants npr1 and sid2 and in the JA signaling mutant 514 

coi1 although the chitosan-induced callose formation was observed in all mutants (Fig. 11 C). 515 

As expected, almost no chitosan-induced callose formation was detected in the pmr4 mutant. 516 

The NO2-enhanced early callose formation upon elicitor treatment was strongly diminished in 517 

the camalexin-deficient pad3 mutant and in the cyp79b2/b3 double mutant but was 518 

unaffected in the indole glucosinolate mutant cyp81f2 (Fig 11C,D). Only in the cyp79b2/b3 519 

double mutant no chitosan-triggered callose depositions could be detected by microscopy 520 

(Fig 11D). In many experiments, NO2 alone already stimulated weak callose deposition, 521 

which was also seen in the tested mutants except for sid2 and cyp79b2/b3.  522 

 523 
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Two lines of evidence support an important role of callose in NO2-induced pathogen 524 

resistance. (1.) The resistance was suppressed in the callose-deficient pmr4 mutant and in 525 

plants treated with the callose inhibitor 2-DGG. (2.) Mutants that did not exhibit NO2-induced 526 

resistance were also impaired in NO2-enhanced callose deposition upon chitosan elicitation 527 

with the exception of sid2, which exhibited NO2-induced pathogen immunity but impaired 528 

callose formation. 529 

 530 

  531 
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DISCUSSION 532 

Under physiological conditions NO2 can arise from the oxidation of NO, reduction of nitrite, or 533 

decomposition of peroxynitrite (Pryor, 2006; Groß et al., 2013). Although the formation of 534 

NO2 under stress conditions is well supported by direct and indirect evidence, less is known 535 

about physiological functions of NO2. To address this issue, we fumigated Arabidopsis plants 536 

with ppm levels of NO2 as a donor treatment. Previous experiments showed that one hour 537 

exposure of Arabidopsis to 30 ppm NO2 triggered rapid cell death whereas 10 ppm NO2 did 538 

not cause visible leaf symptoms or ion leakage as a marker of cell damage (Kasten et al., 539 

2016). However, immediately after NO2 exposure plants displayed enhanced chlorophyll 540 

autofluorescence (Fig.1 A, Supplemental Fig. S1) indicative of photoprotective energy 541 

dissipation in the course of a transient defense response (Lichtenthaler and Miehe, 1997; 542 

Chaerle and Van Der Straeten, 2000). In the current study the NO2-induced defense 543 

response was investigated in detail.  544 

 545 

Short-term exposure to 10 ppm NO2 induced an up-regulation of more than 2300 genes 546 

immediately after the 1 h treatment period. The number of up-regulated genes decreased to 547 

approximately 750 at 6 h after fumigation, indicating that many genes were rapidly and 548 

transiently induced by NO2 (Fig. 1 B,C). GO term enrichment and cluster analysis revealed 549 

that predominantly genes involved in pathogen resistance were strongly expressed after NO2 550 

fumigation (Fig. 2). Many of these genes are induced by flg22 (Zipfel et al., 2004), chitin 551 

(Ramonell et al., 2005), B. cinerea (Ferrari et al., 2007) and P. syringae (Lewis et al., 2015) 552 

(Fig. 2), suggesting that NO2 triggered basal pathogen resistance or PTI.  553 

 554 

Accordingly, NO2 pre-treated plants showed resistance against the fungal pathogen B. 555 

cinerea and the bacterial pathogen P. syringae (Fig. 3). The fact that plants could fend off 556 

pathogens of distinct life styles confirmed that NO2 conferred PTI. How the rather simple 557 

molecule NO2 can specifically evoke pathogen resistance is not yet known. NO2 might 558 

activate signaling cascades by nitration of electrophiles. Particularly, nitro-FAs such as nitro-559 

linolenic acid have reported functions in defense and anti-inflammatory signaling (Schopfer et 560 

al., 2011; Mata-Pérez et al., 2016b). Alternatively, endogenous elicitors possibly derived from 561 

NO2-induced cell wall- or membrane modifications are formed within the leaf. For instance, 562 

NO2 can cause both oxidation as well as nitration of lipids (Pryor, 2006; Schopfer et al., 563 

2011), which could lead to membrane damage and the subsequent formation of DAMPs. 564 

Such nitro signals and endogenous elicitors could also arise when NO2 is formed under 565 

natural stress conditions.  566 

 567 
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Plant defense responses to pathogen assaults are often orchestrated by SA and JA, 568 

although the exact interactions of these phytohormones in PTI are not fully understood 569 

(Couto and Zipfel, 2016). SA levels increased 0-3 h after NO2 fumigation, which was 570 

accompanied by the increased expression of genes involved in the “early SA response” (Fig. 571 

4, Supplemental Fig. S3) (Blanco et al., 2009) and SAR including METHYL ESTERASE 9 572 

(MES9), FLAVIN-DEPENDENT MONOOXYGENASE 1 (FMO1), AZELAIC ACID INDUCED 1 573 

(AZI1), AZI2, DEFECTIVE IN INDUCED RESISTANCE 1 (DIR1/AZI6), and AGD2-LIKE 574 

DEFENSE RESPONSE PROTEIN 1 (ALD1) (Supplemental Dataset S1). NO2 also activated 575 

the jasmonate biosynthesis pathway. The accumulation of OPDA 6 h after fumigation could 576 

be responsible for the enhanced expression of 13 genes coding for antimicrobial defensins at 577 

this time point (Figs. 5 and 6, Supplemental Dataset S1) as reported earlier (Stintzi et al., 578 

2001).  579 

 580 

Notably, NO2 did not only initiate jasmonate biosynthesis but also JA and JA-Ile catabolism 581 

(Fig. 5). As a result, levels of JA and its bioactive derivate JA-Ile were unchanged whereas 582 

their degradation products 12-OH-JA, 12-OH-JA-Ile, and 12-COOH-JA-Ile increased up to 3-583 

fold after fumigation (Figs. 5, 6). Several genes involved in jasmonate catabolism including 584 

JOX1-4 are inducible by jasmonates as a means of terminating the defense response 585 

(Caarls et al., 2017; Smirnova et al., 2017). However, jasmonate-induced JA catabolism is 586 

not a likely scenario after NO2 exposure because neither JA nor JA-Ile levels were 587 

significantly altered under these conditions. 12-OH-JA has reported functions in the down-588 

regulation of JA biosynthesis and JA-mediated defense responses (Miersch et al., 2008; 589 

Patkar et al., 2015; Caarls et al., 2017; Smirnova et al., 2017) whereas biological activities of 590 

other jasmonate hydroxylation and carboxylation products are yet unexplored. Genes coding 591 

for proteins involved in SA/JA crosstalk such as several WRKY transcription factors, 592 

GLUTAREDOXIN 480 (GRX480), UDP-DEPENDENT GLYCOSYLTRANSFERASE 76B1 593 

(UGT76B1), and jasmonate-zim-domain (JAZ) transcriptional repressors were strongly up-594 

regulated (Supplemental Dataset S1) (von Saint Paul et al., 2011; Caarls et al., 2015). 595 

Therefore, it is tempting to speculate that the NO2-induced SA peak and proteins functioning 596 

in SA/JA crosstalk control both the repression of JA-responsive genes as well as JA/JA-Ile 597 

degradation, but this remains to be elucidated. 598 

 599 

NO2 fumigation triggered SA and OPDA signaling and defense gene expression. Further 600 

experiments were aimed at detailing the role of phytohormones during the NO2-induced 601 

basal pathogen immunity. NO2-induced B. cinerea resistance was compromised in plants 602 

expressing the SA hydrolase NahG and in the SA signaling mutant npr1 but was not altered 603 

in the SA biosynthesis mutant sid2 (Fig. 7). These results are in accordance with previous 604 
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findings, showing that SA produced by phenylalanine ammonia-lyase (PAL) but not the SID2 605 

pathway contributes to the establishment of B. cinerea resistance in Arabidopsis (Ferrari et 606 

al., 2003). Further mutant analyses revealed that JA biosynthesis and signaling via the COI1 607 

transcriptional activator was essential for NO2-induced resistance against Botrytis as 608 

reported earlier (Thomma et al., 1998). Ethylene is well-known for its role in PTI (Boller and 609 

Felix, 2009; Couto and Zipfel, 2016). The GO term enrichment of genes involved in 610 

“ethylene-activated signaling pathways” indicated that that this gaseous defense hormone 611 

contributes to NO2-induced immunity. However, this will need to be proven by future 612 

experiments. 613 

 614 

The emission of the monoterpene α-pinene and the sesquiterpene longifolene were 615 

significantly increased after exposing plants to NO2 (Fig. 8). It has been demonstrated that 616 

monoterpenes including α-pinene play an essential role in the SA-dependent establishment 617 

of SAR (Riedlmeier et al., 2017). Likewise, the transient NO2-induced SA peak was followed 618 

by the emission of α-pinene, which might trigger SAR within and between plants as shown 619 

recently (Riedlmeier et al., 2017). α-Pinene production was not regulated on the 620 

transcriptional level because NO2 exposure had no effect on the expression of GGR1, which 621 

codes for an enzyme involved in the biosynthesis of the monoterpene precursor geranyl 622 

diphosphate (Tholl and Lee, 2011) (Supplemental Dataset S1). NO2-dependent increases of 623 

terpenoid emissions might originate from changes of metabolic pool size and fluxes 624 

(Ghirardo et al., 2014), and enzyme activities (Ghirardo et al., 2010). These results suggest 625 

the induction of local and systemic pathogen resistance by NO2 analogous to the induction of 626 

a local PTI and subsequent establishment of SAR following the treatment with pathogen-627 

derived elicitors (Mishina and Zeier, 2007).  628 

 629 

Longifolene occurs commonly in plant species of the genus Pinus, where it is produced by 630 

longifolene synthases and stored in (oleo)resin (Martin et al., 2004). Treatment with methyl 631 

JA caused an enhanced accumulation of longifolene in Douglas-fir (Pseudotsuga menziesii) 632 

stem and root samples (Huber et al., 2005). In the resin longifolene could act as an 633 

antimicrobial compound (Himejima et al., 1992). Biosynthesis and functions of longifolene 634 

remain undocumented in Arabidopsis. However, it was reported that CYP81D11-635 

overexpressing Arabidopsis lines emitted the sesquiterpene isolongifolene in the context of 636 

cis-jasmone-regulated tritrophic interactions between plants, aphids and parasitoids (Bruce 637 

et al., 2008). Noteworthy, CYP81D11 was strongly induced by NO2 (Supplemental Dataset 638 

S1).  639 

 640 
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The indole alkaloid camalexin and indole glucosinolates are both derived from tryptophan, 641 

and their biosynthesis pathways are closely interconnected (Glawischnig et al., 2004). NO2 642 

fumigation triggered the expression of several genes involved in the production of these 643 

compounds. CYP79B2, CYP79B3, MYB51, CYP81F2, and PAD3 were further investigated 644 

for their possible functions in NO2-induced B. cinerea resistance because these genes have 645 

been previously associated with immunity against fungal pathogens. The cyp79b2/b3 mutant 646 

is deficient in both camalexin as well as indole glucosinolates (Bednarek et al., 2009). 647 

Experiments with this mutant confirmed the reported high susceptibility to B. cinerea (Nafisi 648 

et al., 2007) and additionally revealed a complete loss of NO2-induced resistance (Fig. 9 B). 649 

Moreover, myb51 plants, which have reduced levels of indolic compounds (Frerigmann et al., 650 

2016), were partially compromised in basal and NO2-induced B. cinerea resistance. 651 

Together, these results suggest an essential role of indolic secondary metabolites in NO2-652 

induced B. cinerea immunity. cyp81f2 mutant plants produce glucobrassicin but not 4-OH-653 

I3M and its derivatives, which are essential for basal resistance of Arabidopsis against 654 

biotrophic powdery mildews and the necrotrophic fungal pathogen Plectosphaerella 655 

cucumerina (Bednarek et al., 2009). However, in the current study cyp81f2 plants did not 656 

show a resistance-related phenotype indicating that CYP81F2-dependent indole 657 

glucosinolates are dispensable for basal and NO2-induced resistance against B. cinerea (Fig. 658 

9 B). 659 

 660 

Camalexin inhibits the growth of B. cinerea (Kliebenstein et al., 2005; Glawischnig, 2007). 661 

NO2 exposure triggered induction of the camalexin biosynthesis gene PAD3, and the pad3 662 

mutant did not develop NO2-induced resistance against B. cinerea (Fig. 9). Regarding the 663 

compromised basal and NO2-induced B. cinerea resistance, pad3 had a similar phenotype to 664 

the cyp79b2/b3 mutant. Therefore, it was hypothesized that the cyp79b2/b3 phenotype was 665 

likely caused by camalexin deficiency rather than a defect in indole glucosinolate 666 

biosynthesis. Unexpectedly, during B. cinerea infection neither PAD3 expression nor 667 

camalexin production were influenced by NO2 pre-treatment. These findings resemble a 668 

previous study showing that PAD3 expression but not camalexin levels were strongly 669 

increased upon elicitor treatment with plant cell wall-derived OGs (Ferrari et al., 2007). Thus, 670 

rather than camalexin itself, a downstream metabolite (Bottcher et al., 2009) with so far 671 

obscure physiological functions might be involved in NO2-induced B. cinerea resistance.  672 

  673 

In a pioneering attempt to identify such tryptophan-derived metabolites, we analyzed leaf 674 

extracts from NO2 treated plants using non-targeted direct infusion FT-ICR-MS. Nine 675 

candidate metabolites significantly accumulated at 6 h after NO2 fumigation but were not 676 

detectable in leaf samples from cyp79b2/b3 plants that are devoid of indolic compounds 677 
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(Supplemental Table S1). Five metabolites could represent indole derivatives because they 678 

contained at least 8 carbon and 1 nitrogen atom (Table 1). Neither camalexin nor known 679 

camalexin-related metabolites (Bottcher et al., 2009) were found among the NO2-regulated 680 

CYP79B2/B3-dependent metabolites. Instead, measured exact masses were annotated as 681 

the indole glucosinolate glucobrassicin (I3M), its degradation product ascorbigen, and the 682 

methoxylated ascorbigen derivative 1,4-dimethoxyindol-3-ylmethylascorbate. If and how 683 

these candidate metabolites are linked to NO2-induced B. cinerea resistance will be defined 684 

by future FT-ICR-MS runs with leaf extracts from air- and NO2-exposed mutants including 685 

pad3 and cyp81f2.    686 

 687 

Cell wall fortification by callose deposition is a frequently used readout of PTI induction 688 

(Boller and Felix, 2009). In response to pathogens and pathogen-derived elicitors, callose is 689 

mostly synthesized by the callose synthase PMR4 (Jacobs et al., 2003; Nishimura et al., 690 

2003; Clay et al., 2009; Ellinger and Voigt, 2014). NO2-induced pathogen resistance was 691 

compromised in pmr4 and in wild-type plants treated with a callose synthase inhibitor, 692 

implying a major role of callose in NO2-induced B. cinerea immunity (Fig. 10). The fungal 693 

elicitor chitosan triggers callose formation (Kohle et al., 1985; Ramonell et al., 2005) and was 694 

used here to mimic the infection by a fungal pathogen. NO2 alone already induced a slight 695 

increase in callose formation, which was further increased 4 h after chitosan application as 696 

compared to unfumigated plants (Fig. 11). Hence, preformed and more rapidly occurring 697 

callose deposition contributed to the NO2-induced resistance against B. cinerea. The 698 

stimulatory effect of NO2 on chitosan-induced callose formation was not seen in npr1, sid2, 699 

and coi1, indicating that SA and JA signaling were essential for induction of callose 700 

formation. However, given that the sid2 mutant was capable of establishing NO2-induced B. 701 

cinerea resistance (Fig. 7), this form of immunity is not solely based on callose depositions 702 

but can be compensated by other defense mechanisms. 703 

 704 

It was reported that in Arabidopsis a yet uncharacterized CYP81F2- and PEN2-dependent 4-705 

OH-I3M breakdown product functions as a signal or co-activator for Flg22-induced callose 706 

deposition (Clay et al., 2009). However, in the current study chitosan-triggered callose 707 

formation was not altered in cyp81f2, which is in line with the previous finding that Flg22- but 708 

not chitosan-triggered callose synthesis was affected in the pen2 mutant (Luna et al., 2011). 709 

Hence, the regulation of callose build-up is specific to the perceived elicitor. Flg22-induced 710 

callose formation was not compromised in the pad3 mutant suggesting that this defense 711 

response was not dependent on camalexin (Clay et al., 2009). Accordingly, Aniline blue 712 

fluorescence was significantly enhanced in pad3 after chitosan treatment (Fig. 11 C). By 713 

contrast, the enhancing effect of NO2 on the early chitosan-triggered callose deposition was 714 
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suppressed in pad3 and cyp79b2/b3 (Fig. 10 C,D). The latter mutant showed a reduced 715 

ability to produce callose in response to chitosan, although this has to be confirmed by 716 

quantitative measurements. Together, these findings argue for a role of PAD3-produced 717 

metabolites other than camalexin in the NO2-enhanced early callose deposition. The results 718 

also suggest that chitosan-induced callose formation and the NO2-enhanced callose 719 

formation are controlled by different signaling pathways. 720 

 721 

The lack of NO2-enhanced callose formation 4 h after chitosan treatment in pad3 and all 722 

tested phytohormone mutants (except sid2) was associated with the inability of these 723 

mutants to establish NO2-induced B. cinerea resistance. Callose synthesis in response to 724 

NO2 alone was not altered in most of the tested mutants suggesting that only the NO2-725 

enhanced callose formation upon perception of pathogen-derived elicitors was decisive for 726 

the NO2-induced immunity against B. cinerea. 727 

 728 

Summary 729 

Donor treatments of Arabidopsis with 10 ppm NO2 triggered basal disease resistance against 730 

B. cinerea and P. syringae. Transcriptomics suggested that NO2 fumigation led to the onset 731 

of phytohormone signaling and the biosynthesis of the indolic compounds such as 732 

camalexin. Therefore, these biological processes were investigated in more detail. The NO2-733 

induced resistance was dependent on SA and jasmonate signaling. An early peak of SA 734 

immediately after the NO2 treatment was followed by the transient accumulation of OPDA 735 

and JA catabolites. Particularly interesting was the finding that activation of the JA 736 

catabolism represents a mechanism for the complete suppression of JA signaling, 737 

presumably in the course of SA/JA antagonism. Mutants impaired in SA or jasmonate 738 

signaling were compromised in NO2-induced B. cinerea resistance confirming that the 739 

coordinate action of both signaling pathways is required for this form of pathogen immunity.  740 

 741 

The cyp79b2/b3 double mutant that is deficient in indole phytoalexins did not establish NO2-742 

induced B. cinerea resistance. Further investigations of the pad3 mutant combined with 743 

biochemical measurements specified that unknown camalexin-derived metabolites but not 744 

camalexin itself function in the resistance induction by NO2. The SA and jasmonate signaling 745 

mutants as well as the camalexin-deficient mutants were all more susceptible to B. cinerea 746 

suggesting that basal resistance in untreated plants and NO2-induced resistance are likely 747 

mediated by similar defense mechanisms. The inability of these mutants to establish NO2-748 

induced immunity was associated with loss of NO2-enhanced callose formation upon 749 

perception of the fungal elicitor chitosan. Therefore, timely callose deposition seems to be an 750 

essential defense mechanism during the NO2-induced B. cinerea resistance. Further defense 751 
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mechanisms could be related to the observed emission of α-pinene and longifolene from 752 

NO2-fumigated plants.  753 

 754 

The exact mechanism by which NO2 triggers PTI remains to be investigated. NO2 might 755 

function as a dedicated signal e.g. via nitration of electrophilic target molecules. However, 756 

NO2 could also act more indirectly as a defense elicitor by causing nitro-oxidative stress. 757 

 758 

MATERIALS AND METHODS 759 

Plant material and NO2 fumigation 760 

The utilized Arabidopsis (Arabidopsis thaliana) genotypes and their description and origin are 761 

summarized in Supplemental Table S2. Plants were grown and fumigated for 1 h with 10 762 

ppm NO2 as described previously (Kasten et al., 2016). A fumigation system was used as 763 

detailed in Supplemental Fig. S8 (Kasten et al., 2017). The only difference was the 764 

installation of a NO2 mixing cylinder (1.5 liter) containing Raschig rings, in which 15% NO 765 

reacted with 100% O2 to give NO2. Up to 100 plants were fumigated with NO2 in parallel. The 766 

light conditions within the fumigation chamber were adjusted to the settings in the growth 767 

chamber (65–85 μmol m–2 s–1 light intensity) where the plants were raised to avoid any light 768 

artifacts on nitrogen metabolism (Beevers and Hageman, 1969) and plant-pathogen 769 

interactions (Roden and Ingle, 2009).  770 

 771 

Autofluorescence detection 772 

UV-autofluorescence was detected using a hand-held UV lamp (Blak-Ray B-100AP; UVP) 773 

and documented with a Nikon DC300 (Nikon). Camera settings were consistently kept at an 774 

exposure time of 2 s at ISO-3200 with an aperture of F/18.  775 

 776 

Statistics 777 

SigmaPlot 12.0 (Systat Software Inc.) was used for the statistical evaluation of all data sets 778 

as described earlier (Kasten et al., 2016). When comparing two independent groups, the 779 

Student’s t-test was used, in cases where the Shapiro-Wilk normality test (p > 0.05) was 780 

passed. If the normality test failed, the analysis was done with the non-parametric Mann-781 

Whitney rank Sum Test. The comparison of more than two independent groups that passed 782 

the Shapiro-Wilk normality test (p > 0.05) was done by One-Way ANOVA and subsequent 783 

Holm-Sidak post-hoc tests for all pairwise comparisons or comparisons against a control 784 

group. When the normality assumption of ANOVA failed on original or log-transformed data 785 

(Shapiro-Wilk test), the non-parametric Kruskal-Wallis test with subsequent Dunn’s Method 786 

post-hoc test was performed to test for differences between the groups. 787 

 788 

 www.plantphysiol.orgon September 11, 2018 - Published by Downloaded from 
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


29 
 

Pseudomonas syringae pv. tomato DC3000 789 

Pseudomonas syringae pv. tomato (Pst) DC3000 was cultivated at 28 °C for two days on 790 

selective NYGA agar (0.5% (w/v) bactoprotease pepton, 0.3% (w/v) yeast extract, 2% (v/v) 791 

glycerol, 1.8% (w/v) agar) supplemented with rifampicin and kanamycin (50 µg/ml). Five-792 

week-old plants were fumigated with 10 ppm NO2 (unfumigated plants as control) and 793 

inoculated 4 h after fumigation with 1 x 105 colony-forming units per ml (cfu/ml) Pst DC3000 794 

in 10 mM MgCl2. Three to four leaves per plant were infiltrated with the bacterial suspension 795 

from their abaxial side using a 1 ml needle-less syringe. The Pst DC3000 bacterial titer within 796 

the leaves was determined 2 h (bacterial load control) or 1 and 2 days after infection. At the 797 

indicated time points 6-mm leaf discs were obtained from each infected leaf and, at the 2 h 798 

time point, surface sterilized for 30 s in 80% ethanol. Three leaf discs from different plants 799 

were merged into one biological replicate, which was then homogenized for 20 s in 200 µl 10 800 

mM MgCl2 using a Silamat S6 Tissue Homogenizer (Ivoclar Vivadent) and 1.7-2.0 mm glass 801 

beads. The resulting bacterial suspension was diluted in 10 mM MgCl2 in a serial logarithmic 802 

dilution (10-fold) ranging from 100 to 105. Subsequently, 20 µl of each dilution was spotted 803 

onto selective nutrient-yeast extract glycerol (NYGA) agar before incubating them for two 804 

days at 28 °C. Bacterial colonies were counted in spots containing between 10 and 100 805 

colonies and the bacterial titer (cfu/cm2) per biological replicate was calculated as follows: 806 

cfu/cm2 = colony count * dilution factor * Vol. total/Vol. spotted * 1.18 cm-1 (leaf disc factor). 807 

 808 

Botrytis cinerea 809 

B. cinerea (strain SAS 56) was cultivated on halves of canned apricots (Prunus armeniaca) 810 

which were soaked for several hours in ddH2O to reduce their sugar content. After cultivating 811 

B. cinerea on the apricots for approximately one week, the spores were used for infection 812 

experiments. Leaves of four-week-old Arabidopsis plants were harvested 6 h after fumigation 813 

with 10 ppm NO2 and placed with their abaxial side down onto 0.8% agar. Droplets (max. 10 814 

µl) containing max 1000 spores of B. cinerea in half-strength grape juice were spotted onto 815 

the leaves, avoiding the middle vein. After a three-day incubation in a long-day climate 816 

chamber, the necrotic lesions were documented with a camera and their areas were 817 

determined via ImageJ 1.49m. The areas of the necrotic lesions developed on fumigated 818 

leaves were normalized to those formed on unfumigated leaves. NO2-treated and untreated 819 

wild-type plants were always included during the evaluation of mutants. For the 820 

phytohormone, camalexine and RT-qPCR analyses, entire plants were infected with B. 821 

cinerea 6 h after fumigation with 10 ppm NO2 (controls as indicated) by spraying a half-822 

strength grape juice suspension containing 2 x 105 fungal spores/ml and 0.01% Silwet L-77 823 

(Lehle Seeds) onto the plants until run-off. The negative spray control contained no fungal 824 
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spores. The infected plants were covered with a clear lid to ensure high humidity for proper 825 

infection.  826 

 827 

Phytohormone measurements 828 

To quantify SA, JA, cis-OPDA, OH-JA, OH-JA-Ile, and COOH-JA-Ile, approx. 250 mg leaf 829 

material of four-week-old Col-0 plants that were fumigated with 10 ppm NO2 or air was 830 

harvested 0, 3, 6, and 24 h after fumigation. Similarly, leaf material from plants that were 831 

spray-infected with B. cinerea 6 h after fumigation was collected 16, 24, and 48 h after 832 

infection. The LC-MS/MS analyses were performed as described previously (Kasten et al., 833 

2016; Vadassery et al., 2012). 834 

 835 

Camalexin measurements 836 

Four-week-old Col-0 plants were fumigated with 10 ppm NO2 or air, and approximately 100 837 

mg leaf material was collected and frozen in liquid nitrogen 6 h after fumigation. At the same 838 

time, the remaining plants were spray-infected with B. cinerea and harvested 24 and 48 h 839 

after infection as described above. Camalexin extraction and quantification was performed as 840 

described previously (Frerigmann et al., 2015; Müller et al., 2015).  841 

 842 

FT-ICR-MS 843 

Four hundred fifty mg leaf material was frozen in liquid nitrogen, homogenized using a 844 

Silamat S6 tissue homogenizer (Ivoclar Vivadent) and 1.7-2.0 mm glass pearls, and 845 

subsequently incubated in 1.5 ml extraction buffer (2% acetic acid/80% ethanol) for 30 min at 846 

4°C. After centrifugation for 20 min at 15,000 g and 4°C, the supernatant was collected and 847 

the pellet was extracted again with 1.5 ml extraction buffer. An Oasis WAX 6cc solid phase 848 

extraction (SPE) column (Waters) was rinsed with 1 ml methanol and 1 ml H2O before 849 

addition of the 3 ml pooled leaf extract. The column was then washed with 2 ml 2% acetic 850 

acid. Metabolites were recovered from the SPE columns by consecutive elutions with 2 ml 851 

methanol and 2 ml 5% NH4OH in methanol. Samples were dried under vacuum, dissolved in 852 

1 ml 70% methanol, centrifugated, and 200-fold diluted in 70% methanol before the MS run. 853 

 854 

A Solarix FT-ICR mass spectrometer (Bruker Daltonics, Bremen, Germany) coupled to a 12 855 

Tesla magnet (Magnex, UK) with an Infinity ICR cell was used for the experimental study. A 856 

time domain transient was obtained with 4M Words size (4 million 32-integers) and was 857 

Fourier transformed to obtain a frequency spectrum, which was then converted by the Solarix 858 

Control program (Bruker Daltonics, Bremen, Germany) into a mass spectrum. All ion 859 

excitations were performed in broadband mode (frequency sweep radial ion excitation). 860 

Three hundred scans were accumulated for each mass spectrum. Ions were accumulated in 861 
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the collision cell for 300 ms for thermalization und enrichment prior to ICR ion detection. The 862 

base pressure in the ICR vacuum chamber was 7x10-10 mbar. The electrospray ionization 863 

source (Apollo II, Bruker Daltonics, Bremen, Germany) was used in the negative ionization 864 

mode to ionize the studied analytes in 70% methanolic solution (Lichrosolv, Sigma-Aldrich, 865 

Schnelldorf, Germany). The sample solutions were injected directly to the ionization source 866 

by the use of a microliter pump at a flow rate of 2 µL/min. A source heater temperature of 867 

200 °C was maintained and no nozzle – skimmer fragmentation was performed in the 868 

ionization source. The instrument was previously calibrated by the use of Arginine negative 869 

cluster ions starting from a methanolic arginine solution of 5 mg/L. 870 

 871 

Results of the FT-ICR-MS runs were subjected to normalization. Wilcoxon rank sum tests for 872 

differential analysis between samples from NO2-fumigated plants and samples from air-873 

fumigated plants were performed in R (version 3.3.3) using wilcox.test (R Core Team, 2014). 874 

Accurate masses corresponding to regulated metabolites were searched against public 875 

databases with Metlin (Smith et al., 2005) and MassTRIX (Suhre and Schmitt-Kopplin, 2008). 876 

 877 

Chitosan elicitation and callose quantification 878 

Four to five-week-old plants were treated with the fungal elicitor chitosan (medium molecular 879 

weight, Sigma-Aldrich) 4 h after they were fumigated with 10 ppm NO2 (unfumigated plants 880 

as control). Here, three to four leaves per plant were infiltrated from their abaxial side with 881 

500 µg/ml chitosan in 0.04% acetic acid using a 1 ml needle-less syringe. As a negative 882 

control, plants were treated with 0.04% acetic acid.  883 

 884 

Leaf discs (6 mm) were obtained from treated leaves with a cork borer at the indicated time 885 

points and incubated overnight in 96% ethanol to remove chlorophyll. The destained leaf 886 

discs were gently dried off and then incubated for 1 h in 150 mM K2HPO4 buffer (pH 9.5) at 887 

room temperature (RT) and with mild agitation. Meanwhile, an Aniline Blue (Sigma-Aldrich) 888 

staining solution (0.01% (w/v) Aniline Blue in 150 mMK2HPO4 buffer, pH 9.5) was prepared 889 

and stirred until decolorized while protecting it from light. The samples were stained 890 

overnight in the dark at RT and with gentle agitation. After rinsing the leaf discs in the 891 

K2HPO4 buffer, they were transferred into wells of a black flat-bottom 96-well plate containing 892 

50 µl of the same buffer. Callose was quantified by measuring the Aniline Blue fluorescence 893 

(mean of nine reads per leaf disc) with the Infinite M1000 Pro plate reader (Tecan) after 894 

adjusting the Z-positioning of the fluorescence top optics. Aniline Blue fluorescence was 895 

excited with 405 nm (5 nm bandwidth) and the emission wavelength was set to 490 nm (20 896 

nm bandwidth). To minimize noise of potential autofluorescence, the fluorescence of leaf 897 
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discs which were incubated overnight in 150 mM K2HPO4 buffer (pH 9.5) without Aniline Blue 898 

was subtracted from the values of stained samples for each treatment.  899 

 900 

For microscopic inspection of callose depositions, Aniline Blue-stained leaf discs were 901 

mounted in 50% glycerol and analyzed with the TCS SP8 X confocal laser scanning 902 

microscope (Leica) using the HC PL APO CS2 20x/0.75 IMM objective. The samples were 903 

excited with a Diode 405 Laser (Laser line UV 405 nm) at 0.1% laser intensity. The emitted 904 

fluorescence was detected with a photomultiplier (PMT) at 480 – 500 nm (gain 800), whereas 905 

bright field micrographs were taken at gain 400 using the Transmission PMT. 906 

 907 

In some experiments leaves of four-week-old Col-0 plants were syringe-infiltrated with 1.2 908 

mM of the callose synthesis inhibitor 2-deoxy-D-glucose (2-DDG, Sigma-Aldrich) or ddH2O 909 

24 h before fumigation with 10 ppm NO2 (unfumigated as control). Six hours after fumigation 910 

the infiltrated leaves were detached, placed on 0.8% agar, droplet-infected with B. cinerea 911 

and the necrotic lesions were analyzed after three days. The necrotic areas were compared 912 

to the ones formed on unfumigated and non-infiltrated leaves (= 100%). 913 

 914 

VOC collection and analysis 915 

Three to 4 biological replicates were collected in each of the 3 independent experiments (ntotal 916 

= 10-12). For each replicate, 50 Arabidopsis plants were enclosed in glass cuvettes 917 

continuously flushed with 200 ml min-1 VOC-free synthetic air containing 400 ppm CO2 and 918 

~9000 ppm H2O. The dynamic cuvette system and the experimental procedure has been 919 

previously described in detail (Riedlmeier et al., 2017). Sample collection was 8 h at 60 ml 920 

min-1. To ensure collection of plant volatiles under steady-state conditions of net assimilation 921 

(Ghirardo et al., 2014), sampling started 1 h after plants were exposed to NO2, and 2 h after 922 

the light was switched on in the morning for the days following the NO2 fumigation. An 923 

overflow of ~140 ml min-1 was maintained during the VOC collection to avoid any 924 

contaminations. Background measurements were performed for NO2 and control samples 925 

separately, in exactly the same way as collections of samples, but plants were removed 926 

immediately after NO2 or air fumigation for the treated and control plants, respectively. 927 

Quantitative and qualitative analysis of VOCs were achieved by thermal desorption-gas 928 

chromatography-mass spectrometry (TD-GC-MS) analysis following established methods 929 

(Ghirardo et al., 2011; Ghirardo et al., 2012; Ghirardo et al., 2016; Weikl et al., 2016). 930 

Breaking of VOCs through the polydimethylsiloxane (PDMS) adsorbent were negligible (0.08 931 

± 0.06%, sd, n = 8) at ~10 ppb of a 11-VOC standard mixture containing α-pinene (Apel-932 

Riemer Environmental Inc). Longifolene was quantified using isolongifolene as pure 933 

standard. Fluxes of plant volatiles were calculated after background correction and 934 
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normalized to biomass dried weight (dw) of leaves. Successively, dw was converted in leaf 935 

area (la) by using the factor of 26.6 g m-2 (dw la-1), calculated from previous experiments 936 

(Riedlmeier et al., 2017). 937 

 938 

Microarray analysis 939 

Four-week-old Arabidopsis Col-0 plants were fumigated with 10 ppm NO2 or air. 940 

Approximately 50 mg of pooled leaf material sampled from at least 2 different plants was 941 

harvested immediately and 6 h after fumigation and frozen in liquid nitrogen. Four biological 942 

replicates per treatment were collected. The samples were homogenized twice for 10 s using 943 

a Silamat S6 Tissue Homogenizer (Ivoclar Vivadent) and 1.7-2.0 mm glass beads. RNA was 944 

extracted and any potentially remaining DNA was digested using the RNeasy® Plant Mini Kit 945 

(Qiagen) according to the manufacturer’s protocol. The gene expression measurements 946 

were performed using Agilent one-color microarrays as described recently (Riedlmeier et al., 947 

2017). The Agilent Feature Extraction software was used with the template 948 

GE1_1100_Jul11. Gene expression levels were determined by the limma software (version 949 

3.18.13) (Smyth, 2005)  using the TAIR10 genome annotation (Berardini et al., 2015).The 950 

differential expression between NO2 and air treatments for each timepoint was computed 951 

using the limma software (version 3.18.13) with a nested interaction model (Ritchie et al., 952 

2015). Genes with adjusted p-values < 0.05 (based on the false discovery rate method for 953 

adjustment) and absolute log2 fold changes > 1 were selected for further analysis. The 954 

differential expression results were visualized via volcano plots generated by SigmaPlot 12.0 955 

(Systat Software Inc.) and Venn diagrams created with jvenn (Bardou et al., 2014). 956 

Differentially expressed genes were subjected to GO-Term overrepresentation analysis with 957 

PANTHER 11.0 (release date: 2016-07-15) using the annotation from the Gene Ontology 958 

database (release date: 2016-12-28) and the Arabidopsis reference list from PANTHER (Mi 959 

et al., 2016). The obtained enriched GO terms (p < 0.05) were visualized in semantic 960 

similarity-based scatterplots generated with the REVIGO tool (Supek et al., 2011). 961 

 962 

For the meta-analysis of stress-related expression responses, raw data and sample 963 

annotation from five Arabidopsis experiments (accession numbers E-GEOD-5684, E-GEOD-964 

6176, E-GEOD-2538, E-GEOD-17382 and E-MTAB-4867) were downloaded from the 965 

ArrayExpress database (http://www.ebi.ac.uk/arrayexpress; (Kolesnikov et al., 2015)). The 966 

abiotic stress dataset (E-MTAB-4867) was selected because it was measured with the same 967 

microarray platform as the NO2 fumigation data (Agilent At8x60K one-color microarrays, 968 

design ID: 29132). The pathogen and pathogen elicitor datasets (E-GEOD-5684, E-GEOD-969 

6176, E-GEOD-2538, E-GEOD-17382) were found by keyword search. Due to unavailability 970 

of Agilent one-color microarray measurements, Affymetrix ATH1-121501 datasets were 971 
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chosen for these conditions. The combined Affymetrix data were preprocessed using the R 972 

package affy (version 1.40.0; (Gautier et al., 2004)). The combined Agilent data were 973 

preprocessed as stated for the NO2 dataset. Based on TAIR10 annotation (Berardini et al., 974 

2015), average log2 gene expression levels were computed and subsequently centered for 975 

each experiment relative to the mean of its controls to focus on treatment responses (log fold 976 

changes relative to mean of controls). Principal component analysis across all expression 977 

response profiles was performed in R (version 3.0.3) using prcomp (R Core Team, 2014). 978 

 979 

RT-qPCR 980 

RNA was isolated from approximately 100 mg leaf material using the RNeasy® Plant Mini Kit 981 

(Qiagen, Hilden, Germany) according to the manufacturers’ instructions. If necessary 982 

samples were subjected to the RNA Clean Up Protocol of the RNeasy® Mini Kit (Qiagen, 983 

Hilden, Germany). Reverse transcription of 1 µg total RNA to cDNA was performed using the 984 

QuantiTect® Reverse Transcription Kit (Qiagen) according to the manufacturers’ instructions. 985 

cDNA was diluted 1:16 in ddH2O prior to RT-qPCR, which was performed using the 986 

SensiMixTM SYBR® Low-ROX Kit (Bioline) and the following primers: S16fwd 987 

TTTACGCCATCCGTCAGAGTAT, S16rev TCTGGTAACGAGAACGAGCAC, PAD3fwd 988 

TACTTGTTGAGATGGCATTGTTGAA, PAD3rev CTTCCTCCTGCTTCGCCAAT. The 989 

annealing temperature was 60°C for all primers. 990 

 991 

Accession numbers 992 

The microarray data have been deposited in the ArrayExpress database at EMBL-EBI 993 

(https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6522). 994 

 995 

SUPPLEMENTAL DATA 996 

Supplemental Figure S1. NO2 fumigation does not cause visible leaf symptoms 997 

Supplemental Figure S2. GO term enrichment analysis of genes regulated by 10 ppm NO2. 998 

Supplemental Figure S3. Venn diagram showing that the expression of early SA response 999 

genes is induced after NO2 fumigation. 1000 

Supplemental Figure S4. B. cinerea-induced SA and jasmonate accumulation is not altered 1001 

by NO2 pretreatment. 1002 

Supplemental Figure S5. Overview of volatiles emitted from Arabidopsis following the 1003 

fumigation experiment. 1004 

Supplemental Figure S6. Effect of NO2 fumigation on the volatile emissions. 1005 

Supplemental Figure S7. NO2 treatment does not alter camalexin levels. 1006 

Supplemental Figure S8. The NO2 fumigation system. 1007 

 www.plantphysiol.orgon September 11, 2018 - Published by Downloaded from 
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


35 
 

Supplemental Dataset S1. Microarray analysis of gene expression after fumigation of 1008 

Arabidopsis for 1 h with 10 ppm NO2. 1009 

Supplemental Table S1. Candidate tryptophan-derived metabolites involved in the plant 1010 

response to NO2. 1011 

Supplemental Table S2. Arabidopsis mutant lines used in this study. 1012 
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 1030 

Table I. CYP79B2/B3-dependent accumulation of metabolites 6 h after fumigation with 10 ppm NO2  
 
Metabolites were not detected in the cyp79b2/b3 double mutant. NO2-induced up-regulation in wild-type 
plants is given as fold change of median spectral count. See Supplemental Table S1 for the complete data 
set including statistics. Formulae and tentative annotations were deduced from the exact masses as 
determined by Fourier transform ion cyclotron resonance mass spectrometry. 
Mass m/z [M-H]-  Up-regulation by Formula Tentative annotation 
Measured Δ ppm 10 ppm NO2 [M-H]  
447.0537 -0.05 1.8 C16H20N2O9S2 Glucobrassicin, indol-3-ylmethylglucosinolate 
367.0783 ±0.00 3.0 C15H16N2O9 Unknown CYP79B2/B3-dependent metabolite
364.1038 ±0.00 2.7 C17H19NO8 1,4-Dimethoxyindol-3-ylmethylascorbate 
304.0826 -0.04 2.8 C15H15NO6 Ascorbigen, indol-3-ylmethylascorbate 
232.0463 ±0.00 2.2 C8H11NO7 Unknown CYP79B2/B3-dependent metabolite
 1031 

 1032 

 1033 

FIGURE LEGENDS 1034 
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Figure 1. NO2 triggers a rapid and transient defense response. Arabidopsis Col-0 plants 1035 

were fumigated with 10 ppm NO2 or air for 1 h. A, NO2 caused no visible leaf damage (see 1036 

also Supplemental Fig. S1) but a transient increase in red chlorophyll autofluorescence 1037 

under UV light (white arrows) indicative of stress-induced photoprotective energy dissipation. 1038 

B, Leaf material was harvested in quadruplicates for microarray analysis immediately or 6 h 1039 

after fumigation. Volcano plots visualizing the changes in gene expression at 0 h and 6 h 1040 

after fumigation by plotting the adjusted p-value over the fold change. Horizontal dashed 1041 

lines mark p = 0.05; vertical dashed lines indicate log2(FC) ± 1. Data points represent  1042 

expression of individual genes. The expression of genes appearing in the colored left panels 1043 

was significantly down-regulated (p < 0.05, log2(FC) < -1), whereas expression of genes 1044 

within the colored right panels showed significant up-regulation (p < 0.05, log2(FC) > 1). C, 1045 

Venn diagrams illustrating the number of genes that were significantly up- (top) or down-1046 

regulated (bottom) after NO2 exposure with p < 0.05 and log2(FC) ± 1. Color code is 1047 

consistent in B and C indicating genes down-regulated immediately (grey), and 6 h (green) 1048 

after fumigation or up-regulated immediately (blue) and 6 h (yellow) after fumigation. 1049 

 1050 

Figure 2. NO2–induced genes are related to pathogen defense. A, GO term enrichment of 1051 

genes up-regulated directly (0 h) after fumigation. Enriched GO terms (p < 0.05) were 1052 

identified using the PANTHER 11.0 overrepresentation test and visualized in scatter plots 1053 

using the REVIGO tool. Each circle represents a GO term, and circle size represents the 1054 

number of genes encompassed. The color code depicts the fold enrichment of the respective 1055 

GO term within the data set compared to the PANTHER Arabidopsis reference list. Circles 1056 

are clustered according to the distance of the respective GO terms within the GO hierarchical 1057 

tree. Highly enriched or interesting GO terms were labeled. B, Principal component analysis 1058 

of Arabidopsis gene expression responses to NO2 fumigation, biotic stress, and abiotic 1059 

stress. Data from microarray analysis after NO2 fumigation were combined with previously 1060 

published datasets representing responses to different stresses and elicitors (115 samples in 1061 

total). The overall expression response similarities between samples of the combined dataset 1062 

are visualized using the top two principal components (PCs), capturing 22% and 14% of the 1063 

total variation, respectively. NO2, NO2 fumigation; Bc, Botrytis cinerea infection, 1064 

ArrayExpress accession number E-GEOD-5684; Ps, Pseudomonas syringae infection, E-1065 

GEOD-6176; Chitin, Chitin treatment, E-GEOD-2538; flg22, flagellin epitope 22 treatment, E-1066 

GEOD-17382; AS: abiotic stress treatment study, E-MTAB-4867; for each study, treated 1067 

samples are marked by triangles and controls by circles. 1068 

 1069 

Figure 3. NO2 induces resistance against B. cinerea and P. syringae. A, Col-0 plants were 1070 

fumigated or not (control) with 10 ppm NO2 for 1 h, followed by droplet-infection of detached 1071 
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leaves with approx. 1000 spores of B. cinerea 6 h after fumigation. Necrotic lesion area was 1072 

measured 3 days later using ImageJ. Columns represent means of 18 independent 1073 

experiments ± SE; n = 624-640. Asterisks indicate significant differences from control 1074 

according to the Mann Whitney Rank Sum Test (***p < 0.001). Representative photographs 1075 

of necrotic lesions 3 days after droplet-infection with B. cinerea are shown. Scale = 5 mm. B, 1076 

Col-0 plants were fumigated with 10 ppm NO2 for 1 h and syringe-infiltrated with 1x105 cfu/ml 1077 

P. syringae pv. tomato DC3000 4 h after fumigation. Leaf discs from infected leaves were 1078 

obtained 2 hours or 1 and 2 days after infection to determine the bacterial titer (cfu/cm2 leaf 1079 

material). Columns represent means ± SE from 7 independent experiments; n (2 hpi) = 26-1080 

27, n (1 dpi) = 72, n (2 dpi) = 66. Asterisks indicate significant differences of all pairwise 1081 

comparisons via Two Way ANOVA plus Holm-Sidak post-hoc Test (*p < 0.05, ***p < 0.001). 1082 

hpi, hours post infection; dpi, days post infection; cfu, colony forming units; n.s., not 1083 

significant; white columns, unfumigated; black columns, 10 ppm NO2. 1084 

 1085 

Figure 4. NO2 induces signaling by SA. SA levels at different time points after fumigation 1086 

with air or 10 ppm NO2 were measured via LC-MS/MS and normalized to the samples’ fresh 1087 

weight (FW). Columns represent means ± SD;  n = 5. Asterisks indicate significant 1088 

differences within the time points as determined by Two Way ANOVA plus Holm-Sidak post-1089 

hoc Test (**p < 0.01,***p < 0.001). White columns, air; black columns: 10 ppm NO2.  1090 

 1091 

Figure 5. JA biosynthesis and degradation pathways are simultaneously up-regulated in 1092 

response to NO2. Schematic pathway of jasmonate metabolism illustrating the change in 1093 

expression levels (log2(FC)) of the respective genes obtained from the microarray analysis 1094 

immediately (0 h, left part of colored panel) or 6 h (right part of colored panel) after 1095 

fumigation with 10 ppm NO2. Expression levels of all depicted genes can be found in Table 1096 

S1. JA, jasmonic acid; OPDA, cis-(+)-12-oxophytodienoic acid; JA-Ile, jasmonoyl-L-1097 

isoleucine; MeJA, methyl jasmonate; 12-OH-JA, tuberonic acid; 12-OH-JA-Ile, hydroxyl-JA-1098 

Ile; 12-COOH-JA-Ile, dicarboxy-JA-Ile.  1099 

 1100 

Figure 6. JA degradation products accumulate in response to NO2. Various jasmonates were 1101 

measured by LC-MS/MS at different time points after fumigation with air or 10 ppm NO2. 1102 

Concentrations were normalized to the leaf sample fresh weight (FW). A, OPDA, cis-(+)-12-1103 

oxophytodienoic acid; B, JA, jasmonic acid; C, JA-Ile, jasmonoyl-L-isoleucine; D, 12-OH-JA, 1104 

tuberonic acid; E, 12-OH-JA-Ile; F, 12-COOH-JA-Ile. A-C, Products of JA biosynthesis 1105 

pathway. D-F, JA catabolism products. Columns represent means ± SD; n = 5. Asterisks 1106 

indicate significant differences within the time points according to Two Way ANOVA plus 1107 

Holm-Sidak post-hoc Test (*p < 0,05, **p < 0.01,***p < 0.001). White columns, air; black 1108 
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columns, 10 ppm NO2. 1109 

 1110 

Figure 7. SA and JA function in NO2-induced resistance against B. cinerea. Mutants were 1111 

subjected to B. cinerea droplet-infection 6 h after fumigation with 10 ppm NO2 for 1 h. 1112 

Necrotic areas were measured 3 days later and were normalized to the mean necrotic area 1113 

of the respective unfumigated wild-type. A, SA-deficient (NahG, sid2) or SA-signaling (npr1) 1114 

mutants and corresponding Col-0 wild-type. Columns represent means of at least 3 1115 

independent experiments ± SE; n = 95-331. B, JA-deficient (aos, opr3) or JA-signaling (coi-1) 1116 

mutants and corresponding wild-types (Col-gI for aos, WS for opr3, Col-0 for coi-1). Columns 1117 

represent means of three independent experiments ± SE; n = 66-126. Letters indicate 1118 

significant differences of all pairwise comparisons via Kruskal Wallis Test plus Dunn`s post-1119 

hoc Test (p < 0.05). White columns, unfumigated; black columns, 10 ppm NO2. 1120 

 1121 

Figure 8. NO2 exposure induces volatile emissions. A, Emission of the monoterpene α-1122 

pinene. B, Emission of the sesquiterpene longifolene. After 1 h of fumigation with 10 ppm 1123 

NO2, Arabidopsis Col-0 plants were enclosed in a flow-through cuvette system and volatile 1124 

emissions were collected and successively analyzed by TD-GC-MS and multivariate data 1125 

analysis (Supplemental Fig. S5, S6). Columns represent means ± SE; n = 10-12; Significant 1126 

main effects (NO2, Time) and interactions (NO2 x Time) are shown (Two-Way ANOVA, all 1127 

pairwise multiple comparison Holm-Sidak post-hoc test), *p < 0.05, **p < 0.01; n.d., not 1128 

detected. White columns, control (air); black columns, 10 ppm NO2. 1129 

 1130 

Figure 9. NO2-induced resistance against B. cinerea is dependent on CYP79B2, CYP79B3, 1131 

and PAD3 but independent of camalexin. A, The expression of genes related to the 1132 

biosynthesis of tryptophan-derived indole glucosinolates and camalexin was strongly up-1133 

regulated after fumigation with 10 ppm NO2 for 1 h. Colored panels indicate gene expression 1134 

(log2(FC)) immediately (left panel) or 6 h (right panel) after the NO2 treatment. Genes that 1135 

were investigated further are highlighted in bold letters. Gene regulation by transcription 1136 

factors is indicated by dash line arrows. B, The cyp79b2/b3 double mutant and the myb51, 1137 

cyp81f2, and pad3 mutants were subjected to B. cinerea droplet-infection 6 h after fumigation 1138 

with 10 ppm NO2 for 1 h. Necrotic areas were measured 3 days later and were normalized to 1139 

the mean necrotic area of the unfumigated Col-0 wild-type. Columns represent means of 1140 

three independent experiments ± SE; n = 81-418. Letters indicate significant differences of all 1141 

pairwise comparisons via Kruskal Wallis Test plus Dunn`s post-hoc Test (p < 0.01). C, NO2-1142 

exposed or control (unfumigated) Col-0 plants were spray-infected with 2 x 105 B. cinerea 1143 

spores 6 h after fumigation. PAD3 transcript levels were quantified 16, 24, or 48 h after 1144 

infection, relative to S16 expression via RT-qPCR. Columns represent means of two 1145 
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independent experiments ± SD; n = 5. Letters indicate significant differences of all pairwise 1146 

comparisons within the time points via Two Way ANOVA plus Holm-Sidak post-hoc Test (p < 1147 

0.01). D, Plants were spray-infected with B. cinerea at 6 h after NO2- or air-fumigation. 1148 

Camalexin levels were measured by HPLC-MS 24 and 48 h after infection. Columns 1149 

represent means ± SE; n = 12. Letters indicate significant differences of all pairwise 1150 

comparisons within the time points via Two Way ANOVA plus Holm-Sidak post-hoc Test (p < 1151 

0.01).  1152 

 1153 

Figure 10. Plants impaired in callose formation display a loss in NO2-induced resistance 1154 

against B. cinerea. A, Col-0 and callose-deficient pmr4 plants were subjected to B. cinerea 1155 

droplet-infection 6 h after fumigation with 10 ppm NO2 for 1 h. Necrotic areas formed on 1156 

fumigated leaves after 3 days were normalized to the mean necrotic area of the respective 1157 

unfumigated leaves. Columns represent means of four independent experiments ± SE; n = 1158 

135-145. B, Relative necrotic area determined on Col-0 plants that were infiltrated with 1.2 1159 

mM of the callose-synthesis inhibitor 2-DDG (H2O as control) 24 h before fumigation followed 1160 

by B. cinerea infection. Columns represent means ± SE; n = 70-130. (a, b) Letters indicate 1161 

significant differences of all pairwise comparisons via Kruskal Wallis Test plus Dunn`s post-1162 

hoc Test (p < 0.05). 2-DDG, 2-deoxy-D-glucose; white columns, unfumigated; black columns, 1163 

10 ppm NO2. 1164 

 1165 

Figure 11. NO2 pretreatment enhances early callose deposition upon treatment with the 1166 

fungal elicitor chitosan. Plants were fumigated with 10 ppm NO2 for 1 h and infiltrated with 1167 

500 µg/ml chitosan (0.04 % acetic acid as control) 4 h after fumigation. Leaf discs were 1168 

obtained for callose quantification with Aniline Blue 4 h or 16 h after chitosan treatment. A, 1169 

Callose quantification in Col-0. Columns represent means ± SEM; n = 34-44 from 10 plants 1170 

per time point and treatment. B, Detection of Aniline blue-stained callose by confocal laser 1171 

scanning microscopy. Fluorescence and bright field channels were merged using ImageJ 1172 

software. Representative photographs were taken of NO2-fumigated or unfumigated Col-0 or 1173 

of pmr4 (right panel) 4 h after treatment with chitosan. Scale = 100 μm. C, Callose 1174 

quantification in mutants impaired in SA synthesis (sid2), SA signaling (npr1), JA signaling 1175 

(coi1), camalexin synthesis (pad3), and callose deposition (pmr4). Columns represent means 1176 

± SE; n = 103-159 for Col-0 and pmr4, n = 57-65 for other mutants; white columns, 1177 

unfumigated; black columns, 10 ppm NO2. Letters indicate significant differences of all 1178 

pairwise comparisons within time points via Kruskal Wallis Test plus Dunn`s post-hoc Test (p 1179 

< 0.05). A.U., arbitrary unit; hpi, hours after infection; C, infiltration control; E, elicitor 1180 

chitosan; white columns, unfumigated; black columns, 10 ppm NO2. D, Detection of Aniline 1181 

blue-stained callose in NO2-fumigated or unfumigated cyp81f2 and cyp79b2/b3 mutant plants 1182 
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4 h after treatment with chitosan. Col-0 stained in the same experiment is shown for 1183 

comparison. Scale = 100 μm. 1184 
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