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Abstract 16 

The discovery of new mechanisms of resistance and natural bioactive molecules could be two of 17 

the possible ways to reduce fungicide use in vineyard and assure an acceptable and sustainable 18 

protection against Plasmopara viticola, the grapevine downy mildew agent. Emission of volatile 19 

organic compounds (VOCs), such as terpenes, norisoprenoids, alcohols and aldehydes, is 20 

frequently induced in plants in response to attack by pathogens, such as P. viticola, that is known 21 

to cause an VOCs increment in cultivars harboring American resistance traits. In this study, the 22 

role of leaf VOCs in resistance mechanism of two resistant cultivars (Mgaloblishvili, a pure Vitis 23 

vinifera cultivar, and Bianca, an interspecific hybrid) and the direct antimicrobial activity of four 24 

selected VOCs have been investigated. The leaf VOC profiles, analyzed through solid-phase 25 

microextraction gas chromatography-mass spectrometry analysis, as well as the expression of six 26 

terpene synthases (TPSs), were determined upon pathogen inoculation. In both cultivars, the 27 

expression pattern of six TPSs increased soon after pathogen inoculation and an increment of 28 

nine VOCs has been detected. While in Mgaloblishvili, VOCs were synthesized early after P. 29 

viticola inoculation, in Bianca, they constituted a late response to pathogen. All the four terpenes 30 

(farnesene, nerolidol, ocimene and valencene), chosen according to the VOC profiles and gene 31 
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expression analysis, caused a significant reduction (53-100 %) in P. viticola sporulation. These 32 

results support the role of VOCs into defense mechanisms of both cultivars and suggest their 33 

potential role as a natural and eco-friendly solution to protect grapevine from P. viticola. 34 

 35 
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 38 

1. Introduction 39 

Plants are exposed to different environmental and biological stresses and they have the ability to 40 

thrive against threats through various pathways, including the production of secondary 41 

metabolites. Secondary metabolites are synthesized by different plant species not only as a 42 

defense mechanism against biotic and abiotic stresses but also for reproducibility and 43 

dissemination of their offspring (Algarra Alarcon et al., 2015). These bioactive metabolites can 44 

be alkaloids, flavonoids, saponins, tannins, terpenes and others.  45 

In particular, terpenes are the largest and most investigated class of secondary metabolites that 46 

plants produce. They derive from the condensation of two or more isoprenic units, the precursor 47 

isopentenyl pyrophosphate (C5) and its allylic isomer dimethylallyl pyrophosphate, to form 48 

mono- (C10), sesqui- (C15) and diterpene (C20) precursors, through two alternative pathways: 49 

the mevalonate pathway and the methylerythritol phosphate pathway (MEP). The MEP pathway, 50 

localized in the plastids, leads to the biosynthesis of hemiterpenes, monoterpenes and diterpenes, 51 

while the cytosol-localized mevalonate pathway leads to sesquiterpene biosynthesis. The last 52 

step of the pathway catalyzes the conversion of each precursor to the primary representatives of 53 

each class by a large family of enzyme known as terpene synthases. Finally, some terpenes are 54 

formed by oxidation, dehydrogenation, acylation, and other reaction types (Dudareva et al., 55 

2004).  56 

Terpenoids thus synthesized, together with alkanes, alkenes, alcohols, esters and acids, belong to 57 

the class of volatile organic compounds (VOCs). In the plant defense systems, secondary 58 

metabolites having antifungal properties are synthetized immediately after pathogen infection 59 

(Brilli et al., 2019). Among these secondary metabolites, VOCs can act against pathogens and 60 

herbivores either by a direct, as defense metabolites, or indirect mechanisms, mediating the 61 



signals between different parts of the same plant, from plant to plant and other organisms (Pierik 62 

et al., 2014). 63 

The effectiveness of VOC-mediated induced resistance has been demonstrated in several plant 64 

pathosystems, such as: tobacco and Ralstonia solanacearum (Dorokhov et al., 2012); 65 

Arabidopsis thaliana and Trichoderma spp. (Estrada-Rivera et al., 2019). Furthermore, 66 

numerous studies reported the ability of leaf VOCs to inhibit spore germination and mycelial 67 

growth of fungal pathogens. For instance, citral, carvacrol, and trans-2-hexenal showed an 68 

inhibitory activity against Monilinia laxa (Neri et al., 2007). 69 

The involvement of VOCs in response to pathogens, such as the oomycete Plasmopara viticola 70 

(Berk. & M.A. Curtis) Berl. & De Toni, has been demonstrated in grapevine, as well. P. viticola 71 

is the causal agent of downy mildew, one of the most destroying diseases affecting the Eurasian 72 

grapevine cultivars (Vitis vinifera). It originated in North America, where autochthonous species, 73 

such as V. labrusca, V. aestivalis, V. riparia, have been developed resistance traits due to the co-74 

evolution with the pathogen. At the end of 19th century, P. viticola reached Europe, leading to 75 

substantial quantitative and qualitative damages due to the high susceptibility of the V. vinifera 76 

species. It has been demonstrated that P. viticola infection is inhibited in leaf tissues by some 77 

VOCs (2-ethylfuran, 2-phenylethanol, β-cyclocitral or trans-2-pentenal) (Lazazzara et al., 2018). 78 

On the other hand, non-vinifera resistant genotypes (Kober 5BB, SO4) showed to emit specific 79 

VOC profiles in response to P. viticola infection (Algarra Alarcon et al., 2015; Lazazzara et al., 80 

2018).  81 

Mgaloblishvili is a V. vinifera cultivar native to Georgia (Caucasus, the first grapevine 82 

domestication center), showing unique resistance traits against P. viticola (Silvia Laura Toffolatti 83 

et al., 2018; Toffolatti et al., 2016). This cultivar shows a limitation of P. viticola growth and 84 

sporulation (up to 80 % in comparison to the susceptible V. vinifera cultivar Pinot noir) and an 85 

overexpression of genes related to the synthesis of antimicrobial enzymes and compounds such 86 

as terpenes (Silvia Laura Toffolatti et al., 2018; Toffolatti et al., 2020). In particular, two genes 87 

showed a remarkable expression pattern: valencene synthase and a cytochrome P450 88 

(CYP72A219 element). Valencene synthase is a terpene synthase, involved in the biosynthesis of 89 

(+)-valencene, a sesquiterpene, and its isomer (-)-7-epi-α-selinene, by using farnesyl diphosphate 90 

as a substrate (Lücker et al., 2004).  91 



In this study the role of VOCs in the resistance mechanism of grapevine to P. viticola has been 92 

investigated. To this purpose, the VOC profile and biosynthetic pathway of two resistant 93 

varieties, Bianca (an interspecific hybrid obtained by crossing American species with V. vinifera) 94 

and Mgaloblishvili (V. vinifera), experimentally inoculated with P. viticola has been 95 

investigated, as well as the inhibitory effect of some VOCs against P. viticola infection.  96 

 97 

2. Material and Methods 98 

2.1 Plant material and experimental inoculation with P. viticola 99 

The study of VOC biosynthesis in response to P. viticola inoculation was carried out on leaves of 100 

Mgaloblishvili (the Georgian V. vinifera cultivar showing unique resistance behavior against P. 101 

viticola (Silvia Laura Toffolatti et al., 2018) and Bianca (a Vitis interspecific hybrid variety), 102 

artificially inoculated with P. viticola. Mgaloblishvili and Bianca plants were four-years old, 103 

maintained in greenhouse (24 °C, 16-h photoperiod) at the Department of Agricultural and 104 

Environmental Sciences (University of Milan, Italy) in 5 L pots filled with sand-peat mixture 105 

(7:3 v/v), regularly drip watered. The plants were regularly treated against powdery mildew with 106 

azole fungicides and did not show any other disease symptoms. 107 

Two strains belonging to the two different P. viticola genetic populations (one from the Western 108 

and the other from the Eastern population) identified in Italy (Maddalena et al., 2020) were 109 

mixed and used for the experimental inoculations. Recent studies (Maddalena et al., 2020) 110 

showed that two genetically different P. viticola populations, separated over an East-West 111 

gradient, are present in Italy: it was chosen to mix two strains belonging to these two populations 112 

to achieve a plant response that is representative of the genetic variability of the Italian 113 

population of P. viticola. P. viticola strains were isolated from single sporangia (obtained from 114 

serial dilutions of a single sporangiophore) of two populations sampled in Northern Italy, namely 115 

Lombardy (S. Maria della Versa, western location) and Friuli (Casarsa della Delizia, eastern 116 

location), and routinely propagated on the underside of detached leaves of grapevine (cv Pinot 117 

noir). The inoculated leaves were placed in Petri dishes (9 cm diameter) containing moistened 118 

filter paper and incubated in growth chamber at 22 °C with a 12/12 photoperiod (Toffolatti et al., 119 

2012). After 7 days of incubation, sporangia were collected with sterile distilled water and 120 

counted in Kova chambers to estimate the number of sporangia contained in one mL of water.  121 



Three plants per variety and one shoot per plant were used in the experimental procedure. Three 122 

leaves per shoot were inoculated with P. viticola and one leaf per shoot was not inoculated 123 

(airbrushed with sterile distilled water). Experimental inoculations were carried out by 124 

airbrushing a suspension of 2.5 x 104 P. viticola sporangia per leaf on the underside of three 125 

leaves located between the second and the fifth leaf starting from the apex of each shoots. 126 

Inoculated shoots were covered with transparent plastic bags to keep a high percentage of 127 

humidity. Three leaf disks (15 mm in diameter) were excised with a cork borer from a single 128 

inoculated leaf per shoot at 1, 2 and 3 days post inoculation (dpi) and incubated, as previously 129 

described, in Petri dishes to assess the disease occurrence through the estimation of the area 130 

covered by sporulation at 7 dpi. The remaining leaf material was stored at -80 °C until VOCs and 131 

gene expression analysis. The percentage of sporulating area (PSA) was estimated by visually 132 

assigning a class from 0 (absence of sporulation) to 7 (75-100% of the leaf disc covered by 133 

sporulation) to each leaf disc and using the following formula  where n = 134 

number of leaf discs in each class, v = numerical value of each class and N = total number of leaf 135 

discs in the sample (Toffolatti et al., 2012). Experimental inoculation was performed on Pinot 136 

noir (a V. vinifera variety susceptible to downy mildew) as well, to evaluate the level of 137 

resistance of the two cultivars, Mgaloblishvili and Bianca.  138 

 139 

2.2 Volatile compound determination 140 

Free VOCs from inoculated and non-inoculated leaf tissues, collected at 0, 1, 2 and 3 dpi, were 141 

assessed by gas chromatography coupled with mass spectrometry using solid-phase 142 

microextraction technique (SPME-GC/MS) following the procedure reported by Griesser et al. 143 

(2015) with some modifications. Inoculated and non-inoculated leaves were homogenized with 144 

liquid nitrogen and 100 mg of tissue were placed in a glass-vial that was immediately 145 

hermetically closed. Leaf samples were added with 5 µl of 1-heptanol (12.5 μg 20 ml-1 in 10 % 146 

ethanol; Sigma-Aldrich, Germany), as internal standard. The fiber was a carboxen-147 

polydimethylsiloxane-divinylbenzene (CAR-PDMS-DVB; 50/30 µm x 1 cm) (Supelco, 148 

Bellefonte, PA, USA). The SPME was carried out with an autosampler (HTA autosampler, 149 

Brescia, Italy) set at the following conditions: incubation for 30 min at 90 °C without agitation; 150 

extraction for 60 min; desorption for 20 min. The GC/MS equipment was a Perkin Elmer 151 

Autosystem XL Gas Chromatograph coupled with a Turbomass Mass Spectrometer (Perkin 152 



Elmer, Italy). The separation was achieved by a Stabilwax-MS column (30 m x 0.250 mm x 0.25 153 

µm) (Restek, Bellefonte, PA, USA) and using helium as carrier gas at 1 mL min-1 flow rate. The 154 

oven temperature was initially set at 40 °C and held for 5 min, ramped at 5 °C min-1 up to 220 °C 155 

and held for 5 min. The transfer line temperature was set at 230°C and the source temperature at 156 

250 °C. The MS detector registered the m/z in the range from 33 up to 350 Da. The ions used for 157 

identification of target metabolites were chosen according to the National Institute of Standards 158 

and Technology (NIST) MS Search 2.0 library. Only ions showing a fixed fitting value (R) of 90 159 

% to the library spectra were recorded with the exception of valencene. The latter compound was 160 

confirmed by the analysis of pure standards (Pub Chem SID 24901709, Sigma-Aldrich, St. 161 

Louis, MO, USA). Semi-quantitative data (referred to μg ml-1 of internal standard) were revealed 162 

considering the ratio between the peak area of each identified compound and the peak area of 163 

internal standard and referred to the internal standard. For the latter, a 5-point calibration curve 164 

was obtained in the range 0-125 μg 20 ml-1 using a leaf sample in order to exclude any possible 165 

matrix effect. Data were expressed as μg 100 mg-1 of leaf.  166 

 167 

2.3 RNA extraction and quantitative real-time RT-PCR (qPCR) 168 

Total RNA was extracted from 100 mg of three leaf samples non-inoculated (0 dpi) and 169 

inoculated with P. viticola (1, 2 and 3 dpi). The samples were ground with liquid nitrogen into a 170 

fine powder using mortar and pestle and RNA was extracted using the Spectrum™ Plant Total 171 

RNA Kit (Sigma-Aldrich) and then digested with Amplification Grade DNase I (Sigma-Aldrich), 172 

according to manufacturer’s instructions. Quantity and quality of RNA was verified by 173 

NanoDrop Spectrophotometer (Thermo Scientific, MA) and agarose gel electrophoresis. For 174 

samples showing a 260/230 ratio lower than 1.8,  a lithium-chloride purification was performed 175 

(Silvia Laura Toffolatti et al., 2018). 176 

Candidate genes belonging to monoterpene and sesquiterpene biosynthetic pathway were 177 

selected according to their expression profile in mature grape leaves, as reported in literature 178 

(Matarese et al., 2013; S. L Toffolatti et al., 2018). Six candidates, respectively VvGwECar2 179 

((E)-β-caryophyllene synthase), VvGwaBer ((E)-α-bergamotene synthase), VvCSaFar ((E, E)-α-180 

farnesene synthase), VvCSbOciM ((E)-β-ocimene synthase), VvTer ((-)-α-terpineol synthase) and 181 

VvVal (valencene synthase), were consequently chosen and their expression investigated through 182 

the technique of quantitative real-time reverse transcriptase (RT)-PCR (qPCR). Primers of the 183 



first five candidate genes were obtained from Matarese et al. (Matarese et al., 2013), while the 184 

ones for the amplification of VvVal gene were designed on the available sequence of 185 

Mgaloblishvili variety, using the Primer3Plus webtool (https://primer3plus.com/cgi-186 

bin/dev/primer3plusPackage.cgi). Ubiquitin (Fujita et al., 2007) and actin (Reid et al., 2006) 187 

genes were used as references for data normalization. Table 1 reports forward and reverse primer 188 

sequences. 189 

Total RNA (500 ng) was reverse transcribed with SuperScript®IV Reverse Transcriptase 190 

(Thermo Fischer) using oligo(dT)20 and following manufacturer’s instructions. Real-time PCR 191 

was carried out on QuantStudio® 3 Real-Time PCR Systems (Thermo Fischer). Each reaction 192 

was carried out in a volume of 20 µL, using 10 µL of PowerUp™ SYBR™ Green Master Mix 193 

(Applied Biosystems), 4 µL of cDNA diluted 1:10, 500 nM of each primer and water up to the 194 

final volume of reaction. Each reaction was performed in triplicate. Thermal cycling conditions 195 

were obtained from Matarese et al. (2013). Each thermal cycle was followed by a melting curve 196 

stage, with temperatures ranging from 60 °C to 95 °C. The specificity of gene amplification per 197 

each sample was evaluated comparing the melting curves. Geometric average of ubiquitin and 198 

actin was used to normalize the Ct (cycle threshold) values of all analysed samples. The 199 

expression of each gene in different varieties and treatments was calculated 2−ΔΔCt method (Livak 200 

and Schmittgen, 2001).  201 

 202 

2.4 Efficacy test of pure terpene solutions against P. viticola under laboratory conditions 203 

The efficacy of pure terpene solutions against P. viticola infection was evaluated on Pinot noir 204 

leaf disks experimentally inoculated with a sporangia suspension. Grapevine leaves (3rd-5th leaf 205 

starting from the shoot apex) were detached from three five-years healthy plants of Pinot noir, 206 

grown in greenhouse, as above mentioned. Leaf disks (25 mm diameter) were excised from each 207 

leaf with a cork borer, soaked in terpene solutions for 2 minutes and, then, placed, with their 208 

abaxial surface upwards, in Petri dishes (9 cm diameter) containing moistened filter paper. Four 209 

concentrations (0.01, 0.1, 1 and 5 g l-1) of farnesene (mixture of isomers; Pub Chem SID: 210 

24901903, Sigma-Aldrich), nerolidol (mixture of cis and trans; Pub Chem SID: 24895721, 211 

Sigma-Aldrich), ocimene (mixture of isomers; Pub Chem SID: 329830629, Sigma-Aldrich) and 212 

valencene (Pub Chem SID: 57652542, Sigma-Aldrich) were tested. Each terpene was diluted to 213 

reach a concentration of 50 g l-1 with 2 % DMSO (Sigma-Aldrich) and serially diluted with 214 



sterile, distilled water to obtain the appropriate concentration for each treatment. A negative 215 

control (distilled water only) and a DMSO control (distilled water with 0.2 % g l-1 of DMSO) 216 

were included in each assay. Three repetitions were prepared per treatment. The experimental 217 

inoculations were carried out airbrushing 0.2 ml per disk of a suspension of P. viticola sporangia 218 

(5x104 sporangia ml-1) on the leaf disk surface, as above mentioned. After inoculation, the plates 219 

were incubated at 22 °C under light with a 12-h photoperiod. The percentage of sporulating area 220 

(PSA) was estimated at 7 dpi, as previously described (Toffolatti et al., 2012). Sporangia 221 

produced on six leaf disks at 0.01 g/L of each terpene were collected in 1 ml water-glycerol (20 222 

%) and counted in a KOVA counting grid (KOVA International Inc., USA) following the 223 

manifacturer’s instruction, to determine the sporangia concentration (sporangia ml-1). 224 

Microscopy observations were performed the same leaf disks by staining with cotton blue dye 225 

(Wick, 2009). Leaf disks were fixed in absolute ethanol and cleared as described by Alexander et 226 

al. (2005) with some modifications: samples were boiled in 85 % (v/v in water) ethanol for 10 227 

minutes, and incubated in pre-warmed lactic acid at 70 °C for 30 minutes. Reagents were 228 

purchased from Sigma-Aldrich. Samples were observed under an EasyLab CX40 (Olympus) 229 

optical microscope equipped with Primo Cam HD5 camera (Tiesselab, Milano, Italy). 230 

 231 

2.5 Data analysis 232 

2.5.1 Statistical analysis to evaluate disease severity 233 

In order to estimate the existence of significant differences in the disease severity among 234 

accessions (Mgaloblishvili, Bianca and Pinot noir), one way ANOVA and post-hoc test 235 

(REGWF) were carried out on transformed PSA values ( ). Statistical analysis 236 

was carried out with SPSS v. 26 (IBM Statistics Italia, Milano). 237 

 238 

2.5.2 Statistical analysis to determine volatile compounds 239 

VOCs profiles were subjected to Levene’s test to assess homogeneity of variance and tested for 240 

statistical significance through a GLS (generalized least squares) model, accounting for 241 

inhomogeneity of variance, with nlme R package (Pinheiro et al., 2020). p-values were obtained 242 

through post-hoc test carried out with multcomp R package (Hothorn et al., 2008). Graphs were 243 

generated using IBM SPSS Statistic v.21 software. Principal component analysis (PCA) and 244 



clustered heatmap were carried out by ggbiplot (https://github.com/vqv/ggbiplot) and gplots 245 

(Warnes et al., 2014) R packages, respectively.  246 

 247 

2.5.3 Statistical analysis to determine gene expression levels of six terpene synthases 248 

Gene expression values were subjected to Levene’s test to assess homogeneity of variance and 249 

tested for statistical significance through a GLS model, using nlme R package. p-values were 250 

obtained through post-hoc test carried out with multcomp R package. Graphs were generated 251 

using IBM SPSS Statistic v.21 software.  252 

 253 

2.5.4 Statistical analysis to determine efficacy test of pure terpene solutions against P. 254 

viticola 255 

Statistical analysis (ANOVA with multiple comparison REGW post-hoc test) was performed on 256 

transformed PSA percentages (  to establish if the treatment with terpenes or 257 

DMSO caused a significant reduction in disease severity compared to untreated control. Kruskal-258 

Wallis and Dunn’s multiple comparison post-hoc tests, with Bonferroni correction was 259 

performed on sporangia concentration to establish if the treatment with terpenes caused a 260 

significant reduction in in sporangia production compared to untreated control. Non-parametric 261 

correlation tests (Kendall’s Tau and Spearman’s Rho) were performed to evaluate the existence 262 

of correlation between I%I and sporangia concentration on the overall data obtained at 0 and 263 

0.01 g l-1 of each terpene. 264 

 265 

 266 

3. Results 267 

3.1 Disease severity evaluation  268 

Leaf disks of Mgaloblishvili and Bianca were inoculated with a suspension of P. viticola 269 

sporangia and the disease severity (PSA) was evaluated at 7 dpi. Pinot noir leaf disks were 270 

inoculated as positive control. No disease symptoms were observed on Bianca, where numerous 271 

necrotic areas were present as a consequence of the hypersensitive response (Figure 1A). A few 272 

areas with sporulation, covering 22 % of the leaf disks on average, were observed on 273 

Mgaloblishvili samples (Figure 1B). While, a uniform presence of sporulation, covering 84 % of 274 

the leaf disks on average, was observed in Pinot noir (Figure 1C). Statistical analysis showed a 275 



significant four-times reduction of PSA in Mgaloblishvili compared to Pinot noir (F=148.9; 276 

df=2,6; P<0.001) (Figure 2). 277 

 278 

3.2 VOCs detection in leaves inoculated with P. viticola 279 

In total, 54 VOCs were identified during SPME-GC/MS analysis of 24 Mgaloblishvili and 280 

Bianca leaf samples collected at 0, 1, 2 and 3 dpi with P. viticola. This dataset was filtered for 281 

those compounds identified in all the three biological replicates. The final dataset accounted for 282 

33 VOCs. Based on the biochemical features, the VOCs were categorized into three main 283 

groups: alcohols (6 compounds), aldehydes (11 compounds), terpenes (10 compounds). A fourth 284 

group of 6 compounds included alkenes and esters. Table 2 reports the amount (μg/100 mg of 285 

leaf sample) of each VOC per cultivar and treatment. Most of the 33 VOCs were detected in both 286 

cultivars and overall the treatments, except for 1-hexanol, 2-ethyl- and phenylethyl alcohol 287 

among alcohols, benzeneacetaldehyde and dodecanal among aldehydes, farnesene and p-menth-288 

1-en-8-ol among terpenes and 1-octadecene, 1-(4-bromobutyl)-2-piperidinone and trans-2-(2-289 

pentenyl)furan among other VOCs. The highest amount of total VOCs was detected at 2 dpi and 290 

3 dpi for Mgaloblishvili and Bianca, respectively. In both cultivars, the amount of some VOCs 291 

increased (such as benzyl alcohol) and some other decreased (such as farnesene) as the time after 292 

inoculation increased (Table 2).  293 

Bianca showed statistically significant values at 1 dpi for the amount of other VOCs and the total 294 

VOCs, at 2 dpi for the amount of aldehydes, terpenes, other VOCs and total VOCs, at 3 dpi for 295 

the amount of aldehydes, terpenes and total VOCs. At 1 dpi, a statistically significant increase 296 

for hexanal, 2-n-octylfuran, trans-2-(2-pentenyl)furan and methylhydrazine was detected. At 2 297 

dpi, Bianca showed a statistically significant increase for 2-hexenal, hexanal and farnesene. 298 

While at 3 dpi, 3-hexen-1-ol, 2-hexenal, hexanal, farnesene, 3-buten-2-one-4-(2,6,6-trimethyl-1-299 

cyclohexen -1-yl), 4-(2,6,6-Trimethylcyclohexa-1,3-dienyl)but-3-en-2-one, 2-n-octylfuran and 300 

methylhydrazine showed a statistically significant increase (Table 2). 301 

In comparison to the 0 dpi samples, Mgaloblishvili showed statistically significant abundances at 302 

1 dpi for the amount of other VOCs and at 2 dpi for the amount of terpenes, other VOCs and 303 

total VOCs. At 1 dpi, Mgaloblishvili showed a statistically significant increase for 2-304 

undecanone, 6,10-dimethyl, 1-(4-bromobutyl)-2-piperidinone and methylhydrazine. At 2 dpi, 305 

statistically significant increase was detected for 4-(2,6,6-trimethylcyclohexa-1,3-dienyl)but-3-306 



en-2-one, 1-(4-bromobutyl)-2-piperidinone and methylhydrazine. Farnesene was detected at 2 307 

(the highest amount) and 3 dpi. None of the VOC amount significantly increased at 3 dpi (Table 308 

2).  309 

PCA was performed to detect significantly influenced VOC categories after P. viticola 310 

inoculation. The first two principal component (PC) explained about the 85 % of total variance 311 

(Figure 3). Bianca and Mgaloblishvili samples differentiated mainly along the PC2. Bianca 312 

samples collected at 0 dpi were differentiated from 1 dpi samples and 2 and 3 dpi samples. 1 dpi 313 

Bianca samples appeared differentiated based on other VOCs variable, while 2 and 3 dpi samples 314 

for alcohol and aldehyde variables. Mgaloblishvili samples appeared more homogeneous, with 315 

slightly differentiation of 1 and 2 dpi samples from 0 and 3 dpi ones. Mgaloblishvili samples 316 

were differentiated based on other VOCs (mainly) and terpene (less) variables.  317 

Figure 4 represents the accumulation pattern of volatile compounds during P. viticola infection 318 

clustered by hierarchical cluster analysis. Tree well distinct clusters (Cluster 1, Cluster 2 and 319 

Cluster 3) have been highlighted. Cluster 1 grouped Bianca samples collected at 2 and 3 dpi, 320 

Cluster 2 grouped Bianca samples collected at 0 dpi and Mgaloblishvili samples collected at 3 321 

dpi, while Cluster 3 grouped 1 dpi Bianca samples and 1 and 2 dpi Mgaloblishvili samples. 322 

Cluster 1 showed a positive correlation with the amount of alcohols, aldehydes and terpenes and 323 

a negative correlation with the amount of other VOCs. Cluster 2 showed mainly a negative 324 

correlation with all the four VOC categories. Cluster 3 showed a positive correlation with the 325 

amount of other VOCs and a negative correlation with the amount of alcohols and aldehyde.  326 

 327 

3.3 Relative expression of terpene synthases in leaves inoculated with P. viticola 328 

The expression pattern of six genes involved in the biosynthesis of monoterpenes and 329 

sesquiterpenes (VvGwaBer, VvGwECar2, VvCSaFar, VvCSbOciM, VvTer and VvVal) were 330 

investigated in leaf samples of Bianca and Mgaloblishvili collected at 0, 1, 2 and 3 days after 331 

inoculation with P. viticola. Supplementary Figure 1 reports the gene melt curve plots. Both 332 

varieties showed a similar pattern of expression, characterized by an increase in the expression 333 

level in response to the pathogen inoculation (Figure 5). For every gene and variety, apart from 334 

VvTer in Mgaloblishvili, the highest expression level was obtained at 1 dpi, followed by a drop at 335 

2 dpi and another minor increase at 3 dpi. Overall, Mgaloblishvili appeared to show a greater 336 

increment in the gene expression of candidate genes compared to Bianca, with double or triple 337 



values. Compared to the other genes, VvVal in Mgaloblishvili exhibited a remarkably high 338 

increase in its expression level at 1 dpi, with a value equal to 120 times the non-inoculated 339 

sample value (0 dpi). A similar difference in the gene expression is shared, at the same time 340 

point and in the same variety, by VvGwaBer (80 times the 0 dpi sample value). The only 341 

exception to this behaviour is VvGwECar2, in which the Mgaloblishivili gene expression 342 

resulted lower than Bianca and it showed a decrease throughout the time points.  343 

 344 

3.4 Efficacy of pure terpene solutions in containing P. viticola infections 345 

Based on the VOC profiles and gene expression data, the efficacy of pure solutions of farnesene, 346 

nerolidol, ocimene and valencene in reducing P. viticola infection on Pinot noir leaves were 347 

evaluated (Supplementary Figure 2). The average I%I of the untreated control was 62 % (Table 348 

3). No significant differences were found between the I%I recorded on the untreated and DMSO 349 

controls (F=1.6; df=1-4; P=0.28). Significant reduction in P. viticola sporulation (I%I) was 350 

observed following treatment with each terpene starting from 0.01 g l-1 (F>4.9; df=4-10; 351 

P<0.018). Indeed, the I%I showed a significant 3-, 4-folds reduction until 17-26 % between 0.01 352 

and 1g l-1 and a further significant decrease to 0 % at 5 g l-1 of nerolidol and ocimene (Table 3). 353 

No further reductions in I%I values occurred between 0.01 and 5 g l-1 of farnesene and valencene 354 

(Table 3). It must be pointed out that some signs of phytotoxicity, visible as brown spots, were 355 

visible at 5 g l-1 of ocimene (Supplementary Figure 2). All terpenes at 0.01 g/l caused a 356 

significant reduction in sporangia concentration compared to the control (KW=11.33, df=4, 357 

P=0.023) (Table 4). A significant, positive correlation was found between PSA and sporangia 358 

concentration with both Kendall’s Tau (τ=0.516; N=15; P=0.01) and Spearman’s Rho (ρ=0.61; 359 

N=15; P=0.016) tests. The observation of pathogen structures at the microscope showed a 360 

regular development of the vegetative structures of the pathogen (hyphae and haustoria) in 361 

untreated samples (Figure 6a-b). The vegetative structures of the pathogen in terpene-treated 362 

samples did not morphologically differed from those of the untreated samples. Alterations in 363 

reproductive structures were, on the contrary, visible in all terpene treated samples (Figure 6e) 364 

compared to the untreated control (Figure 6c-d). In Figure 6e is reported the sporangiophore 365 

morphology observed in the leaf tissues treated with of 0.01 g/L of nerolidol, as an example. In 366 

the untreated sample, the sporangiophore showed a tree-like morphology, constituted by a single 367 

moopodial branch (septate) showing an apical ramification in branches and branchlets at the top 368 



of which sterigma were differentiated (Figure 6c). Sporangia were formed at the end of each 369 

sterigma (Figure 6d). In terpene treated samples, short and ramified sporangia with no apical 370 

branching, nor sporangia production, were seen (Figure 6e).  371 

 372 

4. Discussion 373 

 374 

4.1 The VOCs biosynthesis in response to P. viticola is cultivar-specific 375 

VOCs play a crucial role in the plant-pathogen interaction mechanism (Brilli et al., 2019). In 376 

grapevine, their biosynthesis was associated to resistance against P. viticola infection (Algarra 377 

Alarcon et al., 2015; Lazazzara et al., 2018). Their role in grapevine defense mechanism against 378 

downy mildew was confirmed by the detection of high amount of VOCs in resistant genotypes, 379 

harboring the American species background, in comparison to the susceptible ones following the 380 

pathogen infection (Lazazzara et al., 2018). Transcriptomic data on the V. vinifera cultivar 381 

Mgaloblishvili leaves inoculated with P. viticola revealed the overexpression of genes involved 382 

in the biosynthesis of terpenoids, such as several cytochrome P450s and valencene synthase (S. L 383 

Toffolatti et al., 2018; Toffolatti et al., 2020).  384 

In response to the pathogen infection, the two cultivars analyzed in this work showed a different 385 

behavior (Figure 3 and 4). In both cultivars, the increased accumulation of VOCs was found in 386 

the inoculated samples, but with a different timing: Mgaloblishvili showed the highest amount at 387 

2 dpi and Bianca at 3 dpi (Table 2). The detection of a highest amount of VOCs in response to P. 388 

viticola inoculation suggested that their biosynthesis can be related to the plant-pathogen 389 

interaction mechanism as proposed for other resistance cultivars (Lazazzara et al., 2018). Indeed, 390 

the plant response in Mgaloblishvili occurs at 1 dpi, as demonstrated by the high transcriptomic 391 

changes, but the damages to P. viticola structures are visible starting from 3 dpi (Silvia Laura 392 

Toffolatti et al., 2018). At 1 and 2 dpi, regular hyphae and haustoria were observed in 393 

Mgaloblishvili. The results obtained in this study showed that genes encoding for VOCs are 394 

overexpressed at 1 dpi, as highlighted by the transcriptomic data, while the antifungal molecules, 395 

that lead to the alterations of the vegetative structures observed at 3 dpi (Silvia Laura Toffolatti 396 

et al., 2018), are synthesized at 2 dpi. On the contrary, Bianca transcriptome showed greater 397 

changes in its transcriptome between 1 (when hypersensitive response, HR, is observed) and at 3 398 



dpi (Silvia Laura Toffolatti et al., 2018), but the VOCs accumulation at 3 dpi could indicate that 399 

they constitute a late response of plant to pathogen inoculation. 400 

In Mgaloblishvili, the VOC class mostly affected by the inoculation at 2 dpi was the class of 401 

terpenes (Table 2, Figure 3 and 4). Terpenes are recruited to a number of ecological roles in 402 

plants. Many of these substances have antimicrobial and anti-herbivore properties, suggesting 403 

their role in defending the most important parts of the plant (Li et al., 2020). The increase of 404 

terpenes was mainly due to the detection of farnesene, that was not detected in the not inoculated 405 

samples (0 dpi) and the 1 dpi samples (Table 2). Farnesene is a sesquiterpenes, being one of the 406 

principal compounds of some essential oils, extracted from seeds, fruits, flowers, leaves or roots, 407 

showing a good antimicrobial activity: for example, Vitex agnus‐castus essential oil is active 408 

against Streptococcus mutans (Gonçalves et al., 2017). Among the other VOCs showing a 409 

statistically significant increase after the P. viticola inoculation, 1-(4-bromobutyl)-2-piperidinone 410 

and 4-(2,6,6-trimethylcyclohexa-1,3-dienyl)but-3-en-2-one (β-ionone) are noteworthy for their 411 

proved antimicrobial activities. Indeed, the synthesis of 1-(4-bromobutyl)-2-piperidinone in 412 

Trichoderma asperellum has been correlated to the biocontrol of Fusarium oxysporum (Wu et 413 

al., 2017). While, the antimicrobial activity of β-ionone has been ascertained against some 414 

organisms, such as Microcystis aeruginosa (Shao et al., 2011).  415 

Alcohols and aldehydes, on the contrary, were the two classes mostly discriminating the Bianca 416 

response to P. viticola infection (Table 2, Figure 3 and 4). Alcohols and aldehydes arise from 417 

fatty acid metabolism and are commonly referred to as “green leaf volatiles”, synthesized in 418 

plant green organs in response to wounding (Dudareva et al., 2006, 2004). Among them, 3-419 

hexen-1-ol and hexenal are two compounds known to be involved in the plant-pathogen 420 

interactions. The first has a key role in insect repelling and deterring (Wei and Kang, 2011), 421 

while, the latter is a molecule with remarkable antimicrobial properties against Aspergillus flavus 422 

(Gardini et al., 2001). 423 

 424 

4.2 The expression of terpene synthases correlates with the pathogen colonization 425 

The biosynthesis of VOCs occurs in every grapevine organ, though each organ shows a different 426 

VOC profile, and basically terpene synthase (TPSs) genes are expressed in all organs, while only 427 

some showed an organ-specific expression pattern (Matarese et al., 2013). VvGwaBer, 428 

VvGwECar2, VvCSaFar, VvCSbOciM, VvTer and VvVal genes were selected because they 429 



showed a gene expression in grapevine leaves at juvenile and mature stage (Matarese et al., 430 

2013; S. L Toffolatti et al., 2018). Our real-time RT-PCR data revealed that all the analysed 431 

TPSs had detectable transcripts in both not inoculated and inoculated samples (Figure 5), 432 

confirming their involvement in response to P. viticola infection, by producing metabolites that 433 

act as antifungal compounds (Dudareva et al., 2006, 2004). In both cultivars, the TPSs showed a 434 

peak of expression at 1 dpi, except for VvTer. This peak of expression, already described in 435 

previous transcriptomic studies, can be correlated to the timing of infection. At 1 dpi, P. viticola 436 

produces the first haustorium and activates the plant response (Perazzolli et al., 2012; Polesani et 437 

al., 2010; S. L Toffolatti et al., 2018; Toffolatti et al., 2020, 2012).  438 

The gene expression patterns were consistent with the highest quantity of VOCs being detected 439 

at 2 and 3 dpi (Table 2). Unfortunately, it was not able to correlate analysed TPSs gene 440 

expression with metabolites extracted from leaves, apart from farnesene, the main product of 441 

VvCSaFar, and nerolidol (3,7,11-trimethyl-1,6,10-dodecatrien-3-ol), one of the VvGwaBer 442 

products. The inability to detect the products of some TPSs is not unusual (Falara et al., 2011; 443 

Matarese et al., 2013), and it can be due to the extremely sensitive methods required to detect the 444 

compounds present at very low concentration, or a low level of compounds, or further 445 

conversion to other metabolites. 446 

The genes showing the highest expression level were VvGwaBer and VvVal (Figure 5). 447 

VvGwaBer was identified as the functional gene responsible for the biosynthesis of 𝛼-448 

bergamotene as a major product, and nerolidol as minor product (Martin et al., 2010). The 449 

antimicrobial activity of this compound was widely demonstrated (Chan et al., 2016). In 450 

grapevine, nerolidol was synthetized following inoculation with Phaeoacremonium parasiticum, 451 

as well as the increase of VvPNLinNer1 transcripts, gene responsible of (E)-nerolidol 452 

biosynthesis (Escoriaza et al., 2019). A biosynthesis of nerolidol was also found in grape leaves 453 

(Vitis labrusca) attacked by Popillia japonica (Loughrin et al., 1997). Nerolidol was detected in 454 

our experimental conditions, in both not inoculated and inoculated samples, although the 455 

concentrations detected did not statistically change after inoculation (Table 2).  456 

VvVal catalyzes the conversion of farnesyl diphosphate to valencene, a sesquiterpene with 457 

antimicrobial activity (Manter et al., 2006). In V. vinifera, this gene was only expressed in flower 458 

buds and no transcripts were detected in the vegetative tissues of young leaves (Lücker et al., 459 

2004; Matarese et al., 2013). Our results demonstrated that some VvVal transcripts were detected 460 



in Mgaloblishvili and Bianca leaves not inoculated and they increased after the inoculation with 461 

P. viticola (Figure 5). Nevertheless, neither valencene nor its isomer (-)-7-epi-α-selinene were 462 

detected in inoculated samples.  463 

 464 

4.3 New natural bioactive molecules against P. viticola infection 465 

The identification of natural bioactive molecules is a key point in developing a sustainable crop 466 

production. Due to their antimicrobial activity, natural VOCs can be a valid eco-friendly strategy 467 

to implement green agricultural practices and limiting the use of synthetic molecules, 468 

representing to date the most common disease management strategy (Brilli et al., 2019). Indeed, 469 

the efficacy of Oregano essential oil and other molecules, such as 2-ethylfuran, 2-phenylethanol, 470 

β-cyclocitral, trans-2-pentenal, in reducing the development of grapevine downy mildew 471 

symptoms has been already demonstrated (Lazazzara et al., 2018; Rienth et al., 2019). In this 472 

work, the efficacy of four terpenes (farnesene, nerolidol, ocimene and valencene) that are 473 

specifically synthesized by Mgaloblishvili upon pathogen inoculation, in counteracting P. 474 

viticola was proved in ad hoc experimental inoculations where the disease severity and pathogen 475 

sporulation were significantly hampered compared to the untreated control, confirming their role 476 

as bioactive compounds in the resistance mechanism. The positive significant correlation 477 

between disease severity and sporangia concentration indicates that an increase in disease 478 

severity is directly related with an higher sporulation by the pathogen. Aniline blue staining 479 

allowed to observe that terpene mainly act on the pathogen reproductive structures, that appeared 480 

short and sterile. Analogous alterations were observed during the interaction of P. viticola with 481 

resistant grapevine varieties such as Mgaloblishvili (Toffolatti et al., 2018) and in case of abiotic 482 

stress caused by light irradiation (Rumbolz et al., 2002). Overall, these results indicate that 483 

terpenes mainly have an antisporulant activity that could be related to their volatile nature. 484 

However, the direct involvement of these terpenes in the resistance mechanism has to be further 485 

established through more deep investigations, e.g. by coupling microscopic observations, 486 

sporangia production and P. viticola quantification at different time points, to assess if these 487 

terpenes possess a fungistatic effect, as well as their effectiveness to enhance plant defenses in 488 

the field. Furthermore, the possibility of using mixtures of VOCs other protocols for the terpene 489 

application could be evaluated. It was demonstrated that VOCs work in blend rather than alone 490 

in inhibiting the pathogen infection, by acting in an additive or synergistic way with different 491 



plant secondary metabolites, such as phenolics and terpenoids, in resistance establishment 492 

(Henriquez et al., 2012). Thus, the discovery of new antimicrobial molecules and the availability 493 

of a wide range of bioactive molecules are crucial to set up new blends able to effectively contain 494 

the disease in the field in an eco-friendly and sustainable way.  495 

 496 

5. Conclusions 497 

In this study, the investigation of the resistance mechanism of two grapevine cultivars 498 

characterized by different genetic background (American and Eurasian) demonstrated that VOCs 499 

biosynthesis increased in leaves following the infection with P. viticola, although we cannot 500 

exclude that a fraction of detected VOCs was emitted by the pathogen. Moreover, the results 501 

obtained on the antifungal activity of four selected VOCs confirmed that farnesene, ocimene, 502 

nerolidol and valencene are indeed able to reduce disease severity in in vitro conditions. Further 503 

investigation is needed to establish the mode of action of these molecules and their toxicity 504 

profile. The identification of compounds biologically active against P. viticola, such as those 505 

reported here, opens new perspectives for a sustainable viticulture. Cultural practices, in fact, are 506 

scarcely effective in reducing downy mildew incidence, whereas fungicide treatments more 507 

efficiently protect grapevine against the disease. In the next few years, the use of some synthetic 508 

substances active against P. viticola will be banned or strictly regulated in Europe due to the 509 

application of the regulation concerning the placement on the market and the use of pesticides 510 

(Regulation (EC) No 1107/2009; Directive 2009/128/EC). To assure an acceptable protection against 511 

the pathogen, the discovery of new bioactive molecules is, therefore, strictly needed. In this 512 

view, the exploitation of molecules that are naturally produced by the plant in response to the 513 

pathogen, could be one of the possible to accomplish with this need.  514 

 515 

6. Acknowledgments 516 

The research was supported by University of Milan, DiSAA, Research Support Plan 2018, Linea 517 

2 A, project “Dal phenotyping al genome editing: strategie per limitare i danni da peronospora e 518 

legno nero in vite (ResVite)”. The authors wish to thank Stefania Prati and Andrea Giupponi for 519 

the plant management in greenhouse and Dr. Davide Sordi of Vivai Cooperativi Rauscedo for 520 

providing plants. The manuscript is dedicated to the memory of Annamaria Vercesi. 521 

 522 



7. References  523 

Algarra Alarcon, A., Lazazzara, V., Cappellin, L., Bianchedi, P.L., Schuhmacher, R., Wohlfahrt, 524 

G., Pertot, I., Biasioli, F., Perazzolli, M., 2015. Emission of volatile sesquiterpenes and 525 

monoterpenes in grapevine genotypes following Plasmopara viticola inoculation in vitro. J. 526 

Mass Spectrom. 50, 1013–1022. 527 

Brilli, F., Loreto, F., Baccelli, I., 2019. Exploiting Plant Volatile Organic Compounds (VOCs) in 528 

Agriculture to Improve Sustainable Defense Strategies and Productivity of Crops. Front. 529 

Plant Sci. 10. https://doi.org/10.3389/fpls.2019.00264 530 

Chan, W.-K., Tan, L., Chan, K.-G., Lee, L.-H., Goh, B.-H., 2016. Nerolidol: A Sesquiterpene 531 

Alcohol with Multi-Faceted Pharmacological and Biological Activities. Molecules 21, 529. 532 

https://doi.org/10.3390/molecules21050529 533 

Dorokhov, Y.L., Komarova, T. V, Petrunia, I. V, Frolova, O.Y., Pozdyshev, D. V, Gleba, Y.Y., 534 

2012. Airborne Signals from a Wounded Leaf Facilitate Viral Spreading and Induce 535 

Antibacterial Resistance in Neighboring Plants. PLOS Pathog. 8, e1002640. 536 

Dudareva, N., Negre, F., Nagegowda, D.A., Orlova, I., 2006. Plant Volatiles: Recent Advances 537 

and Future Perspectives. CRC. Crit. Rev. Plant Sci. 25, 417–440. 538 

Dudareva, N., Pichersky, E., Gershenzon, J., 2004. Biochemistry of Plant Volatiles. Plant 539 

Physiol. 135, 1893 LP – 1902. 540 

Escoriaza, G., García Lampasona, S., Gomez Talquenca, S., Piccoli, P., 2019. In vitro plants of 541 

Vitis vinifera respond to infection with the fungus Phaeoacremonium parasiticum by 542 

synthesizing the phytoalexin nerolidol. Plant Cell, Tissue Organ Cult. 138, 459–466. 543 

https://doi.org/10.1007/s11240-019-01641-3 544 

Estrada-Rivera, M., Rebolledo-Prudencio, O.G., Pérez-Robles, D.A., Rocha-Medina, M. del C., 545 

González-López, M. del C., Casas-Flores, S., 2019. Trichoderma Histone Deacetylase 546 

HDA-2 Modulates Multiple Responses in Arabidopsis. Plant Physiol. 179, 1343–1361. 547 

https://doi.org/10.1104/pp.18.01092 548 

Falara, V., Akhtar, T.A., Nguyen, T.T.H., Spyropoulou, E.A., Bleeker, P.M., Schauvinhold, I., 549 

Matsuba, Y., Bonini, M.E., Schilmiller, A.L., Last, R.L., Schuurink, R.C., Pichersky, E., 550 

2011. The Tomato Terpene Synthase Gene Family. Plant Physiol. 157, 770 LP – 789. 551 

Fujita, A., Soma, N., Goto-yamamoto, N., Mizuno, A., Kiso, K., Hashizume, K., 2007. Effect of 552 

Shading on Proanthocyanidin Biosynthesis in the Grape Berry. J. Japanese Soc. Hortic. Sci. 553 



76, 112–119. 554 

Gardini, F., Lanciotti, R., Guerzoni, M.E., 2001. Effect of trans-2-hexenal on the growth of 555 

Aspergillus flavus in relation to its  concentration, temperature and water activity. Lett. 556 

Appl. Microbiol. 33, 50–55. https://doi.org/10.1046/j.1472-765x.2001.00956.x 557 

Gonçalves, R., Ayres, V.F.S., Carvalho, C.E., Souza, M.G.M., Guimarães, A.C., Corrêa, G.M., 558 

Martins, C.H.G., Takeara, R., Silva, E.O., Crotti, A.E.M., 2017. Chemical Composition and 559 

Antibacterial Activity of the Essential Oil of Vitex  agnus-castus L. (Lamiaceae). An. Acad. 560 

Bras. Cienc. 89, 2825–2832. https://doi.org/10.1590/0001-3765201720170428 561 

Griesser, M., Weingart, G., Schoedl-Hummel, K., Neumann, N., Becker, M., Varmuza, K., 562 

Liebner, F., Schuhmacher, R., Forneck, A., 2015. Severe drought stress is affecting selected 563 

primary metabolites, polyphenols, and volatile metabolites in grapevine leaves (Vitis 564 

vinifera cv. Pinot noir). Plant Physiol. Biochem. 88, 17–26. 565 

https://doi.org/https://doi.org/10.1016/j.plaphy.2015.01.004 566 

Henriquez, M.A., Adam, L.R., Daayf, F., 2012. Alteration of secondary metabolites’ profiles in 567 

potato leaves in response to weakly and highly aggressive isolates of Phytophthora 568 

infestans. Plant Physiol. Biochem. 57, 8–14. 569 

Hothorn, T., Bretz, F., Westfall, P., Heiberge, R.M., 2008. multcomp: Simultaneous Inference in 570 

General Parametric Models. 571 

Lazazzara, V., Bueschl, C., Parich, A., Pertot, I., Schuhmacher, R., Perazzolli, M., 2018. Downy 572 

mildew symptoms on grapevines can be reduced by volatile organic compounds of resistant 573 

genotypes. Sci. Rep. 8, 1618. 574 

Li, Z., Howell, K., Fang, Z., Zhang, P., 2020. Sesquiterpenes in grapes and wines: Occurrence, 575 

biosynthesis, functionality, and influence of winemaking processes. Compr. Rev. Food Sci. 576 

Food Saf. 19, 247–281. https://doi.org/10.1111/1541-4337.12516 577 

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-time 578 

quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. 579 

Loughrin, J.H., Potter, D.A., Hamilton-Kemp, T.R., Byers, M.E., 1997. Diurnal emission of 580 

volatile compounds by Japanese beetle-damaged grape leaves. Phytochemistry 45, 919–923. 581 

https://doi.org/10.1016/S0031-9422(97)00076-9 582 

Lücker, J., Bowen, P., Bohlmann, J., 2004. Vitis vinifera terpenoid cyclases: functional 583 

identification of two sesquiterpene synthase cDNAs encoding (+)-valencene synthase and (-584 



)-germacrene D synthase and expression of mono- and sesquiterpene synthases in grapevine 585 

flowers and berries. Phytochemistry 65, 2649–2659. 586 

Maddalena, G., Delmotte, F., Bianco, P.A., De Lorenzis, G., Toffolatti, S.L., 2020. Genetic 587 

structure of Italian population of the grapevine downy mildew agent, Plasmopara viticola. 588 

Ann. Appl. Biol. 176, 257–267. https://doi.org/10.1111/aab.12567 589 

Manter, D.K., Karchesy, J.J., Kelsey, R.G., 2006. The sporicidal activity of yellow-cedar 590 

heartwood, essential oil and wood constituents towards Phytophthora ramorum in culture. 591 

For. Pathol. 36, 297–308. https://doi.org/10.1111/j.1439-0329.2006.00461.x 592 

Martin, D.M., Aubourg, S., Schouwey, M.B., Daviet, L., Schalk, M., Toub, O., Lund, S.T., 593 

Bohlmann, J., 2010. Functional annotation, genome organization and phylogeny of the 594 

grapevine (Vitis  vinifera) terpene synthase gene family based on genome assembly, 595 

FLcDNA cloning, and enzyme assays. BMC Plant Biol. 10, 226. 596 

https://doi.org/10.1186/1471-2229-10-226 597 

Matarese, F., Scalabrelli, G., D Onofrio, C., 2013. Analysis of the expression of terpene synthase 598 

genes in relation to aroma content in  two aromatic Vitis vinifera varieties. Funct. Plant 599 

Biol. 40, 552–565. https://doi.org/10.1071/FP12326 600 

Neri, F., Mari, M., Brigati, S., Bertolini, P., 2007. Fungicidal Activity of Plant Volatile 601 

Compounds for Controlling Monilinia laxa in Stone Fruit. Plant Dis. 91, 30–35. 602 

https://doi.org/10.1094/PD-91-0030 603 

Perazzolli, M., Moretto, M., Fontana, P., Ferrarini, A., Velasco, R., Moser, C., Delledonne, M., 604 

Pertot, I., 2012. Downy mildew resistance induced by Trichoderma harzianum T39 in 605 

susceptible grapevines partially mimics transcriptional changes of resistant genotypes. BMC 606 

Genomics 13, 660. https://doi.org/10.1186/1471-2164-13-660 607 

Pierik, R., Ballaré, C.L., Dicke, M., 2014. Ecology of plant volatiles : taking a plant community 608 

perspective 1845–1853. https://doi.org/10.1111/pce.12330 609 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., R Core Team, 2020. Linear and Nonlinear Mixed 610 

Effects Models. R Packag. version 3.1-148. 611 

Polesani, M., Bortesi, L., Ferrarini, A., Zamboni, A., Fasoli, M., Zadra, C., Lovato, A., Pezzotti, 612 

M., Delledonne, M., Polverari, A., 2010. General and species-specific transcriptional 613 

responses to downy mildew infection in  a susceptible (Vitis vinifera) and a resistant (V. 614 

riparia) grapevine species. BMC Genomics 11, 117. https://doi.org/10.1186/1471-2164-11-615 



117 616 

Reid, K.E., Olsson, N., Schlosser, J., Peng, F., Lund, S.T., 2006. An optimized grapevine RNA 617 

isolation procedure and statistical determination of reference genes for real-time RT-PCR 618 

during berry development. BMC Plant Biol. 6, 27. https://doi.org/10.1186/1471-2229-6-27 619 

Rienth, M., Crovadore, J., Ghaffari, S., Lefort, F., 2019. Oregano essential oil vapour prevents 620 

Plasmopara viticola infection in grapevine (Vitis Vinifera) and primes plant immunity 621 

mechanisms. PLoS One 14, e0222854. https://doi.org/10.1371/journal.pone.0222854 622 

Rumbolz, J., Wirtz, S., Kassemeyer, H.-H., Guggenheim, R., Schäfer, E., Büche, C., 2002. 623 

Sporulation of Plasmopara viticola: Differentiation and Light Regulation. Plant Biol. 4, 624 

413–422. 625 

Shao, J., Xu, Y., Wang, Z., Jiang, Y., Yu, G., Peng, X., Li, R., 2011. Elucidating the toxicity 626 

targets of β-ionone on photosynthetic system of Microcystis aeruginosa NIES-843 627 

(Cyanobacteria). Aquat. Toxicol. 104, 48–55. https://doi.org/10.1016/j.aquatox.2011.03.014 628 

Toffolatti, S.L., De Lorenzis, G., Brilli, M., Moser, M., Shariati, V., Tavakol, E., Maddalena, G., 629 

Passera, A., Casati, P., Pindo, M., Cestaro, A., Maghradze, D., Failla, O., Bianco, P.A., 630 

Quaglino, F., 2020. Novel Aspects on The Interaction Between Grapevine and Plasmopara 631 

viticola: Dual-RNA-Seq Analysis Highlights Gene Expression Dynamics in The Pathogen 632 

and The Plant During The Battle For Infection. Genes (Basel). 11, 261. 633 

https://doi.org/10.3390/genes11030261 634 

Toffolatti, Silvia Laura, De Lorenzis, G., Costa, A., Maddalena, G., Passera, A., Bonza, M.C., 635 

Pindo, M., Stefani, E., Cestaro, A., Casati, P., Failla, O., Bianco, P.A., Maghradze, D., 636 

Quaglino, F., 2018. Unique resistance traits against downy mildew from the center of origin 637 

of grapevine (Vitis vinifera). Sci. Rep. 8, 12523. https://doi.org/10.1038/s41598-018-30413-638 

w 639 

Toffolatti, S.L., Maddalena, G., Salomoni, D., Maghradze, D., Bianco, P.A., Failla, O., 2016. 640 

Evidence of resistance to the downy mildew agent Plasmopara viticola in the Georgian Vitis 641 

vinifera germplasm. Vitis - J. Grapevine Res. 55, 121–128. 642 

https://doi.org/10.5073/vitis.2016.55.121-128 643 

Toffolatti, S. L, Russo, G., Campia, P., Bianco, P.A., Borsa, P., Coatti, M., Torriani, S.F., 644 

Sierotzki, H., 2018. A time-course investigation of resistance to the carboxylic acid amide 645 

mandipropamid in field populations of Plasmopara viticola treated with anti-resistance 646 



strategies. Pest Manag. Sci. 74, 2822–2834. https://doi.org/10.1002/ps.5072 647 

Toffolatti, S.L., Venturini, G., Maffi, D., Vercesi, A., 2012. Phenotypic and histochemical traits 648 

of the interaction between Plasmopara viticolaand resistant or susceptible grapevine 649 

varieties. BMC Plant Biol. 12, 124. https://doi.org/10.1186/1471-2229-12-124 650 

Warnes, G.R., Bolker, B., Bonebakker, L., Gentleman, R., Liaw, W.H.A., Lumley, T., Maechler, 651 

M., Magnusson, A., Moeller, S., Schwartz, M., Venables, B., 2014. gplots: Various R 652 

programming tools for plotting data. 653 

Wei, J., Kang, L., 2011. Roles of (Z)-3-hexenol in plant-insect interactions. Plant Signal. Behav. 654 

6, 369–371. https://doi.org/10.4161/psb.6.3.14452 655 

Wu, Q., Sun, R., Ni, M., Yu, J., Li, Y., Yu, C., Dou, K., Ren, J., Chen, J., 2017. Identification of 656 

a novel fungus, Trichoderma asperellum GDFS1009, and comprehensive  evaluation of its 657 

biocontrol efficacy. PLoS One 12, e0179957. https://doi.org/10.1371/journal.pone.0179957 658 

659 



List of tables 

Table 1. Forward and reverse primers sequences of two reference (actin and ubiquitin) genes and six terpene synthases (E)-β-

caryophyllene synthase, (E)-α-bergamotene synthase, (E,E)-α-farnesene synthase, (E)-β-ocimene synthase, (-)-α-terpineol synthase 

and valencene synthase) genes involved in the biosynthesis of terpenes in grapevine leaves. 

Gene Sequence 5'-3' Reference 

Actin F: CTTGCATCCCTCAGCACCTT Reid et al. (2006) 

 
R: R: TCCTGTGGACAATGGATGGA Reid et al. (2006) 

Ubiquitin F:  TCTGAGGCTTCGTGGTGGTA Fujita et al. (2007) 

 
R: AGGCGTGCATAACATTTGCG Fujita et al. (2007) 

(E)-β-caryophyllene synthase F: TGCCTCAGCTGTTGAATGCT Matarese et al. (2013) 

 
R: TGAGGACGGTCATCGGAACA Matarese et al. (2013) 

(E)-α-bergamotene synthase F: CCTAGCATTTGGGGCAATAC Matarese et al. (2013) 

 
R: CCGTTGAACTGCATCGATAA Matarese et al. (2013) 

(E,E)-α-farnesene synthase F: GGGTGCACGTTGCTTCTAGT Matarese et al. (2013) 

 
R: TGGCATCAGCACTGGTGTAG Matarese et al. (2013) 

(E)-β-ocimene synthase F: GGAACATCACTGGATGAGTTGA Matarese et al. (2013) 

 
R: ATCTCCATGCTGATACATGCAC Matarese et al. (2013) 

(-)-α-terpineol synthase F: AGAGTCTCCATTCCCTGAAACA Matarese et al. (2013) 

 
R: GGGCTCAACGAGTAATGACAA Matarese et al. (2013) 

Valencene synthase F: AGTTGTGGATGCATGGAAGG The present work 

 
R: TTTGGTCATGCGATAGGGTG The present work 

 



 

Table 2. VOCs accumulation (μg 100 mg-1 leaf sample) in Bianca and Mgaloblishvili leaves at 0, 1, 2, and 3 days post inoculation 

(dpi). Statistical analysis was performed on subtotal and total amounts per each cultivar. Values followed by ‘*’ significantly differ 

from the values recorded at 0 dpi, according to gls method (*** P=0.000; ** P=0.001; * P=0.01). n.d. = not detected.  

VOC 

ID 
VOC 

Bianca 
Mgaloblishvili 

0 dpi 1 dpi 2 dpi 3 dpi 0 dpi 1 dpi 2 dpi 3 dpi 

 Alcohols         

  
  

VOC1 1-Hexanol, 2-ethyl- 16.19±3.10 6.63±1.46 * 12.59±4.18 8.24±2.11 * n.d. n.d. n.d. n.d. 

VOC2 1-Nonol 5.33±1.51 3.30±1.73 3.51±1.69 2.95±1.62 8.35±2.28 4.69±0.36 * 6.67±3.89 5.31±2.34 * 

VOC3 4,8-Dimethyl-1,7-nonadien-4-ol 2.12±0.47 1.95±0.46 2.39±0.53 2.73±0.66 5.61±1.60 4.27±0.65 4.38±0.91 2.27±0.77 * 

VOC4 3-Hexen-1-ol 3.98±0.88 6.68±1.44 8.07±2.39 9.98±2.19 * 1.94±0.84 1.51±1.02 2.19±1.72 3.89±1.54 

VOC5 Benzyl alcohol 18.73±4.33 9.96±1.31 * 14.74±3.76 10.56±3.59 11.13±2.46 9.55±4.47 6.75±2.57 ** 10.69±1.03 

VOC6 Phenylethyl alcohol 16.10±6.67 5.47±3.70 * 19.50±1.98 16.21±5.12 n.d. n.d. n.d. n.d. 

 Subtotal 62.45±21.23 33.98±11.23 60.80±10.09 50.68±13.76 27.03±9.45 20.02±4.87 19.99±4.09 22.16±1.89 

 Aldehydes             

VOC7 1-Cyclohexene-1-carboxaldehyde, 2,6,6-trimethyl- 6.05±0.34 6.11±0.63 6.97±1.14 7.97±1.47 11.64±1.93 11.54±0.49 12.05±1.91 6.34±1.17 * 

VOC8 2-4 Heptadienal, (E,E)- n.d. n.d. n.d. n.d. 3.12±0.15 4.87±1.32 5.12±1.89  1.91±0.40 * 

VOC9 2-Hexenal 199.96±19.5

2 

112.11±17.56 

* 

340.56±26.38 

*** 

353.10±44.73 

*** 

169.93±25.10 142.45±22.53 119.33±14.88 * 201.40±23.42 

VOC1
0 

2,4-Hexadienal 18.86±2.01 19.57±7.37 30.54±1.46 21.84±14.94 27.43±5.77 23.84±5.84 16.07±6.95 14.73±11.73 

VOC1

1 

Benzeneacetaldehyde n.d. 20.12±2.44 24.29±7.78 22.55±4.95 n.d. n.d. n.d. n.d. 

VOC1

2 

Benzaldehyde 14.80±1.58 6.47±1.63 * 9.57±1.72 12.31±1.08 10.48±0.51 11.08±2.13 4.90±0.29 * 7.53±2.23 

VOC1
3 

Decanal 4.99±0.31 4.18±0.64 2.30±1.97 3.59±1.73 17.42±5.85 13.41±0.17 11.85±2.06 7.87±1.91 ** 

VOC1

4 

Dodecanal n.d. n.d. n.d. n.d. 18.88±3.81 9.61±3.47 * 13.87±2.94 9.94±5.37 

VOC1

5 

Furfural 10.79±3.64 12.66±1.73 11.72±3.03 7.32±1.04 14.16±4.25 7.23±1.90 7.25±1.39 5.57±3.34 

VOC1
6 

Hexanal 12.62±6.23 26.48±5.74 * 39.46±4.38 
** 

27.45±7.40 * 24.95±7.32 17.67±4.57 11.10±2.00 ** 16.27±2.84 

VOC1
7 

2-Furancarboxaldehyde,5-(hydroxymethyl) 18.36±8.6 20.79±6.36 9.97±2.09 * 11.43±7.13 8.50±6.45 4.14±1.25 4.13±1.12 1.67±1.73 ** 

 Subtotal 286.42±24.6

8 

228.49±35.90 475.38±19.47 
*** 

467.55±46.02 
*** 

306.52±55.36 245.85±24.89 205.66±27.68 273.24±27.31 



 Terpenes             

VOC1

8 

Farnesene 8.26±4.78 22.40±6.83  86.88±11.04 

** 

115.91±6.81 

** 

n.d. n.d. 108.67±18.03 34.11±13.32 

VOC1

9 

3,7,11,15-Tetramethyl-2-hexadecen-1-ol 75.23±9.58 64.60±31.54 20.29±1.54 * 25.34±2.41 * 81.72±8.61 61.87±7.76 77.53±14.38 84.20±14.53 

VOC2
0 

p-Menth-1-en-8-ol 2.71±0.53 4.22±2.33 4.93±1.91 4.42±1.03 n.d. n.d. n.d. n.d. 

VOC2

1 

3-Buten-2-one-4-(2,6,6-trimethyl-1-cyclohexen -1-yl) 48.64±15.36 75.08±29.20 78.53±25.37 112.40±23.60 

** 

100.82±12.62 68.87±5.92 79.71±24.55 68.25±26.52 

VOC2

2 

1,6-Octadien-3-ol, 3,7-dimethyl-, 2-aminobenzoate 1.14±0.28 1.53±0.27 2.44±1.03 2.00±0.08 3.21±0.38 3.36±0.69 3.57±1.55 2.18±0.45 

VOC2

3 

5,9-Undecadien-2-one, 6,10-dimethyl-(E)- 24.92±4.28 37.40±7.47 23.07±2.92 35.77±12.35 13.08±5.35 34.83±11.66 18.65±4.33 8.52±3.10 

VOC2

4 

3,7,11-trimethyl-1,6,10-dodecatrien-3-ol 4.11±0.27 5.75±0.15 5.50±1.79 4.83±0.95 7.95±1.15 7.78±2.51 3.11±1.74 3.60±1.86 

VOC2

5 

4-(2,6,6-Trimethylcyclohexa-1,3-dienyl)but-3-en-2-one 3.54±0.73 9.12±4.90 8.31±3.52 13.86±4.53 * 7.27±1.72 6.17±0.37 14.18±3.56 * 5.68±1.71 

VOC2
6 

2(4H)-Benzofuranone, 5,6,7,7a-tetrahydro-4,4,7a-
trimethyl- 

13.75±5.48 12.16±2.01 11.97±2.96 14.52±3.77 18.49±6.27 16.22±1.92 16.44±1.85 8.16±4.41 

VOC2

7 

2-Undecanone, 6,10-dimethyl 7.57±2.78 6.69±2.28 4.16±2.85 5.70±1.87 11.33±4.27 49.15±11.91 ** 10.19±2.67 9.04±2.35 

 Subtotal 189.85±23.2

4 

238.95±24.75 246.10±37.58 

* 

334.75±54.27 
*** 

243.88±34.99 248.25±25.82 332.05±57.07 ** 223.74±41.91 

 Other VOCs             

VOC2

8 

1-Octadecene n.d. 21.63±6.51 16.19±5.31 13.89±4.25 n.d. 15.70±6.05 11.04±3.20 8.16±3.71 

VOC2

9 

1-(4-Bromobutyl)-2-piperidinone n.d. 4.13±0.94 4.96±0.63 7.72±0.62 3.21±0.42 34.87±7.69 *** 36.14±7.02 *** n.d. 

VOC3

0 

Decanoic acid, ethyl ester 5.32±1.01 4.62±1.63 6.46±3.93 3.67±2.33 4.89±1.03 9.75±8.63 5.93±2.94 6.88±2.44 

VOC3

1 

2-n-Octylfuran 7.32±3.44 19.46±5.54 * 14.38±2.82 17.75±2.53 * 37.35±5.81 18.44±5.95 * 17.13±6.59 * 39.25±10.98 

VOC3
2 

trans-2-(2-Pentenyl)furan 0.84±0.11 8.46±3-87 ** 0.71±0.17 11.04±3.77 ** n.d. n.d. n.d. n.d. 

VOC3

3 

Methylhydrazine  197.57±31.3

9 

292.10±31.63 

*** 

76.27±7.02 

*** 

110.49±10.02 158.46±33.78 253.79±34.95 ** 226.91±15.34 * 165.54±51.04 

 Subtotal 211.05±34.5

1 

350.40±23.02 
*** 

118.98±16.72 
*** 

164.56±4.04 203.90±36.31 332.55±44.69 ** 297.14±18.11 * 219.82±60.84 

 Total 749.78±66-

45 

851.83±56.26 

** 

901.26±31.29 

*** 

1017.54±38.32 

*** 

781.34±41.3 846.68±75.74 854.85±20.79  * 738.96±39.87 



Table 3. Average disease severity (I%I) ± standard deviation recorded on Pinot noir leaves 

infected with P. viticola and untreated (0) and treated with DMSO (0.2 %) and farnesene, 

nerolidol, ocimene and valencene at four different concentrations. Untreated and treated with 

DMSO leaves were considered as controls. Letters indicate statistically different PSA values 

(P<0.05) following ANOVA and multiple comparison REGW post-hoc test. 

Treatment 

 Concentration (g l-1) 

0 DMSO 0.01 0.1 1 5 

Farnesene 

62±10 a 57±12 a 

19.0±11 

b 16.7±15 b 14.3±19 b 11.7±11 b 

Nerolidol 16.3±4 b 26.3±4 b 14±7 b 0±0 c 

Ocimene 14±12 b 11.7±8 b 9.3±8 b 0±0 c 

Valencene 

16.7±11 

b 21.3±7 b 16.7±8 b 12±9 b 

 



Table 4.  Average sporangia concentration (sporangia/ml) ± standard deviation recorded on 

Pinot noir leaf discs infected with P. viticola and untreated (0) or treated with farnesene, 

nerolidol, ocimene and valencene at 0.01 g/l concentration. Letters indicate statistically different 

sporangia/ml values (P<0.05) following Kruskal-Wallis and Dunn’s multiple comparison post-

hoc tests. 

 

Treatment 

Average 

sporangia/ml 

Untreated 122±53 a 

Farnesene 66±79 b 

Nerolidol 50±13 b 

Ocimene 35±25 b 

Valencene 98±58 ab 



List of figures 

Figure 1. P. viticola sporulation (in white) on the inoculated leaf disks of Bianca (A), 

Mgaloblishvili (B), Pinot noir (C) at seven days after inoculation. Brown spots in Bianca 

correspond to necrotic areas, where hypersensitive response (HR) occurred. 

 

 

Figure 2. Box plot distribution of the percentages of sporulating area (PSA) estimated 7 days 

post inoculation with P. viticola on Bianca, Mgaloblishvili and Pinot noir leaf disks and results 

of statistical analysis (different letters correspond to a significant difference among mean PSA 

values for P<0.001). 



 

 

Figure 3. Principal Component Analysis (PCA) along the first two components (PC) obtained 

using the amount of volatile metabolites (alcohols, aldehydes, terpenes and other VOCs) detected 

in Mgaloblishvili and Bianca leaves collected at 0, 1, 2 and 3 days post inoculation (dpi) with P. 

viticola.   



 

Figure 4. Hierarchical clustering and heatmap visualization for volatile metabolites (alcohols, 

aldehydes, terpenes and other VOCs) detected in Mgaloblishvili (M) and Bianca (B) leaves 

collected at 0 (0day), 1 (1day), 2 (2days) and 3 (3days) days post inoculation with P. viticola.  



 

Figure 5. Expression level of genes involved in the biosynthesis of terpenes in Mgaloblishvili 

(violet bars) and Bianca (green bars) leaves at 0, 1, 2 and 3 days post inoculation with P. viticola. 

The expression of each gene has been normalized using the gene expression values of actin at 

each time point. The relative gene expression has been determined based on the 2−ΔΔCt method. 

Standard error bars are visualized. Bars followed by asterisks indicate significant differences 

from the values recorded at 0 day after inoculation, according to gls test (* P= 0.01; ** P=0.001; 

*** P= 0.000). VvGwECar2: (E)- β-caryophyllene synthase; VvGwaBer: (E)-α-bergamotene 

synthase; VvCSaFar: (E,E)-α-farnesene synthase; VvCSbOciM: (E)-β-ocimene synthase; VvTer: 

(-)-α-terpineol synthase; VvVal: valencene synthase. 



 

Figure 6. P. viticola structures, visible in dark blue colour, in (a-d) untreated and (e) nerolidol-

treated (0.01 g l-1) leaf tissues. a) Hyphae with haustoria developing in the mesophyll cells. b) 

Detail of an hypha with haustoria; c) detail of the apex of a regular sporangiophore showing 

branches, branchlets and sterigma. d) Sporangia formed at the end of each sterigma. e) Short, 

hyperbranched and sterile sporangiophores emerging from the stoma. S=stoma; H=hypha; 

HA=haustorium; SP=sporangiophore; SPO=sporangia; B=branch of the sporangiophore; 

BR=branchlet; ST=sterigma. Scale bar: 50 µm 



 



List of supplementary material 

Supplementary Figure 1. Example of melt curve plot of Bianca (a) and Mgaloblishvili (b) 

samples for the six terpene synthases ((E)-β-caryophyllene synthase, (E)-α-bergamotene 

synthase, (E,E)-α-farnesene synthase, (E)-β-ocimene synthase, (-)-α-terpineol synthase and 

valencene synthase)) plus two reference genes (ubiquitin and actin) analyzed in this work. 

 

Supplementary Figure 2. Pictures of the leaf disks inoculated with P. viticola and covered by 

white sporulation at 7 days post inoculation. White circles indicate the presence of sporulation on 

the leaf disks treated with increasing concentrations of farnesene, nerolidol, ocimene and 

valencene. Leaf disks untreated (0) and treated with DMSO (0.2 %) were considered as controls. 



 


