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21 Abstract

22 Many factors are known to influence infection by cereal rusts, including 

23 environmental variables such at light, humidity and temperature, the topography of 

24 the leaf surface, as well as plant volatiles. However, few studies have aimed to link 

25 these factors. Previously, the quantity of light received by wheat seedlings prior to 

26 inoculation with Puccinia striiformis f. sp. tritici (Pst) urediniospores was shown to 

27 influence yellow rust infection efficiency. In this study we show that germination and 

28 the ability of germlings (germinated urediniospores) to enter stomata is enhanced on 

29 wheat seedlings subjected to high quantities of light pre-inoculation with Pst 

30 urediniospores, while on seedlings exposed to a long dark period germination and 

31 infection were compromised. Using headspace collections and GC-MS analysis 

32 thereof, we link this effect of high light quantity to quantitative changes in the profile 

33 of volatile organic compounds (VOC). We show that the VOC within headspace 

34 collections from wheat seedlings exposed to high quantities of light were able to 

35 support greater levels of Pst urediniospore germination than the headspace collections 

36 from wheat seedlings exposed to a period of dark. In vitro analysis of individual VOC 

37 identified compounds that enhanced Pst urediniospore germination. These VOC 

38 included the sesquiterpene caryophyllene, the monoterpene α-pinene, the fatty acid α-

39 linolenic acid, the organic alcohols 1-hexanol, 3-hexen-1-ol and 5-hexen-1-ol, the 

40 aldehyde cis-3-hexenal and the ester hexyl-acetate. 
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42 1. Introduction

43 There are three rust diseases of wheat, black (stem) rust, brown (leaf) rust and yellow 

44 (stripe) rust, each having their own, environmentally determined, global distribution 

45 (Boyd, 2005 & 2006). Wheat yellow rust, caused by the fungal pathogen Puccinia 

46 striiformis f. sp. tritici (Pst), prefers cooler, wetter climates, being particularly 

47 common in temperate and maritime regions, and at higher elevations. Yellow rust is a 

48 monocyclic disease, going through repeated asexual cycles of urediniospore 

49 production within a season. Germination and infection occur under conditions of high 

50 humidity and usually within a narrow temperature range, 5-12oC, having an optimal 

51 germination temperature of 8 - 10oC (de Vallavieille-Pope et al., 1995). 

52 Pst is an obligate biotroph, only able to grow and complete its asexual and 

53 sexual stages on living plant tissues, the asexual stage occurring on wheat and the 

54 sexual stage on common barberry (Jin et al., 2010). Airborne urediniospores of Pst 

55 produce a single germ tube that gains entry into the plant through stomatal openings. 

56 A substomatal vesicle (SSV) forms within the stomatal cavity within 6 hours, with up 

57 to three infection hyphae growing off the SSV by 12 hours. At the point of contact 

58 between an infection hypha and a host cell, a haustorial mother cell (HMC) 

59 differentiates. An infection peg develops, breaching the plant cell wall and 

60 establishing a haustorium inside the living cell. Further colonization occurs following 

61 the development of intercellular runner hyphae, that grow intercellularly, producing 

62 further haustoria. By 14 days after inoculation (dai) the asexual life cycle is complete, 

63 with urediniospore bearing pedicels erupt through the leaf epidermis, forming the 

64 characteristic yellow pustules (Bozkurt et al., 2010; Jagger et al., 2011; Melichar et al, 

65 2008).

Page 3 of 48

plantpath@bspp.org.uk

Plant Pathology



For Peer Review

4

66 Many environmental factors have been shown to influence infection of wheat 

67 by rust pathogens, including temperature, light and humidity (de Vallavieille-Pope et 

68 al., 1995). In the case of the stem and leaf rust pathogens the topography of the leaf 

69 surface has been shown to support the formation of appressoria over stomata (Allen et 

70 al., 1991; Collins, 1996, Collins and Read, 1997; Hoch and Staples, 1991, Read et al., 

71 1997). Higher levels of Pst urediniospore germination have been reported on the 

72 adaxial, rather than the abaxial surface of wheat leaves (Russel, 1976), but studies 

73 have failed to show an effect of leaf topography on Pst urediniospore germination. In 

74 several cereal rust species, including oat crown rust (Puccinia coronata f. sp. avenae), 

75 wheat stem rust (P. graminis f. sp. tritici) and wheat leaf rust (P. triticina – formally 

76 P. recondita), volatile organic compounds (VOC) have also been shown to stimulate 

77 spore germination, and in some cases subsequent differentiation of fungal structures 

78 (Hoch and Staples, 1991; Staples and Hoch, 1997; French et al 1975; reviewed by 

79 French, 1992). In the case of P. g. f. sp. tritici a combination of VOC and surface 

80 ridges of appropriate size and spacing act synergistically to induce appressoria, sub-

81 stomatal vesicles and infection hyphae (Collins et al., 2001), while mild heat shock 

82 and trans-2-hexen-1-ol supported the development of HMC in vitro (Wietholter et al., 

83 2003). However, to the best of our knowledge there are no reports of positive stimuli 

84 of germination and/or infection, either topological or volatile in nature, for Pst.

85 VOC are a large group of carbon-based chemicals with low molecular weights 

86 and high vapor pressure at ambient temperatures (Pichersky et al., 2006). They are 

87 produced by living organisms, including plants and fungi (Ameye et al., 2018; 

88 Bennett and Inamdar, 2015). The plant volatilome encompasses a diverse range of 

89 compound classes, ranging from alcohols, aldehydes, ketones, terpenes and green leaf 

90 volatiles. (Bouwmeester et al., 2019). Many of these VOC are crucial for plant 
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91 growth, plant to plant, and plant to environment communications, including defence 

92 against insects and microbes (Boncan et al., 2020; Brilli et al., 2019; Michereff et al. 

93 2018). There is a considerable volume of work on the role that VOC play in insect 

94 attraction and repulsion, but fewer studies of how VOC may influence plant-fungal 

95 interactions. It is also known that the profile of VOC released from plants follow a 

96 day/night cycle (circadian rhythm) (Rim et al., 2019; Zang et al., 2017). 

97 Temperature and dew period have been used to successfully model the 

98 occurrence of field infections of wheat leaf rust (de Vallavieille-Pope et al., 2000). 

99 However, for yellow rust, field infection levels were often higher than models 

100 predicted, with higher field infection efficiencies being seen when the temperatures 

101 were high, and the plants had received long periods of sunlight (de Vallavieille-Pope 

102 et al., 1995). These observations led de Vallavieille-Pope et al. (2002) to test whether 

103 the light quantity received by wheat plants before inoculation could influence Pst 

104 infection efficiency. Both field and controlled growth room experiments indicated that 

105 higher quantities of light, received by wheat seedlings before inoculation with Pst, 

106 could result in higher infection rates, recorded as a greater percentage of pustule 

107 formation on seedling leaves.

108 We therefore hypothesised that higher quantities of light received by wheat 

109 seedlings prior to inoculation enhanced Pst germination and the ability of germ tubes 

110 to locate stomata, and that this stimulation was in turn due to light induced changes in 

111 VOC profiles. In this study we explore the effect of the quantity of light received by 

112 wheat seedlings, prior to inoculation, on the subsequent ability of Pst urediniospores 

113 to form successful infection sites. We show that the ability of Pst urediniospores to 

114 germinate, locate stomata and form a successful infection was increased on wheat 

115 seedlings that had been exposed to higher quantities of light immediately prior to 
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116 inoculation. We demonstrate that this effect of light was not due to differences in 

117 stomatal status (open vs closed stomata) at the time of infection, but due to changes in 

118 VOC profiles caused by the light treatment.

119

120 2. Materials and methods

121 2.1 Plant materials

122 The yellow rust susceptible spring wheat Lemhi was used in all experiments to 

123 determine the effect of light quantity on VOC profiles and subsequent Pst infection 

124 efficiency. Seed was chilled at 4oC for 24 hrs and imbibed at 20oC for 48 hrs before 

125 planting out in a peat:sand (1:1) mix. Seedlings were grown in a spore-free glasshouse 

126 at 18oC/16 hrs under sodium lights (average 300μmol m-2 s-1) and 15oC/8 hrs in 

127 darkness for 12 – 14 days, until growth stage (GS) 12-13 (Zadoks et al., 1974). 

128

129 2.2 P. striiformis f. sp. tritici inoculation of wheat seedlings

130 Seedlings of Lemhi were inoculated with Pst isolates following standard procedures 

131 (Boyd and Minchin, 2001). When urediniospores had been stored over liquid 

132 nitrogen, dormancy was broken by heating the spores at 40oC for 5 minutes. The 

133 urediniospores were mixed with an equal volume of pure talcum powder and air 

134 blown on to seedlings. The seedlings were sprayed with ddH2O containing a few 

135 drops of Tween 20 as a wetting agent before inoculation. The inoculated seedlings 

136 were placed inside a closed cabinet placed within a walk-in incubator room 

137 maintained at 8oC and >60% humidity for 24 hrs, in total darkness. Seedlings were 

138 then returned to the spore-free glasshouse under standard growing conditions, 18oC/16 

139 hrs under sodium lights (average 300μmol m-2 s-1) and 15oC/8 hrs in darkness. To 

140 ensure the Pst inoculation had been successful seedlings were checked from 10 dai for 
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141 the emergence of sporulating pustules on the leaf surface. For the seedling pre-

142 inoculation light quantity experiments the Pst isolates WYR1975/20 (virulent on Yr2, 

143 Yr3, Yr4, Yr7, Yr9) and WYR1981/02 (virulent on Yr1, Yr2) were used. The Pst 

144 isolates used for the VOC bioassays were NIAB 2016/035 (virulent on 

145 Yr1,2,3,4,6,7,9,17,25,32); NIAB 2019/501 (virulent on Yr1,2,3,4,6,7,9,17,25,32) and 

146 NIAB 2020/092 (virulent on Yr1,2,3,4,6,7,9,17,25,32).

147

148 2.3 Pre-inoculation light treatments used for P. strifformis f. sp. tritici infection 

149 efficiency experiments

150 Multiple experiments were undertaken to determine the effect of differing quantities 

151 of light, received by wheat seedlings prior to inoculation with Pst urediniospores, on 

152 subsequent Pst infection efficiency. In every experiment the same trend towards 

153 greater Pst infection on wheat seedlings exposed to the highest quantities of light was 

154 observed. Here we report a selection of those experiments that demonstrate these 

155 results.

156

157 Experiment 1 – Validation of results reported by Vallaviellie-Pope et al. (2002)

158 An experiment was undertaken that broadly followed the light treatments reported by 

159 de Vallaviellie-Pope et al. (2002). Seven-day old seedlings of Lemhi were exposed to 

160 16 hrs of low light (total quantity of light received was 45 μmol m-2) and 8 hrs of 

161 darkness at 8oC for 3 days. The seedlings were then left in total darkness for 16 hrs at 

162 8oC. The seedlings were divided into four batches (approximately 20 seedlings per 

163 batch), with one batch receiving the following quantity of pre-inoculation light:

164 Pre-inoculation light treatments:

165 (1) 0 mol m-2 (no light for 18 hrs)
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166 (2) 12 mol m-2 (185 μmol m-2 s-1 for 18 hrs = 11.99 m-2)

167 (3) 18 mol m-2 (278 μmol m-2 s-1 for 18 hrs = 18.01 m-2)

168 (4) 36 mol m-2 (556 μmol m-2 s-1 for 18 hrs = 36.03 m-2)

169

170 Unlike the treatments reported by de Vallaviellie-Pope et al. (2000), all batches of 

171 seedlings were exposed to the light for the same length of time. The quantity of light 

172 received by each batch of seedlings was controlled by altering the distance of the 

173 plants from the sodium light source. The light levels were measured using a LI-180 

174 spectrometer (measures photosynthetic active radiation between wavelengths 400-

175 700mn; LI-Cor Biosciences, UK). The temperature in the compartment was 

176 maintained between 20oC and 22oC, with a relative humidity of between 40 and 45%. 

177 The batch of seedlings receiving 0 mol m-2 of light was kept in the dark for 18 hours 

178 at 20oC and a relative humidity of 40 to 45%. All batches of seedlings were inoculated 

179 simultaneously with Pst isolate WYR1975/20. Each batch of seedlings were sampled 

180 for light microscopy at 24, 48 and 72 hours after inoculation (hai), sampling 5-6 

181 seedlings per time point. 

182

183 Experiment 2.1 and 2.2 – Assessment of stomatal status 

184 To assess the stomatal status (open vs closed) of wheat seedlings during the normal 

185 Pst inoculation process, we measured stomatal conductance (the rate of water 

186 transpiration) using a AP4 cycling porometer (Delta-T Ltd, UK). The AP4 porometer 

187 corrects for changes in temperature and therefore was suitable for measuring stomatal 

188 conductance of wheat seedlings while in the glasshouse and during Pst incubation 

189 period held at 10oC. Seedlings of Lemhi were grown under normal glasshouse 

190 conditions, 16 hr light (300μmol m-2 s-1) at 18oC and 8 hr dark at 15oC for 12 - 14 
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191 days, to GS 12-13. Seedlings were inoculated with Pst isolate WYR1975/20 and 

192 placed in the dark, at 8-10oC and > 60% humidity for 24 hrs. After this incubation 

193 period seedlings were returned to the glasshouse. Porometer readings were taken 

194 before and after inoculation with Pst, at 26 and 1 hours before inoculation (hbi) and at 

195 2, 23, 26, 50 and 72 hai (Expts 2.1 and 2.2). Samples for microscopy were taken at 2, 

196 23, 26, 50 and 72 hai from three seedlings in Expt 2.1 and four seedlings in Expt 2.2.

197

198 Experiment 3 - Assessment of the influence of pre-inoculation light quantity on 

199 P. strifformis f. sp. tritici germination and infection efficiency 

200 The pre-inoculation light treatments tested in Experiment 1 were simplified to develop 

201 a repeatable test system whereby the effects of pre-inoculation light quantities on Pst 

202 infection efficiency could be studied.

203

204 Experiment 3.1, 3.2 and 3.3

205 Seedlings of Lemhi were grown under normal glasshouse conditions for 12 - 14 days 

206 until GS12-13 (Zadoks et al., 1974). Forty seedlings were then subjected to one of 

207 three light treatments: total darkness, low light, or high light for 19 hours at 20oC. 

208 Pre-inoculation light treatments:

209 (1) Total darkness (19 hrs)

210 (2) Low light (185 μmol m-2 s-1 x 19 hrs = 12.65 mol m-2) 

211 (3) High light (420 μmol m-2 s-1 x 19 hrs = 28.73 mol m-2) 

212 Seedlings were inoculated with the Pst isolate WYR1975/20 or WYR1981/2 

213 following the standard protocol described above. In each repeat experiment (Expts 

214 3.1, 3.2 and 3.3) the three sets of seedlings were inoculated simultaneously, receiving 

215 equal numbers of spores per set. In Expt 3.3 a fourth set of seedlings, that had been 
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216 left under normal light conditions in the glasshouse, were inoculated alongside the 

217 seedlings that had received the test light treatments. This was to provide a comparison 

218 of Pst spore germination and infection efficiency under a normal seedling inoculation 

219 regime. In Expt 3.1 and 3.2 the stomatal status of the seedlings (i.e., open vs closed) 

220 was determined by measuring stomatal conductance using an A4 cycling porometer. 

221 Twenty seedlings from each light treatment were sampled for microscopic 

222 analysis of Pst development and twenty seedlings were used for porometer readings. 

223 Samples for microscopy (4 seedlings per time point) were taken at 2, 23, 26, 48/50 

224 and 74 hai. Porometer readings (12 readings per time point) were taken 1 hour before 

225 inoculation (-1) and at +2, +23, +26, +50 and +74 hai in Expts 3.1 and 3.2.

226

227 2.4 Light microscopy of P. striiformis f. sp. tritici development on wheat seedlings

228 Pst inoculated leaf samples were taken for light microscopy at specified hai. Two leaf 

229 segments, approximately 2 cm long, were cut from the first true leaf of each seedling. 

230 Leaf segments were fixed and cleared by submerging in excess chloral hydrate (CH) 

231 solution (300ml 95% ethanol, 125ml 90% lactic acid, 800g chloral hydrate, made up 

232 to 1L with chloroform; Garrood, 2001). The CH solution was changed every 24 hours 

233 until leaf tissues were translucent. Trypan blue was used to stain fungal cell walls, 

234 cleared leaf tissues being placed in 0.1% trypan blue in lactoglycerol (lactic acid: 

235 glycerol: H2O; 1:1:1) for 18 hours (Garrood, 2001). 

236 Stained leaf samples were mounted in lactoglycerol and observed using 

237 brightfield light microscopy (Nikon Microphot II). The following Pst developmental 

238 stages were measured: (1) percentage germination – the number of urediniospores that 

239 had germinated (germling) as a proportion of the total number of urediniospores on 

240 the leaf surface; (2) percentage infection sites – the number of germinated 
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241 urediniospores that had successfully entered a stomata, as a percentage of the number 

242 of germinated urediniospores, (3) percentage sub-stomal vesicles (SSV) – the number 

243 of SSV that had formed within a sub-stomal cavity, as a percentage of the number of 

244 germinated urediniospores and (4) percentage of failed infection attempts – the 

245 number of germinated urediniospores that had grown over a stomata, failing to enter 

246 the stomatal cavity, as a percentage of the number of germinated urediniospores.

247

248 2.5 Collection and analysis of volatile organic compounds from wheat seedings 

249 exposed to different quantities of light

250 Seedlings of Lemhi were grown to GS 14 under normal glasshouse conditions (16 hr 

251 light, 320 µmol m-2 s-1, at 21oC and 8 hr night/16oC). Seedlings were transferred either 

252 to total darkness or high light conditions (420 µmol m-2 s-1) for 19 hours. Light levels 

253 were measured using the light meter SKP 200 51303, calibrated for sensor SKP 215/I 

254 51304, which measures the light intensity paired with a PAR Quantum sensor (400 

255 nm – 700 nm; Skye Instruments Ltd, UK). Dynamic headspace collections were then 

256 carried out using air entrainment kits (Pye volatile collection kit, Hertfordshire, UK) 

257 with plants enclosed in transparent cooking bags (Sainsbury’s Supermarkets Ltd, UK) 

258 secured by wire ties. Porapak Q adsorbent tubes, consisting of a 5 mm diameter 

259 borosilicate tube filled with 50 mg Porapak Q (Supelco, Bellefonte, USA), 

260 sandwiched between two glass wool plugs, were used to collect VOC within the 

261 headspace. Charcoal-filtered air was passed into the cooking bag at 500 mL min-1 and 

262 pulled out through the adsorbent tube at 400 mL min-1 over the 19 hrs of the dark vs 

263 high light treatment, the VOC emitted by the plants being absorbed onto the Porapak 

264 Q. Headspace VOC were extracted from the Porapak Q tubes by eluting with 750 µL 
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265 of diethyl ether (Fisher Scientific, UK). Headspace VOC extracts were concentrated 

266 to 100 µL under a gentle nitrogen flow and stored at -20°C until required for use.

267 Coupled gas chromatography-mass spectrometry (GC-MS) was used for the 

268 tentative identification of VOC in the wheat dynamic headspace collections. Four µl 

269 of each headspace extracted was analysed using an Agilent 8890GC-5977B GC-MSD 

270 fitted with a non-polar HP1 column, 50 m length x 0.32 mm inner diameter x 0.52 µm 

271 film thickness (J&W Scientific), using the following conditions: 30°C for 5 mins, 

272 rising 5°C min-1 to 150°C, followed by 10°C min-1 to 230°C, for a total run time of 60 

273 min. Tentative identification of compounds observed between run times 8 to 35 mins 

274 was achieved using the retention index (RI) values obtained using GC-MS analysis 

275 and NIST mass spectral library (2020, NIST, Gaithersburg, USA). 

276

277 2.6 Bioassays developed to test the effect of volatile organic compounds on 

278 germination of P. strifformis f. sp. tritici urediniospores

279 Bioassay 1: Agar 4550 (1% solution; supplier, Sigma Ltd) was used to coat the 

280 surface of a glass microscope slide. At one end of the slide a hole was made in the 

281 agar and a drop of neat VOC was placed (approx. 5ul) in the hole. Table S1 lists all 

282 compounds used in the bioassays with IUPAC identifier information. Urediniospores 

283 of Pst were deposited onto the agar, at the other end of the slide, using a cotton bud. 

284 The slides were placed, agar side up, onto paper towel moistened with tap water in a 

285 plastic dish (20 cm2). The lid was placed on the dish and the dish wrapped in 

286 aluminium foil. The dishes were placed in an incubator maintained at 8 to 10oC and > 

287 60% humidity for 24 hrs, in total darkness. The control was an agar covered glass 

288 slide without VOC placed in a separate dish.
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289 Bioassay 2: As many of the VOC tested proved to inhibit Pst urediniospore 

290 germination we modified Bioassay 1. The VOC was suspended in parafilm wax to 

291 provide a controlled release of the compound into the atmosphere within the plastic 

292 dish. The VOC (5ul/g) was added to melted parafilm wax (supplier, Acros Organics). 

293 Approx. 1.5 g of the wax-VOC suspension was placed on a glass slide. The slide was 

294 placed in the middle of the plastic dish, on paper towel moistened with 10 ml of 

295 distilled water. Pst urediniospores were placed on a glass slide covered in 1% agar 

296 using a cotton bud. Three slides with Pst isolate NIAB 2019/501 and three slides with 

297 Pst isolate NIAB 2020/092 were placed around the wax-VOC slide. The lid was 

298 placed on the plastic dish and the dish covered in aluminium foil. The dish was placed 

299 in the incubator as described for Bioassay 1. The control was as above, but without 

300 the wax-VOC slide. Bioassay 2 was also used to test the effect on Pst urediniospore 

301 germination of the VOC contained within the headspace collections obtained from 

302 seedlings of Lemhi grown under conditions of high light and total darkness for 19 hrs. 

303 Agar (1%) and ether were used as controls. 

304 The plastic dish containing the control could not be placed in the incubator at 

305 the same time as the dish with the test VOC, as despite the dishes being wrapped in 

306 aluminium foil VOC could still escape from the dish. Therefore, each VOC and the 

307 controls were tested on consecutive days, using the same incubator and the same 

308 batch of urediniospores. Germination of Pst urediniospores was measured 

309 microscopically 24 hai, with approximately 100 urediniospores being scored on each 

310 slide. The Pst isolates used in these VOC bioassays were maintained as a fresh supply 

311 of urediniospores, collected from seedlings prior to use. The isolates used were NIAB 

312 2016/035, NIAB 2019/501 and NIAB 2020/092. As the percentage of Pst germination 

313 on the control, 1% agar 4550, varied between experiments we calculated the increase 
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314 or decrease in germination, due to the presence of the VOC, relative to the control. 

315 Likewise, the effect of the VOC in the headspace collections on Pst urediniospore 

316 germination was assessed relative to the level of Pst germination seen with the ether 

317 control. The difference between the average percentage germination in the presence of 

318 the VOC and the average percentage germination on the control was divided by the 

319 average percentage germination on the control. The individual VOC tested, with 

320 IUPAC identifier information, are listed in Table S1. They were all obtained from 

321 Merck KGaA, Darmstadt, Germany, and were either Sigma-Aldrich or 

322 MilliporeSigma branded.

323

324 2.7 Statistical analyses

325 The microscopy data, from both the light and VOC treatment experiments, were 

326 analysed using Genstat v. 16 and 20 (VSN International 2020). Analysis of variance 

327 were undertaken using General Linear Regression models. For the light treatment 

328 experiments replication and light treatment were accounted for in the model, with t-

329 test comparisons performed to determine which light treatments had significantly 

330 different effects on Pst urediniospore germination and infection efficiency. For the 

331 VOC treatment experiments replication, isolate and VOC were accounted for in the 

332 model, with t-test comparisons performed to determine which VOC significantly 

333 effected Pst germination relative to the controls, and whether there were significant 

334 differences between Pst isolates. Analysis of headspace collections compared no VOC 

335 and ether controls to headspace collections taken from Lemhi seedlings exposed to 19 

336 hr of darkness or 19 hrs of high light, with t-test comparisons performed to determine 

337 whether headspace collections effected Pst urediniospore germination. Principal 

338 component analysis was performed using the factoextra package (Kassambara and 
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339 Mundt, 2020) in R in order to observe trends, clusters and outliers among the four 

340 biological replicate headspace collections, and plotted using ggplot2 package 

341 (Wickham, 2016).

342

343 3. Results

344 3.1 Effect of pre-inoculation light quantity received by wheat seedlings on 

345 subsequent P. striiformis f. sp. tritici infection 

346 Multiple experiments consistently demonstrated that the germination of Pst 

347 urediniospores, and the ability of germinated urediniospores to locate and enter a 

348 stomata, was enhanced on wheat seedlings that had been exposed to high quantities of 

349 light prior to inoculation.

350

351 Experiment 1: Repeat of experiment described by de Vallavieille-Pope et al., 

352 (2002)

353 The study de Vallavieille-Pope et al. (2002) had shown that Pst infection efficiency 

354 (i.e., the number of germinated urediniospores successfully entering the leaf via 

355 stomata), measured as the formation of pustules on the yellow rust susceptible wheat 

356 Michigan Amber, was enhanced in seedling which had received high quantities of 

357 light prior to inoculation. Following the pre-inoculation light treatments used by de 

358 Vallavieille-Pope et al., (2002) these observations were confirmed using the yellow 

359 rust susceptible wheat Lemhi, and by measuring infection efficiency microscopically. 

360 On wheat seedlings exposed to 0 µmol m-2 before inoculation urediniospores 

361 germinated but did not enter stomata (Figure 1). On seedlings exposed to low 

362 quantities of light pre-inoculation some germinated urediniospores succeeded in 
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363 locating stomata, but the numbers were significantly lower than on seedlings exposed 

364 to higher quantities of light prior to inoculation (Figure 1).

365 Under the light microscope the majority of stomata appeared closed, although 

366 more stomata appeared open on the seedlings that had received the high light 

367 treatments prior to Pst inoculation. Concerned that the prolonged periods of low light 

368 and darkness used by de Vallavieille de Pope et al. (2002; 16 hrs of low light at 45 

369 μmol m-2 s-1 and 8 hrs of darkness at 8oC for 3 days, followed by total darkness for 16 

370 hrs at 8oC) prior to light quantity treatments may have compromised stomatal 

371 opening, we modified the pre-light treatments in subsequent experiments. This led us 

372 to a series of experiments (Experiments 3) that identified a pre-inoculation light 

373 regime that enhanced Pst infection efficiency, but without compromising stomatal 

374 status, stomatal status being monitored in subsequent experiments by measuring water 

375 transpiration with an A4 cycling porometer (Delta-T Ltd, UK). 

376

377 Experiments 2: Determination of stomatal status during P. striiformis f. sp. tritici 

378 infection

379 The protocol used for Pst infection requires the plants to be placed in total darkness 

380 for 24 hrs, at a humidity > 60%, immediately after inoculation (Boyd and Minchin, 

381 2001). Therefore, it is generally considered that Pst can enter the plant through closed 

382 or partially closed stomata (de Vallavieille de Pope et al., 1995). To determine the 

383 status of wheat seedling stomata during the normal Pst incubation period and how this 

384 influences the infection efficiency of Pst, we measured stomatal conductance just 

385 before inoculation with Pst urediniospores, during the Pst incubation period, and after 

386 the seedlings were returned to the glassshouse under normal growing conditions. For 

387 these experiments Lemhi seedlings were grown under normal growth conditions prior 
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388 to inoculation with Pst, i.e., for 16 hr of light (300 μmol m-2 s-1) at 18oC and 8 hr dark 

389 at 15oC for 14 days.

390 While stomatal conductance dropped rapidly following transfer of the Pst 

391 inoculated seedlings into total darkness (Figure 2), Pst germlings were still able to 

392 locate and enter stomata, with 35% (Expt 2.1) and 17% (Expt 2.2) of germlings 

393 having entered stomata at 23 hai (while the seedlings were still in the dark incubation 

394 period) and 23% (Expt 2.1) and 13% (Expt 2.2) of germlings growing over stomata 

395 (Figure 3). The remaining germlings failed to locate a stomata (Expt 2.1 = 42% and 

396 Expt 2.2 = 70%).

397

398 Experiments 3: Standardisation of pre-inoculation light treatments

399 The pre-inoculation light treatments were simplified to develop a repeatable test 

400 system whereby the effects of pre-inoculation light quantities, received by wheat 

401 seedlings, on subsequent Pst infection efficiency could be studied. Here we report the 

402 results from three repeat experiments, Expt 3.1, 3.2 and 3.3. In Expt 3.1 and 3.2 the 

403 stomatal status of the seedlings (i.e., open vs closed) was also determined by 

404 measuring stomatal conductance, using an A4 cycling porometer, before and after 

405 inoculation with Pst.

406 The quantity of light received by Lemhi seedlings immediately prior to 

407 inoculation with Pst urediniospores had a significant effect on urediniospore 

408 germination and the ability of the germlings to locate and enter stomata (Figure 4). 

409 Significantly more germination was observed on seedlings that had received the 

410 highest quantities of light prior to inoculation (Table S2). On seedlings exposed to 19 

411 hrs of darkness germination was greatly reduced, even after the inoculated seedlings 

412 had been returned to normal light conditions 24 hai. The number of germinated 

Page 17 of 48

plantpath@bspp.org.uk

Plant Pathology



For Peer Review

18

413 urediniospores did not reach those seen on the seedlings exposed to low and high pre-

414 inoculation light treatments, even by 74 hai. 

415 As in Expt 2 germlings were observed to have entered stomata at 23 hai, while 

416 the Pst inoculated seedlings were still in the 24 hr dark incubation period, and the 

417 stomata are effectively closed (Figure 4; Figure S1). Significant differences were seen 

418 for both light treatment and time when comparing the number of germlings that had 

419 grown over a stoma to the number of germlings that had grown into a stoma 

420 (including those that had formed SSV) (Table S2). Significantly more germlings 

421 entered stomata on seedlings that had received light prior to Pst inoculation, compared 

422 to seedlings kept in the dark (Table S2), while far fewer germlings were observed to 

423 have grown over a stoma. This effect was most significant on the seedlings receiving 

424 the highest levels of light, while the ability of germlings to locate and enter a stoma 

425 had been significantly compromised on the seedlings subjected to 19 hrs of darkness 

426 before inoculation with Pst (Figure 4).

427 Stomatal conductance measured 1 hour before inoculation with Pst 

428 uredioniospores, at which time the three sets of seedlings were still receiving different 

429 light treatments, clearly indicated that the stomata of the seedlings receiving the dark 

430 treatment were closed, while those receiving low and high light treatments were open 

431 (Figure S1). After inoculation with Pst urediniospores the three sets of seedlings were 

432 placed in total darkness for 24 hours. This resulted in a reduction in stomatal 

433 conductance in all seedling sets. Following transfer back to normal light/dark cycles 

434 in the glasshouse (post 24 hai) the stomata in each set of seedlings subsequently 

435 followed the same pattern of opening and closing, indicating that the pre-inoculation 

436 light treatments had not compromised stomatal opening and closing (Figure S1).

437
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438 3.2 The effect of light quantity on the volatile organic compound profiles 

439 produced by seedlings of Lemhi

440 The influence of light on the VOC released (headspace collections) by wheat 

441 seedlings was assessed in the wheat variety Lemhi. The VOC identified by GC-MS 

442 are a general survey of the plant volatiles that represent the wheat volatolome of 

443 Lemhi (Figure S2). Differences were seen between seedlings exposed to total 

444 darkness vs high light (Table S3), with a general trend towards greater levels of VOC 

445 being released from seedling exposed to high light (Table S3). The increase in VOC 

446 concentrations was small in the case of hexanal, undecane, octanoic acid and 

447 tridacane, but substantially greater for the VOC 3-hexen-1-ol, heptanal, octanal, Z-

448 ocimene, 3-hexen-1-ol acetate and linalool.

449

450 3.3 The effect of the headspace collections from Lemhi on germination of P. 

451 striiformis f. sp. tritici urediniospores

452 The headspace collections from the Lemhi seedlings subjected to 19 hrs of darkness 

453 vs 19 hrs of high light (420 µmol m-2s-1) were tested for their effect on Pst 

454 uredioniospore germination using Bioassay 2. Two controls were included, looking at 

455 urediniospore germination on 1% agar without any VOC embedded in the parafilm 

456 wax block and a second control where ether was placed in the wax block, the 

457 headspace extracts having been collected in ether. Four experiments were undertaken, 

458 however PCA of the GC-MS data indicated that the dark treatment sample from Expt 

459 3 was an outlier (Figure S3). Therefore, the headspace collections from Expt 3 were 

460 not assessed for the effect on Pst urediniospore germination. The headspace 

461 collections were tested using two Pst isolates, NIAB 2019/501 and NIAB 2020/092. 
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462 Significant differences were seen between the non-volatile control and ether in 

463 Expt 1 and 4 (t-test p < 0.001), but not in Expt 2 (t-test p = 0.124). However, in Expt 1 

464 ether inhibited Pst urediniospore germination while in Expt 4 germination was 

465 enhanced by ether (Figure S4 and Table S4). Therefore, the effect of the headspace 

466 collections on Pst urediniospore germination was assessed relative to the level of Pst 

467 germination seen with the ether control (Figure 5). Pst urediniospore germination in 

468 the presence of the headspace collection from the Lemhi seedlings exposed to 19 hrs 

469 of darkness was only significantly different from the ether control in Expt 1 (t-test p = 

470 0.005; Table S4). However, a significant effect of the headspace collection from 

471 Lemhi seedlings exposed to 19 hrs of light (equivalent to 420 µmol m-2s-1) was seen 

472 on Pst urediniospore germination in all three experiments (t-test probabilities: Expt 1 

473 p = 0.004, Expt 2 p <0.002 and Expt 4 p = 0.056). Significant differences were also 

474 observed between the two Pst isolates (Expt 1 Fp = 0.002, Expt 2 Fp < 0.001 and Expt 

475 4 Fp = 0.002; Table S4). Relative to the ether control, isolate NIAB 2020/092 showed 

476 higher levels of germination than isolate NIAB 2019/501 under high light conditions 

477 (Figure 5).

478

479 3.4 Identification of plant volatile organic compounds that influence germination 

480 of P. striiformis f. sp. tritici urediniospores

481 Based on the working hypothesis that VOC released by wheat seedlings stimulate Pst 

482 urediniospores to germinate we developed an in vitro bioassay (Bioassay 1) to test the 

483 effect of individual VOC on Pst urediniospore germination. We selected VOC that 

484 exhibited quantitative changes in Lemhi seedlings exposed to high quantities of light, 

485 as well as VOC reported in green plant tissues in the literature (Table S5). The 

486 following VOC were found to consistently increase the number of urediniospores that 

487 germinated relative to the control (1% agar); α-pinene > -linolenic acid > 1-hexanol 

Page 20 of 48

plantpath@bspp.org.uk

Plant Pathology



For Peer Review

21

488 > hexyl acetate > cis-3-hexenal (Figure 6). All other VOC tested either completely 

489 eliminated germination of Pst urediniospores or reduced the percentage of 

490 germination relative to the control (Table S5). Pst germination was reduced in the 

491 presence of isoprene by about 36%, but completely inhibited in the presence of 

492 hexanal, decanal, nonanal, benzaldehyde, acetophenone, linalool, penten-3-one and 5-

493 hexen-1-ol.

494 As many of the VOC tested appeared to be toxic, inhibiting Pst urediniospore 

495 germination, we modified the in vitro bioassay to slow the release of VOC into the 

496 atmosphere within the test system (Bioassay 2), the VOC being suspended in parafilm 

497 wax. Tests using Bioassay 2 also included a comparison of two Pst isolates, NIAB 

498 2019/501 and NIAB 2020/092. Alpha-pinene again demonstrated a significant 

499 positive effect on Pst urediniospore germination (t = 3.17, p = 0.006), however, the 

500 positive stimulation seen with -linolenic acid was reduced (t = 0.22, p = 0.826). 

501 Linolenic acid is less volatile than the other VOC tested, and embedding in parafilm 

502 would substantially retard its release into the atmosphere within the dish. The positive 

503 stimulation of Pst urediniospore germination seen with 1-hexanol (t = -0.36, p = 

504 0.720), hexyl acetate (t = -0.61, p = 0.54) and cis-3-hexenal (t = -0.719, p = 0.44) was 

505 also lost using Bioassay 2, no significant effect being seen (Table S6). However, by 

506 slowing the release of the VOC, 5-hexen-1-ol (t = 3.99, p < 0.001) now demonstrated 

507 a significant stimulation of Pst urediniospore germination (Table S6). Additional 

508 VOC tested using Bioassay 2 included 3-hexen-1-ol (t = 2.92, p = 0.009) and the 

509 sesquiterpene, caryophyllene (t = 6.09, p > 0.001), both VOC enhancing Pst 

510 urediniospore germination. Octanal (t = -2.41, p =0.027) and 2,4-heptadienal (t = -

511 1.91, p = 0.073) inhibited Pst urediniospore germination, while heptanal (t = -1.44, p 
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512 = 0.168) and ocimene (t = -0.50, p = 0.623) had no significant effect on germination 

513 (Table S6). Nonanal still inhibited germination (t = -5.43, p < 0.001).

514 Significant differences were also found between the two Pst isolates in Expt 4 

515 (F = 32.66, p < 0.001) and Expt 8 (F = 42.59, p < 0.001), but not in Expt 5, Expt 6 or 

516 Expt 7 (Table S6). The percentage germination observed for isolates NIAB 2019/501 

517 and NIAB 2020/092 in Expt 4 and Expt 8 were 44.6% and 56.6%, and 68.9% and 

518 53.9%, respectively. 

519

520 4. Discussion

521 De Vallavielle-Pope et al. (2002) demonstrated that Pst infection increased on wheat 

522 seedlings that had received greater quantities of light prior to Pst inoculation, with 

523 maximum infection being obtained on wheat seedlings that had received 30-35 mol m-

524 2 of light. As the penetration of stomata by Pst germ tubes occurs during the 24 hour 

525 incubation period, when the plants are placed in total darkness (de Vallavieille-Pope 

526 et al., 1995), this would suggest that the effect of light quantity on Pst infection 

527 efficiency was not a consequence of the stomatal status (i.e., open vs closed), but due 

528 to some other, light-controlled phenomenon. 

529 In this study we confirm that germ tubes of Pst are able to enter stomata while 

530 plants are in the dark and the stomata are “closed”, as determined by measuring 

531 stomatal conductance (the rate of water transpiration). We show that enhanced Pst 

532 urediniospore germination and infection are linked to changes in VOC profiles, while 

533 a general survey of known VOC identified individual compounds that stimulate Pst 

534 urediniospore germination. The VOC caryophyllene, α-pinene, 5-hexen-1-ol, 3-

535 hexen-1-ol, linolenic acid, cis-3-hexenal, hexyl acetate and 1-hexanol all proved to 

536 enhance Pst urediniospore germination, although in a concentration dependent 

537 manner that requires further investigation. Caryophyllene and 3-hexen-1-ol were 
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538 present at sufficient levels to be measurable within the headspace collections, with 

539 levels of both VOC increasing in the collections from Lemhi seedlings exposed to 

540 high quantities of light. While additional work is required to evaluate the light-

541 induced changes in the other VOC identified above, our study of the effect of light 

542 quantity on Pst germination and infection efficiency opens-up a novel area of further 

543 investigation.

544 Plant VOC have been reported that stimulate germination and support the 

545 development of subsequent fungal structures of a number of Puccinia rust species 

546 Collins et al., 2001; French, 1992; Hoch & Staples 1991, Staples & Hoch 1997). Both 

547 nonanal and nonanol have been found to stimulate urediniospore germination of 

548 Puccinia species, although P. graminis f. sp. tritici (stem rust) and P. triticina (leaf 

549 rust) responded better to nonanal, while the Puccinia species causing rye and oat 

550 crown rust preferred nonanol. P. sorghi (maize rust) exhibited highest germination 

551 rates in response to octanol. Cis-3-hexen-1-ol was found to enhance P. g. f. sp. tritici 

552 urediniospore germination and differentiation of appressoria and SSV in vitro 

553 (Grambow, 1977). 6-methyl-5-hepten-2-one was also found to stimulate the 

554 germination of urediniospores of P. triticina and P. coronata (crown rust) (Rines et 

555 al., 1974; French et al., 1975). Under conditions of high humidity, a combination of 

556 mild heat shock and trans-2-hexen-1-ol induced the differentiation of haustorial 

557 mother cells (HMC) in P. g. f. sp. tritici (Wiethölter et al., 2003). The number of 

558 colonies on wheat infected with stem and leaf rust have also been shown to increase 

559 after exposure to decanal (Mendgen et al., 2006). However, we have not found any 

560 reports on the positive stimulation of Pst urediniospores by VOC. While in this study 

561 cis-3-hexen-1-ol was found to stimulate Pst urediniospore germination, nonanal, a 

562 strong stimulator of P. g. f. sp. tritici and P. triticina germination, inhibited 
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563 germination of Pst, indicating that the response to VOC is different for each of the 

564 wheat rust species. 

565 Many biotic and abiotic environmental factors have been shown to stimulate 

566 the release of plant VOC. Considerable work has been undertaken on the role VOC 

567 play in the communication between plants and insects, including beneficial insects 

568 required for pollination (Pichersky & Gershenzon, 2002; Ameye et al., 2018). Plants 

569 under attack by herbivores often release specific VOC to attract the predators of those 

570 herbivores (Moreira & Abdala-Roberts, 2019). Plant VOC have also been shown to 

571 shape the above- and below-ground plant microbiome by attracting beneficial 

572 microbes to promote plant growth and resistance to stress, being implemented in a 

573 number of ectomycorrhizae and arbuscular mycorrhizae symbioses (Minerdi et al., 

574 2021).

575 VOC released following exposure to abiotic stresses, including high light and 

576 temperature, can have a protective function. Exposure to high light (at stress levels) 

577 resulted in a rapid increase in the levels of a number of plant VOC, including 2-

578 hexenal, acetaldehyde and isoprene in Phragmites australis (Loreto et al., 2006). The 

579 profile of VOC released from plants has also been shown to change throughout plant 

580 development, and to follow a circadian clock or a day-night cycle, with some VOC 

581 emitting larger quantities during the light period, while other VOC are predominantly 

582 released during the night (Zeng et al., 2017). The composition and synthesis of floral 

583 fragrances are known to be affected by light quality and intensity (Guenther et al., 

584 1995; Muhlemann et al., 2014). In lily, the floral fragrance VOC significantly 

585 increased with a rise in light intensity, with the release of VOC reaching a peak at 600 

586 μmol m−2 s−1 (Hu et al., 2013). In lilies, light induction of the transcription factor 

587 LiMYB108 increased expression of key genes in the terpene synthesis pathway, 
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588 pkhmgr and pkdxr, leading to higher levels of monoterpenes (Kawoosa et al., 2010; 

589 Yun-Yao et al., 2023).

590 The individual VOC identified as having an enhancing effect on Pst 

591 urediniospore germination were chemically very different, which would exclude a 

592 common metabolic pathway influenced by the light treatment. Three major 

593 biochemical routes are involved in the synthesis of VOC, the isoprenoid, lipoxygenase 

594 and shikimic acid pathways. The common sesquiterpene, caryophyllene (C7H14) and 

595 the terpene, alkene α-pinene (C10H16) were by far the most effective at stimulating Pst 

596 urediniospore germination. Both VOC are produced via the isoprenoid biosynthesis 

597 pathway. The fatty acid linolenic acid (C18H30O2) was very effective using Bioassay 

598 1, but this effect was significantly reduced when using Bioassay 2. Linolenic acid is 

599 less volatile than the other VOC tested, and embedding in parafilm was thought to 

600 retard its release into the atmosphere within the dish, reducing its effectiveness. The 

601 alcohols 1-hexanol ((CH3(CH2)5OH)), 3-hexen-1-ol (C2H5CH=CHCH2CH2OH) and 

602 5-hexen-1-ol ((HOCH2(CH2)3CH=CH2)) were also able to stimulate Pst 

603 urediniospore germination but their effect was concentration dependent. 1-hexanol 

604 was effective using Bioassay 1 and Bioassay 2, while 5-hexen-1-ol were only 

605 effective using Bioassay 2 (3-hexen-1-ol was only tested using Bioassay 2). A small 

606 and less repeatable affect was observed with the saturated aldehyde cis-3-hexenal (Z-

607 3-hexenal; CH3CH2CH=CHCH2CHO) using Bioassay 1, which was not observed 

608 using Bioassay 2. The stimulation of Pst urediniospore germination seen with the 

609 ester hexyl-acetate (C8H16O2) using Bioassay 1 was not observed using Bioassay 2. 

610 The infection efficiency of Pst, i.e. the percentage of germinated 

611 urediniospores that enter a stomatal cavity to form a successful infection, is low 

612 compared to stem and leaf rust (de Vallavieille-Pope et al., 1995). Even under optimal 

Page 25 of 48

plantpath@bspp.org.uk

Plant Pathology



For Peer Review

26

613 infection conditions Pst germlings can still fail to enter a stoma and form a successful 

614 infection, and it is not uncommon for germ tubes of Pst to grow over stomata 

615 (Garrood, 2001). The findings that wheat VOC can affect Pst urediniospore 

616 germination, either positively or negatively, and that the proportion of these VOC 

617 released by wheat seedlings is influenced by the light quantity received, opens up a 

618 new area of investigation into the wheat-Pst interaction. Understanding how 

619 environmental variables influence wheat VOC profiles, and how these VOC mixtures 

620 influence Pst germination and infection, could help us predict how climate change 

621 scenarios may impact on disease levels and whether genetic alternations in VOC 

622 biosynthesis could enhance yellow rust resistance.

623
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847 Figure Legends

848

849 Figure 1 Percentage of Puccinia striiformis f. sp. tritici (Pst) infection sites 

850 measured as the percentage of germinated urediniospores that entered a stoma. 

851 Pst urediniospore germination was assessed microscopically on seedlings of the wheat 

852 variety Lemhi that had received 0, 12, 18 or 36 mol m-2 of light, over an 18 hour 

853 period, before inoculation with Pst. The error bars show standard errors between 

854 replicate measurements.

855

856 Figure 2 Stomatal conductance measured before and after inoculation with 

857 urediniospores of Puccinia striiformis f. sp. tritici (Pst). The timepoints show 

858 porometer readings taken before (minus) and after (plus) Pst inoculation. Area in the 

859 box covers the incubation period when wheat seedling inoculated with Pst 

860 urediniospores are placed in total darkness for 24 hours, at 8oC and > 60% humidity. 

861 Porometer readings from Expt 2.1 blue line, and Expt 2.2 brown line. The error bars 

862 show standard errors between replicate measurements.

863

864 Figure 3 Percentage of germinated Puccinia striiformis f. sp. tritici (Pst) 

865 urediniospores that had grown over a stoma (% over stomata) or entered a 

866 stoma (% in stomata) and formed a sub-stomatal vesicle (% SSV). The Pst 

867 inoculated leaf samples were taken at 2, 23, 26, 50 and 72 hours after inoculation 

868 (hai). Expt 2.1 in shades of blue, and Expt 2.2 in shades of brown.

869

870 Figure 4 The number of Puccinia striiformis f. sp. tritici (Pst) urediniospores that 

871 had germinated (germlings), grown over a stoma (over stomata) or entered a 
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872 stoma (in stomata) on wheat seedlings of variety Lemhi. Germinated 

873 urediniospores were assessed at 2, 23, 26, 48 or 50 and 74 hours after inoculation 

874 (hai) on wheat seedlings that had been exposed to different quantities of light 

875 immediately prior to inoculation with Pst. Expt 3.3 also included a set of Lemhi 

876 seedlings that did not receive a pre-inoculation light treatment (control), but had been 

877 left in the glasshouse, under normal light conditions, until inoculation. 

878

879 Figure 5 Percentage change in Puccinia striiformis f. sp. tritici (Pst) urediniospore 

880 germination relative to ether control. The change in percentage germination of 

881 Puccinia striiformis f. sp. tritici (Pst) urediniospores caused by the headspace 

882 collections from Lemhi seedlings exposed to 19 hrs of darkness (dark) or 19 hrs of 

883 high light equalling 420 µmol m-2s-1 (high light) compared to the ether control. Tests 

884 were carried out using Pst isolates, NIAB 2019/501 (2019) and NIAB 2020/092 

885 (2020).

886

887 Figure 6 Percentage increase in Puccinia striiformis f. sp. tritici (Pst) 

888 urediniospore germination relative to control. The percentage increase in Pst 

889 urediniospore germination, relative to the percentage germination of Pst spores on the 

890 control (1% agar Sigma 4550), is shown when in the presence of the VOC α-pinene, 

891 -linolenic acid, 1-hexanol, hexyl-acetate and cis-3-hexanal. These tests were carried 

892 out using Bioassay 1 and Pst isolates NIAB 2016/035 or NIAB 2019/501.

893

894 Figure 7 Percentage increase in Puccinia striiformis f. sp. tritici (Pst) 

895 urediniospore germination relative to control. The percentage increase in Pst 

896 urediniospore germination, relative to the percentage germination of Pst spores on the 
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897 control (1% agar Sigma 4550), is shown when in the presence of the VOCs 

898 caryophyllene, α-pinene, 5-hexen-1-ol, 3-hexen-1-ol, -linolenic acid, cos-3-hexenal, 

899 hexyl acetate, 1-hexanol, 2,4-heptadienal, ocimene, heptanal, octanal and nonanal. 

900 These tests were carried out using Bioassay 2 and Pst isolates NIAB 2019/501 (2019) 

901 and NIAB 2020/092 (2020).

902

903 Supporting information legends

904 Supporting information for online publication only_Table S1 Commercially 

905 available volatile organic compounds (VOC) used in individual VOC Bioassays 1 & 

906 2.

907

908 Supporting information for online publication only_Table S2 Analysis of variance 

909 of Puccinia striiformis f. sp. tritici (Pst) germlings on wheat seedling exposed to 

910 different quantities of light pre-inoculation with Pst unrediniospores (Experiments 

911 3.1, 3.2 and 3.3). Germlings = germinated Pst urediniospore; Germ-over = a germ 

912 tube that has grown over a stomatal opening; Germ-in = a germ tube that has grown 

913 through a stomatal opening into a stomatal cavity.

914

915 Supporting information for online publication only_Figure S1 Stomatal 

916 conductance before and after inoculation with urediniospores of Puccinia 

917 striiformis f. sp. tritici. (a) Porometer readings from Expt 3.1. (b) Porometer readings 

918 from Expt 3.2. Bars represent standard errors. minus = hours before inoculation; plus 

919 = hours after inoculation.

920
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921 Supporting information for online publication only_Figure S2 Chromatograms 

922 of volatile organic compound profiles produced by wheat variety Lemhi 

923 seedings. Seedlings were exposed to (a) 19 hrs of darkness vs (b) 19 hrs of light 

924 equalling 420 µmol m-2s-1. The VOC 1 to 21 can be found in Table S2.

925

926 Supporting information for online publication only_Table S3 Volatile organic 

927 compounds (VOC) showing a difference in concentration in the headspace collections 

928 from Lemhi seedlings exposed to dark vs high quantities of light (420 µmol m-2s-1). 

929 Concentration values are an average of the three replicate experiments. The retention 

930 index (RI) values were obtained using GC-MS analysis. The corresponding RI value 

931 on the Rothamsted in-house RI database enabling compound identification. The peak 

932 number corresponds to the numbering of peaks in the chromatograms in Figure S2. 

933 Bioassay indicates individual VOC that were directly tested for their effect on 

934 Puccinia striiformis f. sp. tritici urediniospores germination using Bioassys 1 and 2. 

935 The VOC highlighted in green displayed higher concentrations in the headspace 

936 collections from Lemhi seedling subjected to 19 hrs of darkness. ND, an accurate 

937 quantification could not be determined. SE = standard errors between replicate 

938 experiments.

939

940 *Additional VOC tested in Bioassays 1 and 2 were cis-3-hexenal (Bioassay 1 & 2), 1-

941 hexanol (Bioassay 1 & 2), hexyl acetate (Bioassay 1 & 2), -linolenic acid (Bioassay 

942 1 & 2), α-pinene (Bioassay 1 & 2), isoprene (Bioassay 1), penten-3-one (Bioassay 1), 

943 5-hexen-1-ol (Bioassay 2), (e.e)-2, 4-heptadienal (Bioassay 2) and a mixture of 

944 ocimene isomers (Bioassay 2).

945
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946 Supporting information for online publication only_Figure S3 Principal 

947 Components Analysis (PCA) of the four replicate headspace collections from 

948 wheat seedlings of variety Lemhi exposed to 19 hrs of darkness (dark) or 19 hrs 

949 of high light equalling 420 µmol m-2s-1 (high light).

950

951 Supporting information for online publication only_Figure S4 Percentage 

952 germination of Puccinia striiformis f. sp. tritici (Pst) urediniospores in presence of 

953 headspace collections from seedlings of the wheat variety Lemhi. Controls – 1% 

954 agar or 1% agar plus ether, and treatments - 1% agar in the presence of headspace 

955 collections from seedlings of the wheat variety Lemhi after exposure to 19 hrs of 

956 darkness (dark) or 19 hrs of high light equalling 420 µmol m-2s-1 (high light). Two Pst 

957 isolates, NIAB 2019/501 (2019) and NIAB 2020/092 (2020), were tested. Three 

958 replicate headspace collection experiments are shown. The bars represent standard 

959 errors.

960

961 Supporting information for online publication only_Table S4 Analysis of variance 

962 of the stimulation of Puccinia striiformis f. sp. tritici (Pst) urediniospore germination 

963 by the headspace collections from Lemhi seedlings subjected to 19 hrs of darkness vs 

964 19 hrs of high light, equal to a light quantity of 420 µmol m-2s-1. Tp – t-test 

965 probability.

966

967 Supporting information for online publication only_Table S5 Statistical analysis 

968 of the effect of VOC on Puccinia striiformis f. sp. tritici urediniospore germination 

969 using Bioassay 1. The percentage of germination was compared to that on the control 
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970 (1% agar without VOC). The t-test values for these comparisons are shown. VOC – 

971 volatile organic compound. n/t – not tested.

972

973 Supporting information for online publication only_ Table S6 Analysis of the 

974 effect of VOC on Puccinia striiformis f. sp. tritici urediniospore germination using 

975 Bioassay 2. The percentage of germination was compared to that on the control (1% 

976 agar without VOC). The t-test probabilities for these comparisons are shown. VOC – 

977 volatile organic compound. n/t – not tested.

978
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Figure 1 Percentage of Puccinia striiformis f. sp. tritici (Pst) infection sites measured as the percentage of 
germinated urediniospores that entered a stoma. Pst urediniospore germination was assessed 

microscopically on seedlings of the wheat variety Lemhi that had received 0, 12, 18 or 36 mol m-2 of light, 
over an 18 hour period, before inoculation with Pst. The error bars show standard errors between replicate 

measurements. 
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Figure 2 Stomatal conductance measured before and after inoculation with urediniospores of Puccinia 
striiformis f. sp. tritici (Pst). The timepoints show porometer readings taken before (minus) and after (plus) 

Pst inoculation. Area in the box covers the incubation period when wheat seedling inoculated with Pst 
urediniospores are placed in total darkness for 24 hours, at 8oC and > 60% humidity. Porometer readings 
from Expt 2.1 blue line, and Expt 2.2 brown line. The error bars show standard errors between replicate 

measurements. 
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Figure 3 Percentage of germinated Puccinia striiformis f. sp. tritici (Pst) urediniospores that had grown over 
a stoma (% over stomata) or entered a stoma (% in stomata) and formed a sub-stomatal vesicle (% SSV). 
The Pst inoculated leaf samples were taken at 2, 23, 26, 50 and 72 hours after inoculation (hai). Expt 2.1 in 

shades of blue, and Expt 2.2 in shades of brown. 
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Figure 4 The number of Puccinia striiformis f. sp. tritici (Pst) urediniospores that had germinated 
(germlings), grown over a stoma (over stomata) or entered a stoma (in stomata) on wheat seedlings of 

variety Lemhi. Germinated urediniospores were assessed at 2, 23, 26, 48 or 50 and 74 hours after 
inoculation (hai) on wheat seedlings that had been exposed to different quantities of light immediately prior 
to inoculation with Pst. Expt 3.3 also included a set of Lemhi seedlings that did not receive a pre-inoculation 

light treatment (control), but had been left in the glasshouse, under normal light conditions, until 
inoculation. 
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Figure 5 Percentage change in Puccinia striiformis f. sp. tritici (Pst) urediniospore germination relative to 
ether control. The change in percentage germination of Puccinia striiformis f. sp. tritici (Pst) urediniospores 
caused by the headspace collections from Lemhi seedlings exposed to 19 hrs of darkness (dark) or 19 hrs of 

high light equalling 420 µmol m-2s-1 (high light) compared to the ether control. Tests were carried out 
using Pst isolates, NIAB 2019/501 (2019) and NIAB 2020/092 (2020). 
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Figure 6 Percentage increase in Puccinia striiformis f. sp. tritici (Pst) urediniospore germination relative to 
control. The percentage increase in Pst urediniospore germination, relative to the percentage germination of 
Pst spores on the control (1% agar Sigma 4550), is shown when in the presence of the VOC α-pinene, �-
linolenic acid, 1-hexanol, hexyl-acetate and cis-3-hexanal. These tests were carried out using Bioassay 1 

and Pst isolates NIAB 2016/035 or NIAB 2019/501. 
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Figure 7 Percentage increase in Puccinia striiformis f. sp. tritici (Pst) urediniospore germination relative to 
control. The percentage increase in Pst urediniospore germination, relative to the percentage germination of 
Pst spores on the control (1% agar Sigma 4550), is shown when in the presence of the VOCs caryophyllene, 

α-pinene, 5-hexen-1-ol, 3-hexen-1-ol, �-linolenic acid, cos-3-hexenal, hexyl acetate, 1-hexanol, 2,4-
heptadienal, ocimene, heptanal, octanal and nonanal. These tests were carried out using Bioassay 2 and Pst 

isolates NIAB 2019/501 (2019) and NIAB 2020/092 (2020). 
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