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1. BACKGROUND AND OBJECTIVES OF THE DOCTORAL DISSERTATION

The climate change of the 21st century has resulted in generally occurring problems of
plant health and as a consequence an increasing use of plant protection products. Due to these
factors, the production of the appropriate quantity and quality of crops is a challenge, which
also has cost increases, as well as environmental and food toxicological implications (Pautasso
etal., 2010, 2012; Ozkara et al., 2011).

One of the most important fungal pathogens of grapevines (Vitis vinifera L.) is the
Erysiphe necator, the causal agent of grape powdery mildew (GPM) and grapevines are one of
the most intensively sprayed crops worldwide (Rantsiou et al., 2020). The GPM significantly
reduces the photosynthetic leaf area, which leads to a decrease in crop yield and quality, as well
as in the number of shoots (Nail and Howell, 2004; Moriondo et al., 2005). A wide range of
fungicidal agents can be applied to suppress GPM, but the emergence of fungicide resistance
causes a worldwide problem (Vielba-Fernandez et al., 2020). Consequently, researches are
focused on the possibilities of using environmentally friendly alternatives on their own and/or
in combination with synthetic fungicides (Yildirim and Dardeniz, 2010; Rantsiou et al., 2020).
In addition, precision viticulture and optimized pest management also play an important role,
which takes into account the unique disease susceptibility properties of V. vinifera varieties
(which are typically sensitive to GPM) and the characteristics of the terroir (Doster and
Schnathorst, 1985; Gadoury et al., 2003; Gaforio et al., 2011.; Matese and Di Gennaro, 2015).

Among horticultural oils (HCOs), petroleum-derived spray oils (PDSOs) are also widely
used to control pests of many plant crops, which are cost-effective and toxicologically safer
than synthetic pesticides (Nile et al., 2019). Due to the infection and colonization characteristics
of E. necator fungus, PDSOs (e.g. paraffin oil, PFO) have shown good efficacy against GPM
as 1) a wash-down spray; 2) a spray additive (due to their adjuvant characteristics); 3)
alternatives or rotation partner of DMI- and Qol-fungicide treatments (Dell et al., 1998; Grove
et al., 2005; Nita et al., 2007; Janousek et al., 2009). PDSOs exhibited both sporulation-
inhibiting and preventive effects against GPM in greenhouse when applied either before or after
the appearance of E. necator-induced tissue lesions (Northover and Schneider, 1996). However,
their efficacy against GPM appears to be primarily indirect under field conditions, likely
through the stimulation of the plant’s defense system (Northover and Schneider, 1996;
Northover and Timmer, 2002). PDSOs may have phytotoxic effects, mainly by altering the
stomatal behaviour: impair the gas exchange and transpiration, which can lead to reduced yield

and delayed sugar accumulation. PDSO residues have not been reported to negatively affect the



fermentation process (Dell et al., 1998; Hodgkinson et al., 2002; Finger et al., 2002; Grove et

al., 2005; Nazari et al., 2014). The extent of phytotoxicity may depend on the sensitivity of the

plant species, tissue type, and developmental stage (Nile et al., 2019). However, with proper
timing, concentration, and application rate, phytotoxic effects can be avoided while maintaining

efficacy (Wicks et al., 1999; Martin et al., 2005).

Overall, it can be said that PFO (1; 1.5; 2 v/v%) can show good-moderate effectiveness
against GPM alone or when used in combination with synthetic fungicides. This experience
based on laboratory, greenhouse and/or field surveys which were conducted with several
grapevine varieties (e.g. Chardonnay, Kékfrankos, Tempranillo) in the USA (Northover és
Schneider, 1996; Dell et al., 1998; Grove et al., 2005; Janousek et al., 2009), in Spain (Martin
et al., 2005) and in Australia (Wicks et al., 1999). However, many factors contribute to
successful disease control (e.g. regional and climatic characteristics, infection pressure,
cultivation method), which justify the investigation of PFO under domestic conditions.

The focus of our research was to reveal the suitability of paraftin oil (PFO) in the domestic
disease management of grapevines. Through field trials and laboratory investigations, we aimed
to achieve the following objectives:

1) Evaluation of the disease management efficacy of PFO spraying under field conditions, both
in the sole application and and in combined use with fungicides, in the context of controlling
grapevine powdery mildew (GPM).

2) Analysis of the effects of field-applied PFO treatments on the phyllosphere and berry-surface
microbiota of grapevine, through the characterization of in vitro cultivable fungal
communities.

3) Monitoring the physiological effects of PFO spraying on grapevine under field conditions
using leaf gas exchange measurements, along with the examination of stress physiological
parameters under controlled laboratory conditions.

4) Investigation of the direct impact of PFO treatment on the viability of E. necator using
laboratory viability assays, and microscopic detection of the tissue localization of PFO
within grapevine leaves.

5) Assessment of the effects of field-applied PFO spraying on grape yield and on the analytical

parameters of must and wine.

During our field and laboratory studies, we aimed to test the following hypotheses:

1) PFO alone possesses plant protection efficacy against GPM, although its effectiveness is

lower compared to conventional fungicide treatments. To test this hypothesis, small-plot



field spraying experiments were conducted in Eger using two grapevine cultivars differing
in susceptibility to GPM. In the first two-year experiment, we assessed the independent
effect of PFO against GPM through visual monitoring of disease symptoms.

2) The combination of PFO with fungicide formulations may exert a synergistic effect due to
its adjuvant properties, enhancing efficacy against GPM. To test this assumption, during the
second two-year spraying cycle we evaluated the combined effect of PFO and fungicides
used in vineyard-scale applications on GPM control.

3) PFO treatment may alter the composition of fungal communities on leaf and berry surfaces.
To examine this hypothesis, leaf and berry samples were collected from selected plots of the
field experiment to characterize in vitro cultivable fungal communities, complementing the
visual assessment of powdery mildew symptoms.

4) PFO treatment may induce phytotoxic effects on grapevine, detectable as a reduction in
photosynthetic assimilation and transpiration rates. The possible presence and extent of
phytotoxicity were evaluated through leaf gas exchange measurements in the plots of the
first field experiment.

5) PFO treatment may affect grape yield and the quality of must and wine produced from the
first field trial’s harvest. Among the quality parameters, the total soluble solids (TSS) content
of must — and consequently the alcohol content of the wine — may be influenced, while the
plant protection efficacy of the treatments could also affect the phenolic composition of
wines. Based on current knowledge regarding the relationship between PFO phytotoxicity
and antifungal efficacy, these effects may act in opposition, depending on the plant’s
physiological status (e.g. photosynthetic activity), as well as yield and quality. We
hypothesized that the balance between these two effects under field conditions may depend
on the grapevine cultivar’s traits (sensitivity to PFO toxicity and GPM infection) and on
vintage-specific factors such as fungal infection pressure, assuming optimal PFO dosage.

6) According to literature, PFO may indirectly affect E. necator through physiological changes
induced in the host plant. To investigate this, the background of PFO’s protective efficacy
was studied under laboratory conditions by quantifying stress-related metabolites and
enzyme activities. As the mode of action of PDSOs against GPM has not yet been thoroughly
characterized, the direct effect of PFO on E. necator viability was also examined through

laboratory viability assays.



2. MATERIAL AND METHOD

Two two-year small-parcel spraying experiments were carried out under field conditions
in three replicates on two grapevine varieties with different sensitivity to GPM (Chardonnay,
Kékfrankos). The parcels of each treatment were randomly distributed.

The following treatments were used: three PFO (P1: 1,1; P2: 2,2; P3: 3.3 v/v%)

concentration; a positive, traditionally (in the vineyard) used fungicide control (CT) and a
negative (untreated) control (CO0). The applied PFO treatment dosages were determined based
on unofficial results of European field spraying trials conducted by the manufacturer: these
proved to be safe from the point of view of plant phytotoxicity and the effectiveness of disease
control. The first spraying experiment was between 2013 and 2014 with the settings outlined
above (~60 vinestock/treatment/replicate). The changes of the second (2015-2016) spraying
experiment (~10-14 vinestock/treatment/replicate): the P1 treatment was abandoned and set up
combinations with CT: here the PFO spraying was followed by CT. In the case of P3CT, there
was also a modification which received any PFO during the flowering and fruit set period
(P3CTm). The CT (and the PFO treatment was adapted to this) was treated according to a
conventional spraying protocol depending on vintage characteristics, forecasts and detection of
infection and pests, as well as the phenological stage of the grapevine. In summary, it was
sprayed eight times in 2013, seven times in 2014, seven times in 2015 and six times in 2016
(Table I). The meteorological data were monitored by an automatic agrometeorological station
(Boreas Ltd.) located in the vineyard.

In the parcels of the experimental spraying, the intensity of visible GPM symptoms (%
GPM coverage of the plant part) on leaves and clusters (Wicks and Hitch, 2002) were assessed
and the occurrence of GPM (%) from these data. In 2013-2014, this survey was only carried
out (50 data/parcel/plant part/grape variety) before harvest (BBCH 89). In 2015-2016, the
monitoring (smaller parcels; 20-20 data/parcel) was also implemented in the developmental
stage of pea-sized berry (BBCH 75) and (BBCH 79) veraison (Palfi et al., 2016a, 2022). The
infection survey was supplemented by a culturable mycobiota (filamentous and yeast colony-
forming unit (CFU)) test, for which the leaf and berry samples were taken from the parcels of
the P2, P3, CT and CO treatments in 2014 and 2015, in parallel with the assessment of infection
severity. The CFU was related to the surface area of the leaf disc (cm?) and the weight of the
berry samples (g).

It was performed with a portable Ciras-1 infrared gas-analyzer (PP Systems, UK)
equipped with a round-shaped (2.5 cm?) Parkinson’s leaf cuvette Palfi et al., 2022a).



Table 1. Fungicides and their applied dosages in CT (fungicide control) treatments (2013-2016)

2013 2014 2015 2016

Name of Dose/ Name of Dose/ Name of Dose/ Name of Dose/

pesticide ha pesticide ha pesticide ha pesticide ha
Kumulus S (WG) 2kg Kumulus S (WG) 4kg Kumulus S (WG) S5kg Kumulus S (WG) 3kg
Manzate 75 DF (WG) 0.4 kg Manzate 75 DF (WG) 1.5kg Manzate 75 DF (WG) 2kg Penncozeb (DG) 1.8 kg
Falcon 460 (EC) 0.11 Pyranica 20 (WP) 0.3 kg Tebusha 25 (EW) 041
Pyranica 20 (WP) 0.1 kg
Actara 25 (WG) 0.06 kg
+ Nonit (SL) 0.11
Kumulus S (WG) 2kg Kumulus S (WG) 3kg Kumulus S (WG) 3.8kg Kumulus S (WG) 2.7kg
Manzate 75 DF (WG) 0.4 kg Falcon 460 (EC) 031 Pergado F 45 (WG) 2.5kg Penncozeb (DG) 1.8 kg
Falcon 460 (EC) 0.11 Curzate F (SC) 3ml Tebusha 25 (EW) 051 Tebusha 25 (EW) 041
Pyranica 20 (WP) 0.1 kg Pyrinex 25 (CS) 11 Pyrinex 25 (CS) 1.251 Pyrinex 25 (CS) 091
Actara 25 (WG) 0.06 kg | + Nonit (SL) 0.11 + Nonit (SL) 0.061
+ Nonit (SL) 0.11
Kumulus S (WG) 2kg Kumulus S (WG) 3kg Dynali (DC) 0.61 Kumulus S (WG) 3kg
Falcon 460 (EC) 031 Curzate F (SC) 31 Kumulus S (WG) 3.5kg Folpan 80 (WDG) 1 kg
Tanos 50 (DP) 0.4 kg Dynali (DC) 0.51 Cymbal 45 (WG) 0.3 kg Cymbal 45 (WG) 0.25kg
Pyrinex 25 (CS) 0.81 Actara (SC) 0.081 Folpan 80 (WDG) 1.2 kg Actara 25 (WG) 0.081
+ Nonit (SL) 0.11 + Nonit (SL) 0.11
Kumulus S (WG) 2.7kg Kumulus S (WG) 2.5kg Dynali (DC) 0.71 Karathane Star (EC) | 091
Falcon 460 (EC) 0331 Curzate F (SC) 251 Karathane Star (EC) 1.11 Rally Q (SC) 091
Tanos 50 (DP) 0.33 kg | Dynali (DC) 041 Champion (WG) 2.1kg Champion (WG) 2kg
+ Nonit (SL) 0.161 + Nonit (SL) 0.11 Actara 25 (WG) 0.091
Kumulus S (WG) 32kg Talendo (EC) 031 Karathane Star (EC) 0.71 Karathane Star (EC) | 11
Falcon 460 (EC) 0.321 Karathane Star (EC) 091 Champion (WG): 1.3 kg Falcon 460 (EC) 041
Tanos 50 (DP) 0.45kg | Kocide 2000 (WG) 1.8 kg Kékfrankosnal Champion (WG) 2kg
+ Nonit (SL) 021 + Spur (LC) 021 Collis (SC): 031 + Nonit (SL) 0.13ml

+ Nonit (SL) 0.21 Chardonnaynal

Kumulus S (WG) 32kg Falcon 460 (EC) 031 Vegesol eReS (SE) 331 Vegesol eReS (SE) 251
Falcon 460 (EC) 0.321 Folpan 80 (WDG) 1.2kg Kumulus S (WG) 32kg Kumulus S (WG) 3kg
Folpan 80 (WDG) 1.3 kg Champion (WG) 1.8 kg Kocide 2000 (WG) 1.9kg Teldor 500 (SC) 0.751
Pyrinex 25 (CS) 131 + Spur (LC) 021 Champion (WG) 1.9kg
+ Nonit (SL) 0.121
Kumulus S (WG) 32kg Kumulus S (WG) 33kg Kumulus S (WG) 1.3 kg
Folpan 80 (WDG) 1.3kg Kocide 2000 (WG) 2.2kg Champion (WG) 2kg
Tanos 50 (DP) 0.44 kg
Dynali (DC) 0.651
Kumulus S (WG) 2.6kg
Kocide 2000 (WG) 2.2kg
Collis (SC) 0.441




The following parameters were measured: leaf transpiration rate (£, mol H,O m 2 s '), stomatal
conductance (g, mmol m 2 s™!), leaf assimilation rate (4, pmol CO> m 2 s '), and intercellular
COs concentration (C;, CO2 ppm). Instantaneous (extrinsic) water-use efficiency (WUE, umol
CO2 mol ! H,0) was also calculated (4/E).

The yield of the treated grapes (cluster weight and number/stock, average cluster weight;
Palfi et al., 2022a-b) and basic analytical parameters were also determined: pH (with Thermo
Scientific Orion 3-Star pH meter); Hungarian (MM°) must degree (with e.g. refractometer);
titratable acid content by NaOH titration (OIV 2023a-b; Torok and Kallay, 2009). Wines were
fermented using microvinification (directed; reductive technology for Chardonnay, on skins for
Kékfrankos) from the crops of the first experiment (2013-2014). The analytical (pH, alcohol,
titratable acidity) and phenolic parameters (total polyphenol, catechin, anthocyanin content) of
the wines were also measured (OIV 2023a); the latter with methods based on
spectrophotometrical measurements (Singleton and Rossi, 1965; Amerine and Ough, 1980;
Ribéreau-Gayon and Stonestreet, 1965).

During the laboratory tests, we worked with the Kékfrankos variety: leaves from the
vineyard were used as the source of E. necator inoculum and conducted the tests with leaves
from greenhouse cuttings (PFO 2 v/v%). The leaf tissue localization of PFO was examined by
Nile Red staining (Tan et al., 2005) and fluorescence microscopy. The effect of PFO on E.
necator was assessed using viability tests based on FDA hydrolysis (Moyer et al., 2010;
Schneider et al., 2012; Palfi et al., 2021). To explore the effect of PFO on the grapevine, the
following compounds were measured related to the plant stress response using methods based
on spectrophotometric analysis: water-soluble and insoluble (PHEC) phenolics (Singleton and
Rossi, 1965), HoO> (Junglee et al., 2014) and pectin content (Miller, 1959). The amount of
salicylic acid (SA) was determined using the HPLC-MS/MS method (Palfi et al., 2021). We
also assessed the activity of enzymes linked to the stress response with spectrophotometric
methods (Palfi et al., 2021): superoxide dismutase (SOD; Marklund and Marklund, 1974),
catalase (CAT; Aebi, 1984) and guaiacol peroxidase (GPX; Aydin and Kadioglu, 2001),
polyphenol oxidase (PPO; Kumar and Khan, 1982).

The statistical evaluation of the results was performed using the GraphPad Prism
biostatistics program. Normality tests, then Student t-test or correlation test (Pearson r) or One-
Way-ANOVA or Mixed Effect Analysis (similar to Two-Way ANOVA) were carried out. For
the latter two, Tukey Multiple Comparison post-test were chosen to analyze the data and

compare the treatments.



3. RESULTS

3.1. Field trials investigating the plant protection efficiency of paraffin oil

3.1.1 Performance of paraffin oil spraying against grapevine powdery mildew

The main goal of the study was to investigate the disease control capabilities of PFO in
grapevine, primarily against grapevine powdery mildew. The assessment of disease frequencies
and severities was done just before the harvest (BBCH 89) in the case of the first spraying
experiment. In the second field experiment these parameters were determined in both veraison
(BBHC 79) and pea-sized stage of the berries, while the near-harvest stage (BBCH 89) was
examined only in 2015. The climatic characteristics of 2016 resulted in high disease pressure
as well as high symptom severity and frequency. Therefore, the last spraying was CT in all
parcels and the monitoring of BBHC 89 was omitted this year. The GPM percental symptom
severity (BBCH 89 for 2013-2014; BBCH 79 for 2015-2015) were summarized in Table 2.

The PFO showed varying effectiveness in 2013-2014 (Table 2.). The highest applied PFO
dosage (P3, 3.3 v/v%) showed similarly infection percentage values (~4%) as CT (positive
control) in 2013 (<6%), a year with low GPM pressure. This effect of P3 was expressed
especially on the less GPM-susceptible plant parts (leaves of Chardonnay and bunches of
Kékfrankos). The other two PFO treatments (1.1 and 2.2 v/v%) also showed on average 56.8%
lower infection levels compared to the untreated control in 2013. Accordingly, the 1 and 2 v/v%
PFO were similarly efficient as DMI fungicide on a Chardonnay vineyard (Dell et al., 1998).
In our field trial in 2014, the PFO was inefficient (possibly due to the high GPM pressure): each
plant part of the two grapevine varieties was on average ~191% more infected compared to the
mean infection level observed in the untreated control treatment. The dose-dependent effect of
PFO have not been expressed in plant parts with more GPM-susceptibility (Kékfrankos leaves,
Chardonnay clusters). In some case (Chardonnay bunches), the negative impact of P3 was also
expressed resulting from the combined effect of high GPM infection and the phytotoxicity of
PFO. Treatment P1 did not show GPM-inhibiting activity in both years; similar to the results
of leaf GPM coverage observed in a Tempranillo vineyard (Martin et al., 2005). However,
according to another study, the 1 v/v% PFO treatment moderately inhibited GPM on
Chardonnay clusters compared to the untreated control, while it did not differ significantly from
the data obtained in the sulfur- and water-treated plots (Janousek et al., 2009). These
contradictory results suggested that the field efficiency of the tested PFO dosages is uncertain

in the case of their sole application, and raised the necessity of long-term experiments.



Table 2. The effect of the treatments on the intensity of visible grape powdery mildew (GPM) infection of leaves and clusters (%) between 2013 and 2016 under
the field spraying experiments. Evaluations were made only before harvest (BBCH 89) between 2013-2014, while in 2015-2016 also under pea-sized berries
(BBCH 75) and veraison (BBCH 79) development stages. Since there is no harvest monitoring data from 2016, the results from the veraison of 2015-2016 years
were included in the table. Each data represents the mean value + standard deviation (SD) in the columns and is coloured according to the size of the MV values.
Treatments: CO (untreated control); CT (vineyard treatment with traditionally used fungicides as positive control); P1(paraffin oil (PFO) 1.1 v/v%); P2 (PFO
2.2 v/v%); P2CT (combined P2 and CT); P3 (PFO 3.3 v/v%); P3CT (combined P3 and CT); P3CTm (modified P3CT: no PFO spraying under blooming and
fruit set). Abbreviations of grapevine cultivars: Chardonnay (CH), Kékfrankos (KF).

Year, Plant | Variety The effect of the treatments on the intensity of GPM infection (MV (%) £+ SD)
BBCH part (abbr.)
Co0 CT P1 P2 P2CT P3 P3CT P3CTm
_3.8:!:1 .0 5.6+2.4 no data no data
= leaf ;I; no data no data
BBCH CH no data no data
89 cluster
kF ot | odua
2014 leaf CH no data no data no data
BECH e KF no evaluation data
39 cluster CH no data no data
KF no data no data
2015 CH 0.3+1.3 no data 0.7£2.2 6.1+15.0 0.0+0.1 0.4+1.2
leaf KF 0.1404 | nodata 0.1504 | 47=11.9 | 0003 | 0003
BBCH CH 6.8+10.4 no data 2.5+32 2.4+ 3.7
Do T 04510 |~ no da
2016 leaf CH no data
KF _5.2:|:6.2 _no data _2.1i5.5 _4.0:l:7.4 _3.2:l:5.5
BBCH CH no data
79| cluster KF 10.0£10.8 | no data 4.8+4.2 6.0£50 | 7.0+13.4
Treatments CT Pl P3CT | P3CTm
Colour scale means




Based on the previous results, a second two-year experiment (2015-2016) was carried
out, including the combinations of PFO with CT treatments. Under this survey, sole treatments
with PFO in 2.2 (P2) and 3.3 v/v% (P3) dosages showed on average 42.3% lower intensity of
GPM infection compared to the untreated control. (7able 2.), similarly to the first experiment.
During the four-year experiment, the efficacy of PFO fell between the values measured in case
of CO and CT treatments. However, these results were also greatly affected by vintage
characteristics and the GPM-susceptibility of the different plant parts of the examined varieties.
The effects PFO treatments on GPM infection were very limited in 2016 which year showed
similarly high GPM pressure as 2014 in the first field trials. The individual differences in GPM
susceptibility of leaves and clusters were manifested in both years and varieties.

Treatment P3CTm occasionally resulted in higher GPM-intensity than CT, P2CT and
P3CT treatments in 2015, especially on Chardonnay bunches, at veraison and before harvest
and in the case of GPM-frequency on Kékfrankos leaves under pea-sized berry developmental
stage. This phenomenon is possibly due to the different spraying strategies. Parcels with
P3CTm treatments received only CT treatments during flowering and fruit set, resulting in the
loss of the beneficial effects of PFO-CT combinations due to the adjuvant characteristics of
PFO on more GPM-susceptible plant parts. The difference between grapevine cultivars and CT-
containing treatments did not appear in this form in the more GPM-infected year (2016).

The combination of PFO with synthetic fungicides (CT) resulted in higher protection
compared to CT in both years and tested varieties according to our hypothesis. However, this
difference was not significant in every comparison and depended on the experimental variables
mentioned earlier. Due to these and other factors, studies on the combined use of PFO with
fungicides have also produced contradictory findings. Some authors have reported that the
combination of 1 or 2 v/v% JSO (PFO) with other agents (e.g., sulfur, potassium, myclobutanil)
resulted in improved efficacy (Dell et al., 1998; Janousek et al., 2009). In contrast, other
investigations found no evidence or indication of a synergistic interaction between PFO and its
combination partners (Martin et al., 2005). Based on the results of these studies and our own
experiments, it can be concluded that the efficacy of PFO may be influenced not only by its
chemical properties (e.g., viscosity) but also by the morphological characteristics of the plant
surface (e.g., the leaf’s ability to retain spray solution) (Nail and Howell, 2004; Baudoin et al.,
2006). Grove et al. (2005) highlighted the potential impact of vintage-specific conditions (such
as the presence or absence of warm and sunny weather) on JSO degradation as an explanatory

factor for differences in their results.



In our study, the moderate increase in efficacy observed for the PFO—-CT combination may have
been caused by one or both of the following factors:
1) PFO may act as an elicitor, positively influencing plant immunity through the induction of
various stress-related responses in grapevine, thereby reducing susceptibility to GPM infection,
as observed in our experiments (Palfi et al., 2021).
2) PFO may also function as an adjuvant, enhancing the adhesion and absorption of co-applied
fungicides — a phenomenon reported by other authors as well (e.g., Zabkiewicz, 2002; Nita et
al., 2007; Santos et al., 2017).

The results of the examination of the culturable yeast and filamentous fungi on leaves and
berries in 2014 and 2015 were in accordance with the parallel investigation of GPM intensity.
In 2015 with lower fungal infection risk, no differences were observed in the populations of

filamentous fungi and yeasts among the treatments for either cultivar or sample type.

Table 3. Climatic characteristics of 2013-2016 vintages: mean monthly temperature (°C), total monthly
precipitate (mm) mean air relative humidity (%), according to the report made by Boreas Kft.

2013 2014
Month | Temperature | Precipitation | Humidiy | Temperature | Precipitation | Humidity

(W) (mm) (%) (W) (mm) (%)
1 -0.7 56.1 92.6 23 34.3 96.5
2 2.4 85.3 91.1 4.1 38.8 92.8
3 3.2 98.8 84.2 9.9 10.4 65.5
4 12.2 30.6 68.3 12.6 56.7 76.0
5 16.4 159.0 79.2 15.8 119.1 74.8
6 20.0 130.5 78.9 20.0 15.8 63.0
7 22.8 6.5 62.2 22.0 114.3 74.1
8 22.8 27.1 60.0 20.0 114.3 77.5
9 14.8 34.4 63.9 17.0 153.5 83.3
10 12.6 534 75.9 11.7 60.0 91.3
11 7.5 53.1 88.1 7.2 13.5 94.5

0.8 2.8 92.5 3.0 36.9 88.4

2015 2016
Month | Temperature | Precipitation | Humidity | Temperature | Precipitation | Humidiy

(W) (mm) (o) 0 (mm) (Yo0)
1 1.3 69.2 92.6 -2.0 71.4 96.3
2 1.8 11.7 91.1 4.9 95.8 92.8
3 6.9 20.8 84.2 6.7 59.2 65.5
4 11.1 10.0 68.3 12.6 32.1 76.0
5 16.2 74.8 79.2 16.6 43.2 74.8
6 20.5 324 78.9 21.1 70.3 63.0
7 23.7 51.0 62.2 22.2 124.7 74.1
8 23.7 139.3 60.0 20.8 26.8 77.5
9 17.6 66.6 63.9 18.3 7.6 83.3
10 10.1 55.6 75.9 9.1 57.4 91.3
11 6.2 31.5 88.1 4.5 87.4 94.5
12 2.1 13.0 92.5 -1.9 0.6 88.4
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In 2014, PFO treatments decreased the CFU of filamentous fungi on Chardonnay berries
similarly to CT. On the leaves of Kékfrankos, PFO treatments increased the portion of
filamentous fungi in the whole culturable mycobiota compared to the control. This latter may
in connection with the higher susceptibility of Kékfrankos leaves to fungal infections. Treated
Kékfrankos berries showed higher CFU for filamentous fungi compared to CO.

The CT treatment resulted in the highest filamentous/yeast fungi CFU rate, while this
parameter was the lowest in CO samples. The values for PFO-treated berries fell between CO
and CT. This may be due to the late harvest and sampling time (this carried out with the GPM
monitoring) in a rainy season (7able 3 on page 10) resulting in the increased growth of
saprophytes. Therefore, the differences between the treatments lesser expressed. In general,
PFO treatments no or lesser affected the yeast population than CT in 2014: the percentage of
yeasts within the culturable mycobiota of PFO treatments averaged 61.5% in Kékfrankos
(compared to 27% in the CT treatment) and 80% in Chardonnay (compared to 78% in the CT
treatment). This may be important as wild yeast populations can also exert a significant
influence on the aromatic complexity of wines. The rate of filamentous/yeast fungi was more

balanced in 2015 than in 2014, in both varieties and examined plant parts.

3.1.2. The effect of paraffin oil on the gas exchange of grapevine leaves

The application of PFO showed a positive (but lower than CT) impact on grapevine
physiology according to the photosynthetic parameters (g5, 4, E) of leaves. A decline in gas
exchange associated with oil treatments has also been reported by other studies (Hodgkinson et
al., 2002; Finger et al., 2002). The positive effect of PFO was primarily observed under climatic
conditions characterized by low GPM pressure, in contrast to the generally reduced
photosynthetic performance recorded in the 2014 season with high GPM infection levels. This
vintage-dependent phenomenon was expressed to a higher extent on Kékfrankos leaves, which
are more susceptible to GPM than Chardonnay leaves. This suggests that the applied PFO
dosage should be specified according to both vintage, as well as variety characteristics. For
instance, other studies have also highlighted the role of morphological differences between
leaves in determining spray coverage and retention capacity (Mullins et al., 1995; Baudoin et
al., 2005). Since the experiment was conducted under field conditions, the potential direct
phytotoxic effect of PFO could not be measured directly. However, the absence of a PFO dose-
dependent decrease in photosynthetic parameters, regardless of cultivar or vintage, suggests
that the PFO formulation used in this study does not exert a significant phytotoxic effect on

grapevines, at least relative to the negative impact of GPM infection. This assumption is
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partially supported by the observation that leaves treated with 3.3 v/v% PFO, which provided
the best control against GPM, showed no significant differences in gy, 4, or £ compared to the
CT during the first gas exchange measurement following the fourth spraying, in any year or
cultivar. Nevertheless, based on disease assessments, the 3 v/v% PFO-treated Chardonnay
leaves exhibited on average 47.2% higher infection intensity than the CT in both years, while
the corresponding difference for Kékfrankos exceeded 200%.

Analysis of the correlation between gy and E values (Table 4.) supported that GPM has a
more negative impact on E, relative to the PFO treatments, through affecting g, values
(Moriondo et al., 2005). Control treatments did not show a significant g,-E correlation in 2013,
while CO showed a significant correlation in 2014, possibly due to the high GPM pressure in
the latter year (Palfi et al., 2016a). The difference between the GPM-inhibitory efficiency of
P1 and P2 dosages was expressed in the gs-E correlations in both years and in both varieties
(Table 4.), while generally there was no correlation in the case of P3. The connection between
gs and E values suggests, that the GPM-inhibitory effect of P3 has a higher impact on the gas
exchange of grapevine leaves, than the phytotoxicity of PFO described in previous papers

(Hodgkinson et al., 2002; Finger et al., 2002).

Table 4. Results of the correlation analysis between mean stomatal conductance (gs) and leaf
assimilation rate (A) data or leaf transpiration rate (E) data in the case of each treatment, variety, and
year (5-5 measurement dates/year). Asterisks mark the significance of differences (* p < 0.05, ** p <
0.005), ns: not significant. Treatments: CO (untreated control); CT (vineyard treatment with traditionally
used fungicides as positive control); P1(paraffin oil (PFO) 1.1 v/v%); P2 (PFO 2.2 v/v%); P3 (PFO 3.3
v/v%).

mean g; vs. A data mean g vs. E data
Co CT P1 P2 P3 Co CT P1 P2 P3
Pearson r 0921 -0.114 0.787 0.940 0.821 | 0.730 0.833 0.870 0.930 0.806
P-value 0.026 0.854 0.114 0.017 0.088 | 0.161 0.079 0.055 0.020 0.099
Significance * ns ns * ns ns ns ns * ns
mean g, vs. A data mean g; vs. E data
Co CT P1 P2 P3 Co CT P1 P2 P3
Pearson r 0.793  0.208 0.834 -0.651 0.467 | 0.775 0.677 0970 0.761 0.807
P-value 0.109 0.737 0.079 0.234 0.428 | 0.123 0.209 0.006 0.135 0.090
Significance ns ns ns ns ns ns ns ok ns ns
mean g, vs. A data mean g; vs. E data
Co CT P1 P2 P3 Co CT P1 P2 P3
Pearson r 0987 0.606 0.955 0.815 0.909 | 0.899 -0.210 0.969 0.985 0.865
P-value 0.001 0278 0.011 0.092 0.032 | 0.038 0.734 0.006 0.002 0.058
Significance ok ns * ns * * ns o ok ns
mean g; vs. A data mean g vs. E data
Co CT P1 P2 P3 Co0 CT P1 P2 P3
Pearson r 0.859 0.864 0.833 0.498 0.442 | 0979 0.760 0.929 0.957 0.948
P-value 0.062 0.058 0.080 0.393 0.455 | 0.003 0.135 0.022 0.010 0.014
Significance ns ns ns ns ns *K ns * * *
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Kékfrankos leaves did not show a positive correlation between gs and 4, regardless of
experimental year, or applied treatments, while correlation occurred in some cases of
Chardonnay in both years (Table 2.). This difference is possibly based on the morphological
differences of the leaves of these varieties. According to Baudoin et al. (2006) PFO coverage
and retention determine its negative effect on photosynthesis, which parameters are affected by
the characteristics of the treated leaves, as well as the physico-chemical parameters of the
applied PFO. Oils with a lower viscosity can penetrate into the tissues causing photosynthetic
inhibition. In contrast, oils with a higher viscosity remain on the leaf surface (Nail and Howel,
2004; Gudin et al., 1976) with negligible negative impacts on leaves. Our examined PFO
product can not diffuse deeper than the first layer of epidermal cells, therefore its phytotoxicity

would be limited (Palfi et al. 2021).

3.1.2. The effect of paraffin oil on harvest yields and analytical parameters of musts and
wines

The results of the estimation of gas exchange parameters, harvest yields, as well as must
and wine analytical parameters were in accordance with the GPM-inhibitory efficiency of the
treatments according to our hypothesis. The effectivity of PFO in GPM inhibition and
prevention of yield losses was generally lower compared to CT. The observed higher yield
losses are possibly the result of the GPM-induced damage of photosynthetic leaf area. The
earlier hypothesized direct (either positive or negative) effect of PFO on harvest yield could not
be observed, neither in the case of P3CT and P3CTm treatments. There were no notable
differences between the treatments in 2015-2016, possibly due to the smaller treated parcels, as
well as the low number of samples. In general, the CT- and P2CT-treated plots (and in some
cases the P3CT-treated plots) produced higher yield per vine and larger clusters in both years
compared to the CO and PFO-treated plots.

GPM infection had a great impact on the harvest yield and quality in our experiment. This
effect was observed as the inhibition of assimilation, delayed ripening, lower soluble sugar
(TSS) content (and lower alcohol content in wine) in must, as well as the increased titratable
acidity (TA); similar to other studies (Finger et al, 2002). Based on our results, the basic and
phenolic analytical parameters of wines produced from the 2013-2014 experimental plots
reflected the efficacy of the respective treatments — as hypothesized — while also capturing the

effects of the specific vintage and the GPM susceptibility of the studied cultivar.
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3.2. The effect of paraffin oil on the causal agent of grapevine powdery mildew

The quantitative assessment of the viability of E. necator conidia -using FDA-hydrolysis

assay- did not show a difference between water and 2 v/v% PFO treatments (Figure 14).
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Figure 1. (A-B): Effect of 2 v/v% PFO and distilled water (DW) on the viability of E. necator conidia
(A), and the effect of preventive or curative application of 2 v/v% PFO on the viability of E. necator
mycelia (B) assessed by FDA hydrolysis assay. Mean values and standard deviations were shown.
Asterisk marks significant (p<<0.05) difference.

According to the examination of artificially infected grapevine foliar disks, the curative
application of PFO did not affect the viability of E. necator mycelia, while its preventive
application resulted in a mild but significant decrease (Figure 1B), in accordance with the
results of Northover and Schneider (1996). Our microscopic examinations of PFO-treated,
naturally infected grapevine leaves also did not show any direct antifungal effect of PFO against
E. necator. In accordance with previous studies, these results suggest that PFO affects the host

plant rather than E. necator itself (Calpouzos, 1966; Northover és Schneider, 1996).

3.3. The localization of paraffin oil in grapevine leaf tissues

Epifluorescent microscopic examination of the localization of Nile Red-stained PFO on
leaves, showed the low coverage of leaf surface by the oil, which later can be detected in small,
separate spots (Figure 2A4). These were absent on leaves treated with distilled water (Figure
2D). At higher magnification, the PFO seemed to be bound to the walls of the epidermal cells
(Figure 2B), and can not diffuse deeper than the first layer of cells, detected on the leaf cross
sections (Figure 2C). This latter phenomenon can be observed after an additional 24 h
incubation. These results are in accordance with the indirect antifungal mode of action of

PDSOs, previously proposed by Northover and Schneider (1996).
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Figure 2. (A-D): Epifluorescent photomicrographs of grapevine leaf surface (A, B, D), or cross-section
(C) 24 h after treatment with distilled water (control, D), or 2 v/v% PFO amended with Nile Red dye
(A, B, C). Scalebars represent: 50 um (own figure).

3.4. The effect of paraffin oil on grapevine

The PFO possibly causes local stress in grapevine leaves (Figure 3.) which is expressed
in the elevated concentration of H>O», possibly a result of the measured elevated SOD activity
accompanied by an unaffected CAT activity. H>O2 is a well-known intracellular signal molecule
(Levine et al., 1994) promoting plant defense reactions like the accumulation of SA (Leon et
al., 1995), which latter was also measured in PFO-treated leaves. This phytohormone — as a
long-range signal — systemizes stress and defense reactions in the whole plant (Gao et al., 2015).
This process results in the elevated synthesis of phenolics (Blanch et al., 2020) through the
induction of e.g. GPX and PPO enzyme activities, which phenomena were also detected in
PFO-treated grapevine leaves. The deposition of lignin leads to the secondary thickening of the
plant cell wall providing mechanical defense against the penetration of pathogens (Bhuiyan et
al., 2009). Water-soluble phenolics (e.g. phytoalexins) can possess antifungal activity (Jeandet
et al., 2002), resulting in the decreased growth of pathogens (e.g. E. necator).

Erysiphe necator :
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oil
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Figure 3.: Graphical abstract of possible mode of action of PFO (own figure).

Abbreviations: H,O; (hydrogen peroxide); SA (salicylic acid); SOD (superoxide dismutase); CAT
(catalase); GPX (guaiacol peroxidase); PPO (polyphenol oxidase). Green triangles: detected
increasement in PFO-treated leaves; green arrows: positive correlation according to literature; red lines:
inhibition according to literature
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According to our result (Palfi et al. 2021) PFO may induce systemic acquired resistance
(SAR). The PFO-induced SAR may decrease the susceptibility of treated grapevine leaves
towards GPM infection, which was also observed in the field experiments. This phenomenon

may explain the mode of action of PFO against phytopathogens.
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4. NEW SCIENTIFIC RESULTS OF THE DOCTORAL DISSERTATION

1) First direct proof of the lack of fungicide activity of PFO against E. necator, determined by
FDA-hydrolysis assay.

2) Examination of the leaf tissue localization of paraffin oil revealed that, on treated leaves, the
oil separates into small droplets on the surface and does not diffuse beyond the first
epidermal cell layer; however, it is capable of binding to the cell walls of these cells. This
property may make paraffin oil suitable for use as a spray adjuvant or efficacy-enhancing
additive.

3) Paraffin oil treatment induced the following physiological responses in grapevine: a
moderate accumulation of H202 (<50%) occurred in the leaves. Through the modulation of
stress-related enzymes, this induced salicylic acid biosynthesis, resulting in lignin
accumulation and enhanced phenolic biosynthesis. Based on these observations, paraffin oil
is likely to trigger systemically acquired resistance (SAR), thereby reducing grapevine
susceptibility to E. necator infection. In our field spraying experiments, under years with
low to moderate powdery mildew pressure, the 2.2 v/v% paraffin oil treatment showed an
average infection intensity 58.2% lower than the untreated control, while the 3.3 v/v%
treatment showed a 76.2% reduction; the fungicide-treated control exhibited a 93.4%
reduction

4) The analysis of culturable fungal communities from leaf and berry samples collected
simultaneously with field powdery mildew monitoring represented a novel approach. Our
results indicated that, unlike the fungicide-treated control (CT), paraffin oil treatments did
not or only slightly affected the yeast population on grape berries during the year of higher
fungal infection pressure (2014). The proportion of yeasts within the culturable mycobiota
was on average 61.5% for paraffin oil treatments in Kékfrankos (CT: 27%) and 80% in
Chardonnay (CT: 78%).

5) Results of leaf gas exchange measurements in the small-plot spraying experiment confirmed
that no clearly defined paraffin oil concentration could be identified as phytotoxic. Leaves
treated with the 3.3 v/v% paraffin oil (P3) — which provided the best control against powdery
mildew — showed no significant differences in stomatal conductance (g;), assimilation rate
(4), or transpiration rate (£) compared to the fungicide-treated control (CT), for either
cultivar or year, even during the first gas exchange measurement (late June—early July)
following four treatments. Based on these findings, we conclude that the phytotoxicity

caused by paraffin oil is minimal when compared with the negative effects of E. necator
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infection on photosynthesis. Compared to CT, P3-treated Chardonnay leaves exhibited, on
average, 47.2% higher infection intensity in both years, while in Kékfrankos this difference
exceeded 200%.

6) The observed plant protection efficacy of paraffin oil against powdery mildew, along with
its long-recognized potential phytotoxicity, is associated with its role as an elicitor in plant
stress responses. This is closely related to the leaf tissue localization capacity determined by
the physical properties of the paraffin oil formulation (e.g. viscosity) and to the
morphological characteristics of the tested grapevine cultivars that influence spray retention
(e.g. dense leaf trichomes and thick, waxy berry cuticles improve adherence). This
relationship highlights the need to specifically consider these factors (e.g. adjusting the
applied concentration) when using paraffin oil in plant protection, to maintain a balance
between its adverse (phytotoxic, concentration-dependent) and beneficial (protective)

effects.
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5. RESULTS THAT CAN BE USED IN PRACTICE

1) As a result of our spraying experiments, we obtained data and observations on powdery
mildew infection for several paraffin oil concentrations applied alone on the grapevine
cultivars Chardonnay and Kékfrankos, covering two (1.1 v/v%) or four (2.2; 3.3 v/v%)
growing seasons. Based on our results, paraffin oil at 2.2 and 3.3 v/v% concentrations can
be successfully applied on its own under low to moderate infection risk conditions: compared
to the untreated control, these paraffin oil treatments exhibited an average reduction of
67.2% in infection intensity.

2) Since the mechanism of action of paraffin oil against grapevine powdery mildew is based on
the induction of the plant’s stress response, its inhibitory effect on Erysiphe necator is
presumably only slightly influenced by the extent of the exposed leaf surface; rather, it
appears to correlate positively with the applied concentration of paraffin oil. It may therefore
be effective even at lower application doses when used at higher concentrations, while
maintaining negligible phytotoxicity.

3) Our study evaluated higher paraffin oil concentrations (2.2 and 3.3 v/v%) than those used in
previous grapevine-related research, as well as their combinations with fungicides exhibiting
multiple modes of action (not only DMI or Qol types) applied as the control treatment (CT),
from a plant protection perspective against powdery mildew. Furthermore, in our
experiment, paraffin oil was not applied as a complementary partner to fungicides or as part
of their gradual substitution. Instead, a sequential spraying protocol was used within the
same day, where paraffin oil was applied first, followed by the CT mixture adjusted to the
given year’s characteristics. This approach eliminated the potential phytotoxicity that could
arise from mixing spray liquids.

4) The P3CTm plots received only the fungicide treatment (CT) used in the vineyard during
the powdery mildew—susceptible flowering and fruit set stages, without paraffin oil (3.3
v/v%). Consequently, the potential beneficial effect of paraffin oil as an efficacy-enhancing
adjuvant could not manifest effectively: in some cases (e.g. 2015), the P3CTm treatment
showed on average 18.2% higher powdery mildew infection indices compared to other CT-
containing treatments. This represents an important observation from a spray technology
perspective for the grapevine cultivars studied.

5) Our research findings contribute to one of today’s key objectives — the advancement of
precision viticulture and crop protection — through the assessment of paraffin oil’s

applicability in plant protection on Chardonnay and Kékfrankos cultivars.
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