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ABSTRACT

This study investigated the sexual reproduction of Plasmopara viticola in wine regions of southern Brazil. Leaves with mosaic
symptoms from susceptible hosts of Vitis vinifera were collected from vineyards in the autumn and screened for the presence of
oospores. Leaves from hosts carrying different resistance alleles were also collected in three contrasting environments in Santa
Catarina State; the influence of these factors on oospore formation was assessed. Georeferenced oospore records were used in
the maximum entropy ecological niche model (MaxEnt) and climatic suitability for oospore formation in southern Brazil was de-
termined. Finally, oospore germination assays were conducted after overwintering under natural conditions in both susceptible
and partially resistant hosts. Oospores were detected in all vineyards investigated. The interaction between resistance alleles and
the environment influenced oospore formation. Oospores were formed in all partially resistant hosts, even those with pyramided
resistance alleles. Ecological niche modelling indicated that 80.8% of southern Brazil has moderate to very high suitability for
oospore formation. This is the first study to confirm P. viticola oospore formation in all major wine-growing regions of southern
Brazil, oospore germination under local conditions in susceptible and resistant hosts, and to apply ecological niche modelling to
predict climatic suitability for oospore formation. These findings expand the known distribution of the sexual cycle of P. viticola
in the southern hemisphere confirming its sexual reproduction in southern Brazil with critical implications for grapevine breed-
ing and disease management, as sexual reproduction promotes genetic diversity, increasing the risk of host resistance breakdown
and fungicide resistance.

1 | Introduction main strategy for controlling P. viticola, but along with the in-

crease in production cost, there are concerns about their safety

Plasmopara viticola is an obligate biotrophic oomycete and
causes downy mildew (DM), one of the most destructive diseases
of grapevine (Vitis vinifera) (Gessler et al. 2011; Koledenkova
et al. 2022). Native to North America, the pathogen was intro-
duced into Europe in the 1870s and subsequently spread to vine-
yards worldwide, including those in the southern hemisphere
(Fontaine et al. 2021). The spraying of fungicides is still the

and potential adverse effects on human health and biodiversity
(Merdinoglu et al. 2018; Trapp et al. 2025). A more sustainable
alternative for managing the disease, both environmentally
and economically, is the use of resistant grapevine varieties.
Over the years, grapevine breeders have introgressed P. viticola
resistance alleles (Rpv, resistance to P. viticola) into V. vinifera
backgrounds to combine disease resistance with high-quality
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wine attributes (Trapp et al. 2025). The most commonly used
Rpv-alleles in breeding programmes are RpvI, Rpv3, Rpv10 and
Rpvi2 (Merdinoglu et al. 2003; Schwander et al. 2012; Venuti
et al. 2013; Welter et al. 2007; Zyprian et al. 2016). In order to
enhance resistance performance and durability, breeders are
combining these resistance alleles into single genotypes (gene
pyramiding).

Plasmopara viticola is a diploid pathogen with a mixed repro-
ductive system, both sexual and asexual, with sexual repro-
duction occurring through haploid gametes (Burruano 2000).
The sexual reproduction is heterothallic, requiring the fusion
of two compatible specialised hyphae (the antheridium and
oogonium) from the mating types P1 and P2 to form oospores
(Wong et al. 2001). In this system the P1 mating-type locus is
heterozygous (MAT-a/MAT-b), while the P2 locus is homozy-
gous (MAT-a/MAT-a) (Dussert et al. 2020). Under field condi-
tions, oospores play a crucial role in the pathogen's life cycle.
Firstly, they are overwintering structures that allow the patho-
gen to survive in the field during grapevine dormancy (Vercesi
et al. 1999). Secondly, oospores promote genetic recombination
through meiosis, leading to new genetic combinations and in-
creasing the pathogen's genetic diversity (Gobbin et al. 2006).
Finally, oospores can germinate throughout the grapevine-
growing season, continuously contributing to the primary in-
oculum during DM epidemics (Fedele et al. 2025; Maddalena
et al. 2021).

Heterothallic pathogens with mixed reproductive systems
(such as P. viticola) have greater evolutionary potential; this
increases the likelihood of each pathogen overcoming host
resistance mechanisms and developing resistance to fun-
gicides used for their control (McDonald and Linde 2002).
Erosion of genetic resistance has been reported in Europe
for Rpv3, RpvI10 and Rpvi2, three of the four main resistance
genes used worldwide in grapevine breeding programmes
(Delmas et al. 2016; Delmotte et al. 2014; Heyman et al. 2021;
Paineau et al. 2022, 2024; Peressotti et al. 2010; Possamai
et al. 2020; Wingerter et al. 2021). Even more concerning
are the reports about pathogen adaptation to resistance gene
pyramids, such as Rpv3.I+ RpvI0, Rpv3.1+ Rpvi2 (Paineau
et al. 2022; Wingerter et al. 2021). Similarly, there are many
studies reporting the resistance of P. viticola isolates to fun-
gicidal molecules such as quinone outside inhibitors (QolIs),
carboxylic acid amides (CAAs), quinone inside inhibitors
(QiIs) and quinone inside-outside inhibitors (Qiols) (Massi
et al. 2021). Although P. viticola has been studied worldwide,
the research on the sexual phase is concentrated in the north-
ern hemisphere, particularly in Europe. Currently, major re-
search priorities include advancing sustainable grapevine DM
management and deepening our understanding of the sexual
phase in the life cycle of P. viticola (Burruano 2000; Delbac
et al. 2019; Dussert et al. 2020; Dvorak et al. 2025; Fedele
et al. 2025; Gobbin et al. 2006; Maddalena et al. 2021; Vercesi
et al. 1999; Wong et al. 2001). Building upon this knowledge,
researchers are also exploring innovative approaches to dis-
rupt the process of sexual reproduction (Poeydebat et al. 2022;
Fournier et al. 2025).

In the southern hemisphere, studies on the sexual reproduction
of P. viticola are scarce. A study conducted in Western Australia

detected oospores in only 1 of 16 vineyards analysed, suggesting
that their formation is rare (Killigrew et al. 2005). In southern
Africa, new genotypes appeared steadily during the grapevine-
growing season, representing 12%-74% of the pathogen popula-
tion contributing to the epidemic, providing strong genetic and
epidemiological evidence that oospores are formed (Koopman
et al. 2007). In Sao Paulo State (SP), Brazil, P. viticola popula-
tions are formed by a few clonal genotypes of P. viticola, indi-
cating that DM epidemics result from multiple clonal infections
and that the reproduction of the pathogen in this region is pre-
dominantly asexual (Camargo et al. 2019). On the other hand,
another study reported that P. viticola populations collected in
Rio Grande do Sul (RS), Brazil, presented greater genetic di-
versity than those from SP. The authors suggested that sexual
reproduction may occur under the environmental conditions of
RS, although oospore formation was not investigated (Santos
et al. 2020).

According to climate data from a 30-year historical series,
the southern region of Brazil experiences mean daily tem-
peratures between 17°C and 25°C and annual precipitation
exceeding 1250mm during the grapevine-growing season
(Wrege et al. 2012). These climatic conditions are highly con-
ducive to the asexual development of P. viticola. As a result,
numerous secondary infection cycles occur within a single
grapevine season if the disease is not effectively managed
(Zanghelini et al. 2019). However, during autumn and win-
ter, mean minimum temperatures range from 9°C to 17°C
and temperatures frequently fall below freezing during this
period (Wrege et al. 2012). These conditions induce natural
dormancy in grapevines and limit the asexual reproduction of
P. viticola (Mouafo-Tchinda et al. 2020; Williams et al. 2007).
P. viticola oospore formation was recently confirmed in the
highland region of Santa Catarina (SC), which is the coldest
region of Brazil (Bitencourt et al. 2021). However, information
on the occurrence and suitability of climatic conditions for oo-
spore formation in the other main wine-producing regions of
southern Brazil remains limited.

In Brazil, viticulture has economic, cultural and oenotour-
ism importance. In 2024 the total vineyard area reached
83,000 ha, representing a 1.5% increase compared to 2022 and
marking the third consecutive year of expansion (OIV 2024).
Simultaneously, national wine production totalled 3.6 million
hectolitres, reflecting a 12.1% increase over the previous year
and a 31.4% increase compared to the 5-year mean (Protas
et al. 2024; OIV 2024). The southern region stands out as the
main producer, accounting for 58.1% of the country's grape
production and leading the production of fine wines (Protas
etal. 2024). Furthermore, the southern region has 13 registered
Geographical Indications (GIs) for wines, which reinforce the
recognition of the quality, authenticity and distinctive charac-
teristics of local products in both national and international
markets (MAPA 2025). However, DM is the most important
viticultural disease in the region, compromising grape produc-
tivity and threatening the long-term economic and environ-
mental sustainability of the sector (Zanghelini et al. 2019).

To develop more efficient, sustainable and long-lasting disease
management strategies, it is crucial to understand the sexual
reproduction of P. viticola. These studies are incipient in the
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southern hemisphere where many famous wine regions are
located worldwide. This study aimed to contribute to the mit-
igation of this lack of information by investigating the sexual
phase of P. viticola in southern Brazil. The main objectives of the
study were (i) to evaluate the occurrence and determine climatic
suitability for the formation of P. viticola oospores in the main
wine grape-producing regions of southern Brazil; (ii) to assess
the influence of resistance alleles and environmental factors on
the formation of P. viticola oospores; and (iii) to confirm the ger-
mination of P. viticola oospores formed in both susceptible and
resistant hosts.

2 | Materials and Methods

2.1 | Oospore Formation of P. viticola in
Southern Brazil

Leaf samples were collected from commercial vineyards lo-
cated in Parand (PR), SC and RS States, in the main wine
grape-producing regions of southern Brazil, which represent
different edaphoclimatic conditions (Figure S1). The leaves
were collected from susceptible V. vinifera varieties naturally
infected by P. viticola. Information regarding hosts, collection
dates, vineyard locations and meteorological stations is pro-
vided in Table S1.

All samples were collected and stored according to the method
described by Bitencourt et al. (2021). Ten leaves from the
upper third of shoots showing typical DM mosaic symptoms
(Figure S2) were collected from each susceptible host/vine-
yard during the autumns of 2021 and 2022. From each leaf, a
12mm diameter disc was excised from an area showing mosaic
symptoms and fixed in FAA (formaldehyde, acetic acid and 70%
ethanol in the proportion 5:2:93) for 48 h, then stored in con-
tainers with 70% ethanol at room temperature. For microscopic
observation, each disc was placed on a glass slide, mounted
with a drop of distilled water, and covered with a coverslip. The
10 discs per host/location were examined for the presence of
oospores using a BX-60 light microscope (Olympus), and im-
ages were captured using a DP73 digital camera (Olympus) con-
nected to the microscope.

The mean density (oospores mm~2) and mean diameter (um)
of P. viticola oospores in leaf tissue were measured. To assess
oospore density, five fixed 12mm diameter leaf discs showing
mosaic symptoms of DM were examined under the BX-60 light
microscope at 100x magnification. Within a defined area of
363,538 um?, oospores were counted using ImageJ software and
the mean oospore density per square millimetre was calculated.
To evaluate the diameter of the oospores in the leaf disc, 10 discs
previously fixed were analysed using the BX-60 light micro-
scope at 200x magnification. The diameter of 10 randomly se-
lected oospores from each leaf disc was measured using cellSens
software (Olympus), totalling 100 oospores per host/vineyard.

The oospore density and diameter from the main wine grape-
producing regions of southern Brazil were compared using gen-
eralised linear models (GLMs). Density was modelled using a
quasi-Poisson distribution, and diameter was modelled using
a gamma distribution, both with a logarithmic link function

(Zuur et al. 2009). Model assumptions were assessed through
graphical residual analysis, inspection of half-normal plots,
and overdispersion and zero inflation assessments. The signifi-
cance of fixed effects was tested using deviance analysis, with a
x?test applied to the gamma model fitted to mean oospore diam-
eter and an F-test based on quasi-likelihood used for the quasi-
Poisson model fitted to oospore density. Pairwise comparisons
among varieties of V. vinifera were performed using Tukey-
adjusted post hoc tests based on estimated marginal means
(EMMs) (Searle et al. 1980). Analyses were performed in the R
statistical software (R Core Team 2023) and the packages used
were stats v. 4.3.2 (R Core Team 2023), hnp v. 1.2-6 (Patriota
and Young 2020), performance v. 0.13.0 (Liidecke et al. 2021),
emmeans v. 1.8.9 (Lenth 2023), multcomp v. 1.4-24 (Hothorn
et al. 2008) and agricolae v. 1.3-7 (de Mendiburu 2023).

2.2 | Influence of Resistance Alleles and
Environmental Conditions on Oospore Formation

To evaluate the combined effect of resistance alleles and envi-
ronmental conditions on P. viticola oospore formation under
natural field conditions, leaf samples were collected from exper-
imental vineyards in three distinct regions of SC State. Samples
were collected from a panel of hosts of V. vinifera containing
different combinations of Rpv alleles, as well as from the suscep-
tible V. vinifera variety Sauvignon Blanc and the interspecific hy-
brid Isabella (Vitis labrusca X V. vinifera). Details regarding the
hosts, Rpv alleles, locations and sampling dates are provided in
Table S2. From this point onward, the host carrying Rpv alleles
will be considered to be resistant hosts, although most of them
did not have complete resistance to the pathogen.

Samples were collected and stored as described in Section 2.1.
Leaf discs were screened for the presence of oospores with
minor methodological modifications. For this experiment, from
10 leaves of each host/location up to two discs per leaf were ana-
lysed, aiming to measure 100 oospores (10 per leaf) per host/lo-
cation (the number of oospores varied among host/location). For
all evaluated samples, data corresponding to the number of discs
with and without oospores were analysed using a GLM with bi-
nomial distribution and logit link function. Fixed effects (loca-
tion, genotype and their interaction) were tested via deviance
analysis (y? test). Model assumptions and post hoc comparisons
followed the procedures described in Section 2.1. Results are ex-
pressed as the percentage of oospore incidence (IO) to facilitate
interpretation. For leaf discs containing oospores, the mean oo-
spore density (oospores mm~2) and mean oospore diameter (um)
were measured for each hostxlocation combination. Oospore
density was measured as described in Section 2.1. Oospore di-
ameter was measured using 10-20 leaf discs. On each disc, up
to 10 randomly selected oospores were measured, totalling up
to 100 oospores per hostxlocation combination. Both oospore
diameter and density datasets were analysed using the same sta-
tistical procedures described in Section 2.1.

The results for the three variables were summarised by present-
ing mean values and the corresponding statistical differences
among the evaluated factors. In addition, heatmaps were used to
provide an integrated visualisation of host, environmental and
hostx environment interaction effects.
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2.3 | Climatic Data of the Sample Collection
Locations

Mean temperature (°C) and precipitation (ppt; mm) were re-
corded for the 30days preceding the sample collection dates.
Climatic data was obtained from the meteorological stations
closest to the vineyards where the samples were collected, oper-
ated by INMET, EPAGRI/CIRAM and/or AgriTempo/RS.

2.4 | Climatic Suitability for P. viticola Oospore
Formation in Southern Brazil

The climatic suitability for P. viticola oospore formation across
the southern Brazilian region was conducted using ecologi-
cal niche modelling, employing the maximum entropy model
MaxEnt (Elith et al. 2011; Phillips et al. 2006). This approach
allowed the extrapolation of local data to a regional scale and the
identification of the main climatic drivers of oospore formation
in a subtropical climate region in the southern hemisphere.

Historical bioclimatic data were obtained from the TerraClimate
database, with a spatial resolution of approximately 1/24° (~4
spatial resolution) (Abatzoglou et al. 2018), for the months of
March, April and May from 2017 to 2022, which encompass
the period of time that oospore occurrence was recorded in
the studied area. The extracted climatic variables included ppt,
potential evapotranspiration (pet), actual evapotranspiration
(aet), maximum temperature (¢, ), minimum temperature
(t;) and vapour pressure deficit (vpd). All variables were ob-
tained as monthly data. From ¢_, and ¢_, , mean temperature
[teq =t nax T tmin)/2] and thermal amplitude (tmp =t s~ L)
were calculated. For modelling purposes, ¢4, Lamp and ppt
were selected as predictor variables based primarily on their
biological relevance, complemented by Pearson correlation
analysis (r<0.7) and variance inflation factor (VIF <5), to mi-
nimise multicollinearity among climatic covariates (Dormann
et al. 2013; Tesfamariam et al. 2022). The selected variables were
converted into raster layers and stacked into a multilayer ras-
ter object to serve as environmental predictors in the ecological
niche modelling using raster v. 3.6-32 package (Hijmans 2023).

Georeferenced records of P. viticola oospores were obtained
from previously collected oospore density data and their respec-
tive geographic coordinates, as described in Sections 2.1 and 2.2
(n=10). To reduce spatial redundancy in the modelling process,
only one sampling point (BG1; Table S1) was used to represent
the municipality of Bento Gongalves (RS), due to the proximity
of two samples collected in that area. To complement the spatial
characterisation of P. viticola occurrence, two additional records
reported by Bitencourt et al. (2021) were included, correspond-
ing to the municipalities of Sao Joaquim (SC; 28°16'28.0” S,
49°55’53.1” W; 1415ma.s.l.) and Curitibanos (SC; 27°16'15.7” S,
50°37'54.5” W; 987ma.s.l.). In total, 12 occurrence records were
considered for modelling, which currently represent the only
documented records of P. viticola oospores in South America.

Modelling was performed in the R statistical software (R Core
Team 2023) using the MaxEnt algorithm (ENMeval v. 2.0.5 and
maxnet v. 0.1.4 packages), with leave-one-out jackknife cross-
validation and a total of 155 background points were randomly

generated within the study area (Elith et al. 2011; Muscarella
et al. 2014; Pearson et al. 2007; Phillips 2021; Phillips et al. 2006).
Different regularisation parameters (RM =1 to 3, with a step of
0.5) and linear and quadratic feature classes were tested to avoid
overfitting (Ikeda and Osawa 2020). The selection of the most
suitable model was based on the lowest corrected Akaike infor-
mation criterion (AICc) value (Fu et al. 2024).

The significance of the model was assessed using a null model
test, applying 1000 random permutations of the presence
points to evaluate whether the predicted models performed
significantly better than random expectations (Raes and ter
Steege 2007). Model accuracy was evaluated using the area
under the curve (AUC) of the receiver operating characteristic
(ROC) curve, the true skill statistic (TSS), sensitivity, specificity,
and the Boyce Index (Boyce et al. 2002; Hirzel et al. 2006; Ikeda
and Osawa 2020). The relative importance of each predictor
variable was evaluated by permuting its values across presence
and background points and calculating the resulting decrease
in AUC, with greater reductions indicating higher model de-
pendence (Cohen 2023). The values were then normalised to
express the percentage contribution of each variable (Ikeda and
Osawa 2020).

The prediction results were generated using the MaxEnt model
with the logistic output format, which returns the probability
of occurrence and, in this context, represents the climatic suit-
ability for P. viticola oospore formation (Phillips et al. 2017).
Suitability was calculated for each pixel in the study area, gener-
ating continuous values ranging from 0 (unsuitable) to 1 (highly
suitable) (Fu et al. 2024; Ikeda and Osawa 2020). These values
were interpolated onto a map of southern Brazil at a spatial res-
olution of approximately 4km, enabling the identification of
critical areas with a higher risk of pathogen sexual reproduction
occurrence.

In addition to the mean suitability map for the March-May
period, individual suitability maps were generated for each of
these months. Descriptive statistics of mean climatic suitability,
including minimum and maximum thresholds, were calculated
based on the number of valid pixels. The same approach was ap-
plied to estimate the relative proportion of each suitability class,
defined according to thresholds proposed by Cohen (2023): low
(0-0.2), moderate (>0.2-0.4), high (>0.4-0.6) and very high
(>0.6-1.0). Additionally, municipal boundary polygons were
reprojected onto the map to calculate the mean, standard de-
viation and corresponding classes of climatic suitability at the
municipal level.

2.5 | Germination of P. viticola Oospores in
the Highland Region of Santa Catarina

In order to confirm that P. viticola oospores germinate under the
natural environmental conditions in southern Brazil, leaves nat-
urally infected with P. viticola were collected in the autumn of
2024 in two vineyards in Curitibanos, SC. Oospore formation in
both vineyards had already been confirmed in a previous study
by Bitencourt et al. (2021). Leaves of the susceptible cultivar
Cabernet Sauvignon were collected from a commercial vine-
yard, while leaves from hosts carrying different combinations of
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resistance alleles were collected from an experimental vineyard
of the Federal University of Santa Catarina. Detailed informa-
tion regarding collection dates, hosts, resistance alleles and sam-
pling locations is provided in Table S3.

For all samples, oospore-rich leaf areas were selected using a BX-
60 light microscope using 100X magnification, and 12-mm diam-
eter leaf discs were carefully excised. The leaf discs were placed
in five nylon bags with 100 pum pores, each containing 20 discs
(Vercesi et al. 2010). The nylon bags were overwintered in the
field under a layer of 5cm of sand on the soil surface, close to an
experimental vineyard located at the Agricultural Experimental
Station of the Federal University of Santa Catarina, Campus of
Curitibanos (27°16'58” S, 50°35’04” W; 1000m a.s.l). The sub-
strate was covered with an anti-hail net to secure the samples
during the overwintering period (Maddalena et al. 2021; Vercesi
et al. 2010). The samples were maintained in that condition
until the germination assays. During this period, climatic data
on temperature (°C) and precipitation (mm) were collected from
the meteorological station UFSC Curitibanos 1026, located next
to the overwintered samples.

Germination tests were performed at the grapevine sprouting
stage (16 September 2024). For each sample, the nylon bags
were collected from the field, taken to the laboratory and an-
alysed using protocols adapted from Vercesi et al. (2010) and
Maddalena et al. (2021). The leaf discs were macerated with a
pellet pestle in a microtube containing 1.5mL of sterile distilled
water (SDW) to extract the oospores. The oospore suspension
was filtered through a 75um sieve and added to 47mm Petri
dishes (Millipore) containing 1% water agar. For each sample,
five Petri dishes were prepared and 40uL of the suspension
containing 20 oospores was added to each plate, totalling 100
oospores evaluated per nylon bag. The samples were incubated
at 20°C with a 12-h light photoperiod. Every day, 100 uL. SDW
was added to the samples. The number of germinated oospores
was examined daily using a BX-60 microscope for 14 days after
incubation (dai), and the percentage of oospore germination was
calculated.

Germination data (counts of germinated and non-germinated
oospores) were analysed using a GLM with binomial distribution
and logit link function. Fixed effects were tested via deviance
analysis (y? test). Model assumptions and post hoc comparisons
followed the procedures described in Section 2.1. Results were
expressed as germination percentages for interpretative clarity.

3 | Results

3.1 | Oospore Formation of P. viticola in
Southern Brazil

The formation of oospores of P. viticola was confirmed in the
leaf tissues of susceptible hosts in all the wine-growing regions
under investigation in southern Brazil, including Serra Gatucha
(RS), Campanha Gaucha (RS), Campos de Cima da Serra (RS),
Serra Catarinense (SC), Vale do Rio do Peixe (SC) and the
Curitiba Metropolitan Region (PR). Oospores were more abun-
dant in the central areas of DM mosaic leaf symptoms. They
were typically rounded, thick-walled and clustered near the

veins. Oospore density in leaf tissues ranged from 28 oospores
mm~2 in Farroupilha (FAR) to 212 oospores mm~2 in Vacaria
(VAC). A statistically significant difference in mean oospore
density was found among the evaluated regions (F=2.74;
df=9; p=0.0138; Figure la). The mean density ranged from
48 oospores mm~2 in Campo Largo (CAM) to 123 oospores
mm~2 in Videira (VID). The other regions evaluated, includ-
ing Monte Belo do Sul (MBS=107), Dom Pedrito (DPE =85),
Bento Gongalves (BG1=83 and BG2=72), VAC (=78), Agua
Doce (AGD=69), Nova Padua (NPA=59) and Farroupilha
(FAR =55), presented intermediate densities and did not dif-
fer significantly from each other. Significant regional varia-
tion was also observed for mean P. viticola oospore diameter
(x*=2.56; df=9; p<0.0001; Figure 1b). Mean diameters per
site varied from 20.39um (AGD) to 24.00um (VID), with
leaves from VID having larger oospores than those in other
locations. Oospore diameters ranged from 15.95um (BG2) to
33.05um (VID).

3.2 | Influence of Resistance Genes and
Environment on Oospore Formation

Oospores were detected within leaf tissues at all three study
locations, and every host evaluated produced oospores in at
least one of these environments (Figure 2). Table S4 presents
the incidence, mean diameter and density of oospores observed
in grapevine hosts cultivated across different environments
in SC. The incidence of P. viticola oospores (I0) differed sig-
nificantly among hosts (y*=83.42; df=8; p<0.0001), across
environments (y?>=74.74; df=2; p<0.0001) and in their inter-
action (y*=122.96; df=15; p<0.0001). Overall, the VID and
AGD environments favoured oospore formation, whereas URU
provided less conducive conditions, particularly for partially
resistant genotypes (Figure 3a). In the VID environment, all
hosts exhibited IO values above 60% with no clear distinction
between susceptible and resistant genotypes. In AGD, although
most genotypes maintained IO values above 50%, oospores
were completely absent in Isabella and Bronner. In contrast,
oospore formation in URU was restricted to a subset of hosts.
Genotypes carrying single Rpv alleles, such as Regent (Rpv3.1)
and Souvignier Gris (Rpv3.2), did not produce oospores, whereas
genotypes carrying pyramided Rpv alleles displayed contrasting
responses. Cabernet Cortis and Calardis Blanc maintained 10
values above 50%, while Bronner and GF-15 exhibited interme-
diate values (25%; Figure 3a).

There were also significant differences in oospore density
between hosts (F=13.68; df=8; p<0.0001), environments
(F=71.54; df=2; p<0.0001) and host X environment interaction
(F=8.33; df=15; p<0.0001; Table S4). The VID environment
showed the highest mean oospore densities for most genotypes
(Figure 3b). In this environment, Regent, Souvignier Gris and
Sauvignon Blanc exhibited high oospore densities (>75 oo-
spores mm~—2), whereas Isabella consistently showed low density
(14 oospores mm™2).

In AGD, a general reduction in oospore density was observed,
with values ranging from 9 to 39 oospores mm~2 among geno-
types that formed oospores, and complete absence in Isabella
and Bronner. In URU, oospore densities were generally low
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FIGURE 1 | Boxplot distribution of (a) mean density per mm? in the evaluated leaf discs (n=5) and (b) mean diameter of Plasmopara viticola

oospores (n=100) measured in 10 locations in southern Brazil. Oospores were extracted from downy mildew symptomatic leaves sampled in the au-

tumn from susceptible Vitis vinifera varieties in the following municipalities across the states of Parana (PR), Santa Catarina (SC) and Rio Grande do
Sul (RS). CAM—Campo Largo, PR; AGD—Agua Doce, SC; VID—Videira, SC; VAC—Vacaria, RS; FAR—Farroupilha, RS; NPA—Nova Pddua, RS;
BG1 and BG2—Bento Gongalves, RS; MBS—Monte Belo do Sul, RS and DPE—Dom Pedrito, RS. Different letters indicate significant differences in
mean oospore density per mm? and mean oospore diameter between locations as detected by Tukey's test (p <0.05).

(£20 oospores mm™), except for Cabernet Cortis, which
showed high oospore density at this environment (> 50 oospores
mm~2), contrasting with the pattern observed at the other lo-
cations for this same genotype (Figure 3b). In contrast, GF-15
exhibited low and relatively stable oospore densities across en-
vironments, suggesting reduced sensitivity for this variable.
Statistically significant differences were also observed in the
mean diameter of oospores between hosts (y*=1.45; df=8;
p<0.0001), environments (y*=5.33; df=2; p<0.0001) and
host X environment interaction (¥>=0.96; df=15; p<0.0001;
Table S4). Consistently, larger mean oospore diameters were
recorded in VID when compared to AGD and URU (Figure 3c).

In this environment, Bronner, Calardis Blanc and Sauvignon
Blanc produced the largest oospores (24 um), whereas Isabella
exhibited the smallest diameters (21 um). Of the hosts oospore
mean diameters were measured in AGD and URU, GF-15 did
not differ between environments; Felicia and Calardis Blanc
presented larger oospores in AGD, and Cabernet Cortis exhib-
ited larger oospores in URU. The susceptible host Sauvignon
Blanc was not available in URU.

Taking all the results together, the presence of the Rpv resis-
tance alleles did not prevent the formation of oospores. Even
the genotypes containing Rpv alleles pyramided (e.g., Cabernet
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FIGURE 2 | Detection of Plasmopara viticola oospores in leaf discs excised from leaf areas manifesting downy mildew symptoms, collected in
three locations of Santa Catarina state (AGD, Agua Doce; URU, Urussanga; and VID, Videira) from eight resistant and one susceptible (Sauvignon
Blanc) hosts. (a-i) Light microscopic images showing oospores in all hosts under investigation. (a) Sauvignon Blanc in VID, (b) Regent in VID, (c)
Souvignier Gris in VID, (d) Calardis Blanc in VID, (e) Felicia in URU, (f) Gf. 2004-043-0015 in AGD, (g) Bronner in VID, (h) Cabernet Cortis in URU
and (i) Isabella in VID. Scale bar of 50 um for images (b), (c), (d) and (i). Scale bar of 20 um for images (a), (e), (f), (g) and (h). Yellow arrows highlight

the oospores.

Cortis, Bronner and GF-15) showed high oospore density in at
least one location. The outstanding host was Isabella, for which
a low oospore density was observed in VID and no oospores
were detected in AGD and URU.

3.3 | Climatic Data From the Sample Collection
Location

The mean daily air temperature and the total amount of pre-
cipitation for the 30days before sample collection in the main
wine-growing regions of southern Brazil (Section 3.1) and in
vineyards with resistant hosts (Section 3.2) are displayed in
Figure 4. In PR State, the municipality of CAM recorded a mean
temperature of 17.8°C and 113 mm of precipitation. The munici-
palities in SC registered a mean temperature of 18.4°C for AGD,
17.8°C for VID, and 23.7°C for URU and the total precipitation
was 126, 157 and 200mm, respectively. In RS, VAC registered
13.9°C and 293 mm of precipitation. The municipalities of FAR,

NPA, MBS and BGO integrate the “Serra Gaucha” region, where
the mean temperature ranged from 16.1°C to 18.3°C and 212 to
399 mm of precipitation. DPE had a mean temperature of 17.5°C
and 412 mm of precipitation.

The mean daily air temperature range also varied among the
evaluated municipalities, with values ranging from 7.9°C to
10.2°C (Figure S3). The lowest value was observed in NPA
(7.9°C), while the highest occurred in AGD (10.2°C). Locations
such as VID (9.8°C), VAC (9.9°C) and DPE (9.4°C) showed am-
plitudes similar to AGD. In contrast, municipalities located in
the Serra Gatcha region (such as BGO, FAR and MBS) and URU
exhibited values close to those of NPA, ranging from 8.3°C to
8.5°C. The observed patterns indicate that, during the 30days
prior to sample collection, climatic conditions characterised by
mild mean temperatures, moderate thermal amplitude and high
precipitation (above 100 mm/month) favoured the formation of
P. viticola oospores in the main grape-growing regions of south-
ern Brazil.
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FIGURE 3 | Heatmaps illustrating the combined effects of host genotype and environment on (a) mean oospore incidence (10, %), (b) mean oo-

spore density (oospores mm~2) and (c) mean oospore diameter (um) of Plasmopara viticola in leaf discs from grapevine genotypes grown in Videira

(VID), Agua Doce (AGD) and Urussanga (URU), Santa Catarina, Brazil. Colours correspond to the mean values for each variable based on the indi-

cated scale. Light grey cells denote samples that were not evaluated whereas dark purple cells indicate no formation of oospores.

3.4 | Climatic Suitability for P. viticola Oospore
Formation in Southern Brazil

The ecological niche model exhibited high discriminatory
accuracy in predicting environmentally suitable areas for P.
viticola oospore formation. Model performance was supported
by a high AUC value (0.878), along with a TSS of 0.691, sensi-
tivity of 0.846, specificity of 0.845, and a Boyce Index of 0.884,
indicating the predictive output was both reliable and robust
(Figure S4).

The most influential environmental variables in the model are
temperature (relative contribution of 73.8%), temperature range
(16.8%) and ppt (9.4%). The response curve for mean temperature
indicated a gradual decline in climatic suitability for oospore
formation as monthly mean temperatures increased (monotonic
negative relationship; Figure S5). Maximum suitability (0.93)
was observed at 14.2°C, remaining above 0.6 up to 16.8°C and
above 0.4 up to 18.0°C. Temperatures exceeding 19.7°C resulted
in low suitability values (< 0.20).

A similar monotonic negative pattern was observed for the di-
urnal temperature range, with maximum suitability (0.47)
occurring at 7.6°C and dropping below 0.20 beyond 11.7°C.
In contrast to the previous variables, the response curve for
monthly ppt showed that climatic suitability increased progres-
sively with rising precipitation levels (monotonic positive rela-
tionship). Suitability values increased from 0.11 (~89 mm) to 0.59

(~179mm), with no evidence of saturation within the analysed
range (Figure S5).

Climatic suitability for P. viticola oospore formation in southern
Brazil is presented in Figure 5 and Table S5. Ecological niche
modelling indicates that, under mean climatic conditions during
March, April and May, the mean suitability was 0.41, with val-
ues ranging from 0.01 to 1.00 (Figure 5a). Approximately 35.4%
of the study area was classified as having moderate suitabil-
ity (>0.2-0.4), 24.4% as high (>0.4-0.6), 20.9% as very high
(>0.6-1.0) and only 19.2% as low suitability (0-0.2). The map
highlights that the highest-risk areas (suitability >0.80) are
concentrated in highland vineyards, particularly in intermedi-
ate latitudes (27.6°S from 29.8°S), localised in the states of SC
and RS.

The climatic suitability of the places representing the main
wine-growing regions in southern Brazil, where the formation
of oospores was confirmed, ranged from 0.22 (URU) to 0.92
(SJ), both located in SC State. High suitability values were ob-
served in wine-growing regions of RS State, particularly in VAC
(0.86+0.05), NPA (0.85+0.06), BG1 and BG2 (0.83+0.12), and
MBS (0.71 +0.09), and SC State, in SJ (0.92), AGD (0.81 +0.07),
CUR (0.79+0.04), and VID (0.64+0.06). In contrast, CAM
(0.38+0.09) in PR State and DPE (0.33 +0.05) in RS State, and
URU (0.22+0.06) in SC State showed moderate suitability re-
flecting less favourable climatic conditions during the March-
May period.
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FIGURE4 | Climatic data from the study sites during the 30 days prior to sample collection. (a) Boxplot distribution of daily mean air temperature
(°C) for each sampling location. (b) Total accumulated precipitation (ppt) during the same period at each sampled location (bars).

In this context the regions of Serra Catarinense (SC)
(mean =0.92+0.05), Campos de Cima da Serra (RS) (0.89 +0.04)
and Serra Gaucha (RS) (0.82+0.07) emerged as key risk areas,
with all municipalities within these regions classified as hav-
ing very high suitability (>0.60), according to the thresholds
proposed by Cohen (2023) (Table S5). Other regions with high
suitability included Planalto Catarinense (SC) (0.76 +0.04) and
Alto Vale do Rio do Peixe (SC) (0.63+0.06), where most mu-
nicipalities were classified as high to very high. In contrast,
Campanha Gaucha (RS) (0.33+0.04) and Vale da Uva Goethe
(SC) (0.23+0.09) showed lower mean suitability, with most

municipalities falling into the low to moderate categories, in-
dicating reduced climatic favourability for sexual reproduction
during the study period. Pronounced intraregional heterogene-
ity was also observed, particularly in southeastern PR, where
suitability for oospore formation ranged from a low of 0.17 in
Cerro Azul to very high values of 0.62 and 0.64 in Quatro Barras
and Tijucas do Sul, respectively.

Seasonal maps of climatic suitability for each month (March,
April and May) revealed notable spatial and temporal variability
across the study area (Figure 5b-d). In March (Figure 5b), high
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FIGURE 5 | Climatic suitability for Plasmopara viticola oospore formation in southern Brazil as predicted by the MaxEnt model for (a) the mean
period from March-May, (b) March, (c) April and (d) May. White circles indicate sites of oospore occurrence in susceptible hosts; white triangles
represent locations previously reported by Bitencourt et al. (2021) and the square with an internal “X” marks occurrence sites in resistant hosts. In

the colour scale shown on the left side of the figure, the orange-to-red gradient denotes a very high probability of suitable conditions (> 0.6-1.0), light
green indicates high suitability (> 0.4-0.6), light blue reflects moderate suitability (>0.2-0.4) and dark blue shades represent low predicted suitability

(0-0.2).

suitability was observed in regions such as Campos de Cima da
Serra (RS), Serra Gaucha (RS), Serra Catarinense (SC), Planalto
Catarinense (SC) and Alto Vale do Rio do Peixe (SC). However,
in April and May (Figure 5c,d), a substantial expansion of areas
classified as very highly suitable was detected, including a
marked increase in suitability indices in the Campanha Gaucha
and southeastern PR regions. This temporal pattern coincides
with the sample collection, when DM mosaic symptoms were
abundant. In contrast, the Vale da Uva Goethe exhibited min-
imal temporal variation in suitability throughout the trimester,
consistently presenting low to moderate values.

3.5 | Germination of P. viticola Oospore in
the Highland Region of Santa Catarina

The temperature and precipitation data for Curitibanos (SC)
during the oospore overwintering period that was tested (9 May
to 16 September 2024) are presented in Figure 6. The mean tem-
perature and ppt during the period were 14.4°C and 591.7 mm,
respectively. Ten events of temperatures under 0°C and frequent
rainfall were recorded.

Following P. viticola oospore overwintering in the field, ger-
mination assays confirmed oospore germination for a sus-
ceptible and a panel of resistant hosts. During germination,
the thick oospore walls were disrupted, allowing the emer-
gence of single germ tubes that terminated in macrosporan-
gia containing zoospores (Figure 7). Statistically significant
differences in oospore germination were observed among
the different hosts (y>=45.59; df = 5; p <0.0001), as shown in
Figure 7f. Higher rates of oospore germination were observed
for the susceptible host Cabernet Sauvignon (59%) and the re-
sistant hosts Calardis Blanc (51%), Cabernet Cortis (50%) and
GF-15 (44%). The resistant hosts Felicia (20%) and Souvignier
Gris (30%) showed significantly lower oospore germination
rates, although Souvignier Gris did not differ significantly
from GF-15.

4 | Discussion
The biological function of P. viticola oospores, which determines

their role in the disease cycle, depends on the successful com-
pletion of their formation, maturation and germination stages

10 of 17

Plant Pathology, 2026



Curitibanos, SC (2024)

110
100 [\
% | |
80 I [\ ill|
70 | ¥
60
50
40

Precipitation (mm)

30
20

10

0 I 1 ||I 1

1/1

.I)Illl | .||.I. | ,,_||‘|. il ...,|,..__.|I|,__|..I|

172 1/3 1/4 1/5

FIGURE 6

Overwintering period of Plasmopara viticola oospores
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ed from January to September 2024 in Curitibanos, Santa Catarina, Brazil. The grey dashed line indicates the date of collection of leaf samples and
the start of sample overwintering in the environment to evaluate germination of Plasmopara viticola oospores.

(Ronzon-Tran Manh Sung and Clerjeau 1988). The results ob-
tained in the present study confirm the sexual reproduction of P.
viticola in leaves of grapevine in southern Brazil, demonstrating
not only the formation of oospores in susceptible and resistant
hosts but also their subsequent maturation and germination. As
the sexual reproduction of P. viticola is heterothallic (Dussert
et al. 2020; Wong et al. 2001), our findings also strongly suggest
that both the P1 and P2 mating types are widely distributed in
the southern region of Brazil. These results are in accordance
with the high genetic diversity reported for P. viticola in RS state
(Santos et al. 2020).

Our study detected the presence of P. viticola oospores in the
main wine-growing regions of southern Brazil. The morphol-
ogy and diameter of the observed oospores were consistent with
previous descriptions in the literature (Lehoczky 1956; Vercesi
et al. 1999). High numbers of oospores were detected in the an-
alysed samples, reaching up to 212 oospores mm~2 in a leaf disc
excised from a mosaic lesion from a susceptible host. These re-
sults are consistent with Gessler et al. (2011), who reported up
to 250 oospores mm~2 within a single polygonal leaf lesion. In
the soil, concentrations of up to 1858 oospores per gram have
been reported, originating from infected leaf tissue that falls to
the ground (Poeydebat et al. 2024). These results demonstrate
that in southern Brazil, leaf tissue of grapevine can accumu-
late significant quantities of oospores, reinforcing the need for
integrated disease management strategies that address both
the asexual and sexual stages of P. viticola to disrupt oospore
formation.

Additionally, the locations where leaf samples were collected
recorded mean temperatures ranging from 13.9°C to 23.7°C
during the 30days preceding sampling, corroborating the tem-
perature range for sexual reproduction reported by Gehmann

et al. (1987). Although oospore formation had previously
been confirmed in highland regions of SC (above 980ma.s.l.)
(Bitencourt et al. 2021), our results demonstrate that sexual
reproduction occurs across a broader range of latitudes (from
25°S in CAM to 31°S in DPE) and altitudes (from 49m a.s.l. in
URU to 1250ma.s.l. in AGD). These findings expand the known
geographic distribution of the sexual cycle of P. viticola in the
southern hemisphere and indicate that, under field conditions in
southern Brazil, oospore formation is not restricted to highland
regions.

Evaluation of the same hosts in contrasting SC environments
demonstrated that P. viticola oospore development is not de-
termined solely by host genotype and/or environmental condi-
tions but rather by a complex interplay between these variables.
Higher oospore incidence, density and diameter were observed
in VID, most likely reflecting a combination of agronomic, envi-
ronmental and epidemiological factors. Sample collection in VID
occurred later than in AGD and URU, and the mean tempera-
ture in VID was also lower. Consequently, P. viticola is expected
to have had a more favourable condition for oospore formation
in that location. Interestingly, for susceptible hosts, oospore
diameter in VID was larger than in the Serra Gaucha regions,
where samples were collected later in the same year and with
lower mean temperatures (e.g., NPA and BGO). The differences
observed between VID, URU and AGD for resistant hosts can
be explained by the fact that VID is the most traditional grape-
producing region in SC, with the largest vineyard area. This may
promote a more uniform and widespread distribution of the two
mating types required for sexual reproduction. Additionally, a
high disease incidence and severity on resistant hosts were re-
ported at the end of the season in VID (Souza et al. 2025). High
severity eases the interactions between compatible hyphae,
thereby enhancing oospore formation. The direct correlation
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FIGURE 7 | Germination of Plasmopara viticola oospores overwintered in Curitibanos, Santa Catarina, southern Brazil. (a-e) Light microsco-
py images showing oospores germinating. (a) Oospore of P. viticola (OOS) emitting a single germ tube (black arrow) that ends with a sporangium
(macrosporangium [M]). (b) The same germinating oospore with the macrosporangium recently ruptured (black arrow). (c) Zoospores (Z) (approx-
imately 64) released from the recently ruptured macrosporangium. (d) Mature macrosporangium (M) connected to the germ tube (black arrow).

(e) Germinating oospore showing the broken thick wall (black arrow pointing to BW) and material being transferred (black arrowhead) from the

oospore through the germ tube to the macrosporangium (M). Scale bar of 20 um for images (a), (b), (c) and (e). Scale bar of 5um for image (d). (f)

Percentage of P. viticola oospores germinated from susceptible and resistant hosts (Susceptible host: Cabernet Sauvignon; Resistant hosts: Calardis

Blanc, Cabernet Cortis, GF-15, Souvignier Gris and Felicia). Different letters indicate a significant difference in the germination percentage between

hosts detected by the Tukey's test (p <0.05).

between the severity of DM and oospore concentration in leaf
litter was already reported (Carisse 2016; Fedele et al. 2025). We
can also not disregard the possibility of the presence of isolates
of P. viticola that overcome the resistance alleles in grapevine.

In URU and AGD, the samples were collected on the same day, and
the oospore density for most of the hosts did not differ significantly.
The two locations are the most contrasting in altitude and, conse-
quently, temperature. AGD and URU showed a difference of 5.2°C
in mean temperature in the month samples were collected, which
corresponded to 18.4°C and 23.7°C, respectively. This suggests that
oospore formation was more likely associated with a physiologi-
cal inhibition of asexual reproduction (Griinzel 1961) rather than
the effect of low temperature because the temperature observed
in URU is within the optimal range for asexual reproduction
(Mouafo-Tchinda et al. 2020; Williams et al. 2007). Furthermore,
oospores can form at temperatures ranging from 10°C to 25°C,
with an optimum between 14°C and 18°C (Gehmann et al. 1987),
which encompasses the conditions recorded at both locations. This
evidence supports our historical temperature data, which is the
most influential variable in the ecological niche model.

The Rpv alleles present in the hosts under investigation did not
prevent oospore formation, even when pyramided. Oospores
were detected in all the hosts carrying Rpv alleles in at least one
location. Some resistant hosts exhibited similar oospore den-
sities to those observed on susceptible hosts in both VID and
AGD, including hosts carrying the pyramidal resistance alleles
Rpv3.3+ RpvI0. For instance, we also monitored oospore forma-
tion in the field on hosts carrying combinations of resistance
alleles not included in the main methodology of this study. In
the autumn of 2025, oospores of P. viticola were detected on the
hosts Pinot Regina (RpvI + Rpvi2) (Figure S6) and Sauvignon
Kretos (RpvI2), as well as on two advanced selections from the
UFSC/Epagri grapevine breeding programme, each carrying
pyramided resistance alleles (Rpv10+ Rpv3+Rpvl). A previ-
ous study conducted in SC State reported that Felicia, Calardis
Blanc, Bronner and GF-15 showed significantly lower maxi-
mum disease severity and AUDPC (Area Under the Disease
Progress Curve) when compared to the susceptible host, partic-
ularly for the hosts containing two resistance genes pyramided
(Zanghelini et al. 2019). However, an increase in DM severity
was observed from berry ripening onwards, reaching maximum
severity after grape harvest, even in Bronner (Rpv3+ RpvI0) and
GF-15 (RpvI + Rpv3.1), for which a slight P. viticola sporulation
could be visualised. These results demonstrate that in the field,
although Rpv alleles are significantly efficient in the asexual
phase during most of the growing season, they are not sufficient
to prevent late infections that lead to sexual reproduction.

On the other hand, it is important to emphasise that the present
study analysed only regions with mosaic DM symptoms, and DM
severity was not assessed on the sampled leaves. As reported by
Zanghelini et al. (2019), DM severity at the end of the growing
season was lower on hosts carrying Rpv alleles, meaning that a
smaller leaf area was colonised and a lower number of oospores
per leaf would be expected (Fedele et al. 2025). Therefore, future
investigations need to consider disease severity and adjust the
methodology for estimating the number of oospores formed per
leaf. The formation of oospores in resistant hosts has already
been reported by Delbac et al. (2019) and Bitencourt et al. (2021).
Delbac et al. (2019) observed a lower number of oospores per
leaf in hosts containing the Rpv allele when compared to the
susceptible host. In this study, the host Isabella, an interspecific
hybrid between V. vinifera and V. labrusca, exhibited the lowest
oospore formation across all evaluated locations. This is due, at
least in part, to the presence of trichomes on the abaxial surface
of its leaves (a trait inherited from V. labrusca), which serves as
a physical barrier to pathogen penetration (Nascimento-Gavioli
et al. 2019) and may limit oospore development.

All occurrence locations of P. viticola oospores in southern
Brazil were used to develop the ecological niche model. Despite
the limited number of sampling points, the model exhibited high
predictive performance. The AUC value of 0.878 was compara-
ble to those reported in previous studies based on larger occur-
rence datasets, such as Ikeda and Osawa (2020) (AUC =0.861)
and Cohen (2023) (AUC =0.935), all considered satisfactory ac-
cording to the classification proposed by Li et al. (2020). Model
robustness was further supported by the Boyce index (0.884),
sensitivity (0.846), specificity (0.845) and TSS statistic (0.691),
indicating a balanced and reliable predictive capacity (Hirzel
et al. 2006; Ikeda and Osawa 2020). These findings pave the
way for future studies, such as broader regional assessments and
the prediction of climate change impacts on P. viticola sexual
reproduction.

Ecological niche modelling indicates that 80.8% of the south-
ern region of Brazil exhibits moderate to very high suitability
for P. viticola oospore formation. Notably, oospores were ob-
served even in regions such as URU and DPE, which presented
relatively low suitability values of 0.22 and 0.33, respectively.
The concern is even greater in areas of highest risk (suitabil-
ity >0.80), which, according to our results, are concentrated
in the highland regions of SC and RS, between latitudes 27.6°S
and 29.8°S. These regions contain the largest area of planted
vineyards and are the main regions for producing fine wines
in Brazil (OIV 2024). Therefore, the climate risk is greater pre-
cisely in places where viticulture has cultural and economic
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importance. During the grape harvest, fungicide applications
are restricted, opening a window for P. viticola infection and,
consequently, oospore formation. In most wine regions of Brazil,
the environmental conditions after harvest are still favourable
for the asexual reproduction of P. viticola. After harvest, many
wine growers reduce disease management measures, allowing
the pathogen to infect leaf tissues. Our results emphasise the
importance of late-season disease management, even in resis-
tant and partially resistant cultivars. For effective management
of DM, it is essential to prevent late-season P. viticola infections
in senescent plant material (Poeydebat et al. 2022).

To our knowledge, this is the first study confirming P. viti-
cola oospore germination in Brazil and in the southern hemi-
sphere. During the overwintering period, the mean temperature
was 14.4°C, with recorded drops below 0°C, and a total ppt of
591.7mm. After this period, germination of oospores was ob-
served in all assays conducted on both susceptible and resistant
hosts. Once dormancy is overcome, oospore germination is in-
fluenced by temperature (>11°C), precipitation, and humidity
(Rouzet and Jacquin 2003). Our results indicate that most oo-
spores in the field are already mature at the beginning of the
grape-growing season (budbreak), corroborating the northern
hemisphere findings by Maddalena et al. (2021). These authors
also noted that oospores are highly adaptable to host phenology,
adjusting their behaviour according to the plant's developmen-
tal stage. Thus, continuous monitoring of oospore germination
throughout the grapevine cycle is essential to better under-
stand the dynamics of the pathogen under southern hemisphere
conditions.

All morphological structures previously described by Vercesi
etal. (1999) during oospore germination were observed (Figure 7).
The oospores produced a single germ tube, at the tip of which a
macrosporangium containing zoospores was formed (Figure 7d).
The transport of cytoplasmic material from the oospore to the
macrosporangium through the germ tube is visible in Figure 7e.
According to Vercesi et al. (1999), this material includes numer-
ous nuclei, vacuoles and ribosomes. We successfully recorded the
exact moment of macrosporangium cleavage and the release of
at least 64 zoospores in Cabernet Sauvignon (Figure 7a,b) and 53
zoospores in the Cabernet Cortis host (images not shown). The
zoospores exhibited rapid movement in water (video in Figure S7),
consistent with the descriptions provided by Burruano (2000).

Only the hosts Souvignier Gris and Felicia showed lower oospore
germination rates than Cabernet Sauvignon. Studies evaluating
oospore germination after overwintering under natural field
conditions in resistant hosts are still scarce. However, Delbac
et al. (2019) reported that P. viticola oospores formed in resistant
hosts are also fertile, supporting our findings. The reduced ger-
mination rate observed for Souvignier Gris and Felicia may be
resulting from the formation of non-viable oospores (type III)
(Vercesi et al. 1999) or the need for a longer maturation period
(Maddalena et al. 2021). Further investigation is needed to con-
firm these hypotheses.

Our results have important implications for grapevine breed-
ing and DM management in southern Brazil. Sexual reproduc-
tion enhances the genetic diversity and evolutionary potential
of pathogens (McDonald and Linde 2002). Indeed, isolates that

overcome resistance alleles (Delmas et al. 2016; Heyman
et al. 2021; Peressotti et al. 2010) and show fungicide resistance
(Gullino et al. 2004; Santos et al. 2020) have already been re-
ported for P. viticola. Given the perennial nature of grapevines
and the prolonged period for developing new resistant cultivars,
durable resistance is essential. Achieving this requires integrat-
ing multiple and complementary DM management approaches,
such as pyramiding resistance genes alongside cultural practices
and chemical and biological controls. To delay the development
of fungicide resistance, rational and preventive use is key, rotat-
ing products with different modes of action and adhering to dos-
age and timing recommendations. Disease forecasting systems
should also be used to support decision-making and optimise
fungicide application timing (Chen et al. 2020). Finally, further
research is needed to develop strategies that disrupt oospore for-
mation and germination.

Author Contributions

Aparecido Lima da Silva: funding acquisition, writing - review and
editing, resources, supervision. Camila Bitencourt: conceptualiza-
tion, investigation, writing — original draft, methodology, validation,
visualization, writing — review and editing, software, formal analysis,
data curation, resources. Valdecir Perazzoli: conceptualization, writ-
ing - original draft, methodology, validation, visualization, writing -
review and editing, formal analysis. Fabio Ribeiro de Freitas: writing
- review and editing, resources. Cristian Soldi: resources, writing —
review and editing, funding acquisition. Leocir José Welter: concep-
tualization, funding acquisition, writing — review and editing, project
administration, supervision, resources.

Acknowledgements

We are grateful to the Coordination for the Improvement of Higher
Education Personnel (CAPES) and UNIEDU/FUMDES Program
in the State of Santa Catarina for scholarships awarded to C.B. This
research was financially supported by the National Council for
Scientific and Technological Development (CNPq), Brazil (Grant
CNPq/409471/2021-6). The authors thank all winegrowers, wineries
and EPAGRI (Company of Agricultural Research and Rural Extension
of Santa Catarina) for accessing and collecting the materials evaluated
in the present study. The Article Processing Charge for the publication
of this research was funded by the Coordenacdo de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (CAPES) (ROR identifier:
00x0ma614).

Funding

This research was financially supported by the National Council
for Scientific and Technological Development (CNPq), Brazil (Grant
CNPq/409471/2021-6).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

Abatzoglou, J. T., S. Z. Dobrowski, S. A. Parks, and K. C. Hegewisch.
2018. “TerraClimate, a High-Resolution Global Dataset of Monthly

14 of 17

Plant Pathology, 2026



Climate and Climatic Water Balance From 1958-2015.” Scientific Data
5:170191.

Bitencourt, C., P. M. O. Pierre, F. A. M. F. Pinto, et al. 2021. “First Report
of Oospore Formation in P. viticola, the Causal Agent of Grapevine
Downy Mildew, in Highland Regions of Southern Brazil.” Plant
Pathology 70: 1897-1907.

Boyce, M. S., P. R. Vernier, S. E. Nielsen, and F. K. A. Schmiegelow.
2002. “Evaluating Resource Selection Functions.” Ecological Modelling
157: 281-300.

Burruano, S. 2000. “The Life-Cycle of Plasmopara viticola, Cause of
Downy Mildew of Vine.” Mycologist 14: 179-182.

Camargo, M. P,, C. F. Hong, L. Amorim, and H. Scherm. 2019. “Cryptic
Species and Population Genetic Structure of Plasmopara viticola in Sao
Paulo State, Brazil.” Plant Pathology 68: 719-726.

Carisse, O. 2016. “Development of Grape Downy Mildew (Plasmopara
viticola) Under Northern Viticulture Conditions: Influence of Fall
Disease Incidence.” European Journal of Plant Pathology 144: 773-783.

Chen, M., F. Brun, M. Raynal, and D. Makowski. 2020. “Forecasting
Severe Grape Downy Mildew Attacks Using Machine Learning.” PLoS
One 15:e0230254.

Cohen, S. D. 2023. “Estimating the Climate Niche of Sclerotinia sclero-
tiorum Using Maximum Entropy Modeling.” Journal of Fungi 9: 892.

de Mendiburu, F. 2023. “agricolae: Statistical Procedures for
Agricultural Research.” R Package Version 1.3-7. https://CRAN.R-proje
ct.org/package=agricolae.

Delbac, L., L. Deliére, C. Schneider, and F. Delmotte. 2019. “Evidence
for Sexual Reproduction and Fertile Oospore Production by Plasmopara
viticola on the Leaves of Partially Resistant Grapevine Cultivars.” Acta
Horticulturae 1248: 607-620.

Delmas, C. E. L., F. Fabre, J. Jolivet, et al. 2016. “Adaptation of a Plant
Pathogen to Partial Host Resistance: Selection for Greater Aggressiveness
in Grapevine Downy Mildew.” Evolutionary Applications 9: 709-725.

Delmotte, F., P.Mestre, C. Schneider, etal. 2014. “Rapid and Multiregional
Adaptation to Host Partial Resistance in a Plant Pathogenic Oomycete:
Evidence From European Populations of Plasmopara viticola, the
Causal Agent of Grapevine Downy Mildew.” Infection, Genetics and
Evolution 27: 500-508.

Dormann, C. F., J. Elith, S. Bacher, et al. 2013. “Collinearity: A Review
of Methods to Deal With It and a Simulation Study Evaluating Their
Performance.” Ecography 36: 27-46.

Dussert, Y., L. Legrand, I. D. Mazet, et al. 2020. “Identification of the
First Oomycete Mating-Type Locus Sequence in the Grapevine Downy
Mildew Pathogen, Plasmopara viticola.” Current Biology 30: 3897-3907.

Dvorak, E., I. D. Mazet, C. Couture, F. Delmotte, and M. Foulongne-
Oriol. 2025. “Recombination Landscape and Karyotypic Variations
Revealed by Linkage Mapping in the Grapevine Downy Mildew
Pathogen Plasmopara viticola.” G3: Genes, Genomes, Genetics 15:
jkae259.

Elith, J., S. J. Phillips, T. Hastie, M. Dudik, Y. E. Chee, and C. J. Yates.
2011. “A Statistical Explanation of MaxEnt for Ecologists.” Diversity and
Distributions 17: 43-57.

Fedele, G., G. Maddalena, M. Furiosi, V. Rossi, S. L. Toffolatti, and T.
Caffi. 2025. “Relationship Between the Oospore Dose in the Leaf Litter
Above the Vineyard Ground and Primary Infections by Plasmopara vit-
icola.” Frontiers in Plant Science 16: 1524959.

Fontaine, M. C., F. Labbé, Y. Dussert, et al. 2021. “Europe as a
Bridgehead in the Worldwide Invasion History of Grapevine Downy
Mildew, Plasmopara viticola.” Current Biology 31: 2155-2166.e4.

Fournier, P., L. Pellan, A. Jaswa, et al. 2025. “Revealing Microbial
Consortia That Interfere With Grapevine Downy Mildew Through
Microbiome Epidemiology.” Environmental Microbiomes 20: 37.

Fu, C., Y. Peng, F. Yang, Z. He, H. Ali, and D. Xu. 2024. “Potentially
Suitable Geographical Area for Colletotrichum acutatum Under Current
and Future Climatic Scenarios Based on Optimized MaxEnt Model.”
Frontiers in Microbiology 15: 1463070.

Gehmann, K., G. Staudt, and F. Grossmann. 1987. “The Influence of
Temperature on Oospore Formation of Plasmopara viticola.” Zeitschrift
fur Pflanzenkrankheiten und Pflanzenschutz 94: 230-234.

Gessler, C., L. Pertot, and M. Perazzolli. 2011. “Plasmopara viticola: A
Review of Knowledge on Downy Mildew of Grapevine and Effective
Disease Management.” Phytopathologia Mediterranea 50: 3-44.

Gobbin, D., A. Rumbou, C. C. Linde, and C. Gessler. 2006. “Population
Genetic Structure of Plasmopara viticola After 125 Years of Colonization
in European Vineyards.” Molecular Plant Pathology 7: 519-531.

Griinzel, V. H. 1961. “Untersuchungen Uber Die Oosporenbildung
Beim Falschen Mehltau der Weinrebe (Peronospora viticola de Bary).”
Pflanzenpathologie 68: 65-80.

Gullino, M. L., G. Gilardi, F. Tinivella, and A. Garibaldi. 2004.
“Observations on the Behaviour of Different Populations of P. viticola
Resistant to Qol Fungicides in Italian Vineyards.” Phytopathologia
Mediterranea 43: 341-350.

Heyman, L., R. Hofle, A. Kicherer, et al. 2021. “The Durability of
Quantitative Host Resistance and Variability in Pathogen Virulence in
the Interaction Between European Grapevine Cultivars and Plasmopara
viticola.” Frontiers in Agronomy 3: 683023.

Hijmans, R. 2023. “raster: Geographic Data Analysis and Modeling.” R
Package Version 3.6-26. https://CRAN.R-project.org/package=raster.

Hirzel, A. H., G. Le Lay, V. Helfer, C. Randin, and A. Guisan. 2006.
“Evaluating the Ability of Habitat Suitability Models to Predict Species
Presences.” Ecological Modelling 199: 142-152.

Hothorn, T., F. Bretz, and P. Westfall. 2008. “Simultaneous Inference in
General Parametric Models.” Biometrical Journal 50: 346-363.

Ikeda, K., and T. Osawa. 2020. “Predicting Disease Occurrence of
Cabbage Verticillium Wilt in Monoculture Using Species Distribution
Modeling.” PeerJ 8: €10290.

Killigrew, B., K. Sivasithamparam, and E. Scott. 2005. “Absence of
Oospores of Downy Mildew of Grape (Plasmopara viticola) as the
Source of Primary Inoculum in Most Western Australian Vineyards.”
Plant Disease 89: 777.

Koledenkova, K., Q. Esmaeel, C. Jacquard, J. Nowak, C. Clément, and
E. Ait Barka. 2022. “Plasmopara viticola, the Causal Agent of Downy
Mildew of Grapevine: From Its Taxonomy to Disease Management.”
Frontiers in Microbiology 13: 889472.

Koopman, T., C. C. Linde, P. H. Fourie, and A. McLeod. 2007.
“Population Genetic Structure of Plasmopara viticola in the Western
Cape Province of South Africa.” Molecular Plant Pathology 8: 723-736.

Lehoczky, J. 1956. “Observations on Oospore Production by Plasmopara
viticola in Floating Leaf Discs in Artificial Culture.” Vitis 5: 17-19.

Lenth, R. V. 2023. “emmeans: Estimated Marginal Means, aka Least-
Squares Means.” R Package Version 1.8.9. https://CRAN.R-project.org/
package=emmeans.

Li, Y., M. Li, C. Li, and Z. Liu. 2020. “Optimized Maxent Model
Predictions of Climate Change Impacts on the Suitable Distribution of
Cunninghamia lanceolata in China.” Forests 11: 302.

Liidecke, D., M. S. Ben-Shachar, I. Patil, P. Waggoner, and D.
Makowski. 2021. “performance: An R Package for Assessment,
Comparison and Testing of Statistical Models.” Journal of Open
Source Software 6: 3139.

Maddalena, G., G. Russo, and S. L. Toffolatti. 2021. “The Study of the
Germination Dynamics of Plasmopara viticola Oospores Highlights
the Presence of Phenotypic Synchrony With the Host.” Frontiers in
Microbiology 12: 698586.

Plant Pathology, 2026

150f 17


https://cran.r-project.org/package=agricolae
https://cran.r-project.org/package=agricolae
https://cran.r-project.org/package=raster
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans

MAPA—Ministério da Agricultura e Pecudria (Brasil). 2025. “Lista de
Indicacdes Geograficas Reconhecidas No Brasil.” https://www.gov.
br/agricultura/pt-br/assuntos/sustentabilidade/indicacao-geografica/
listaigs.

Massi, F., S. F. F. Torriani, L. Borghi, and S. L. Toffolatti. 2021.
“Fungicide Resistance Evolution and Detection in Plant Pathogens:
Plasmopara viticola as a Case Study.” Microorganisms 9: 119.

McDonald, B. A., and C. Linde. 2002. “Pathogen Population Genetics,
Evolutionary Potential, and Durable Resistance.” Annual Review of
Phytopathology 40: 349-379.

Merdinoglu, D., C. Schneider, E. Prado, S. Wiedemann-Merdinoglu,
and P. Mestre. 2018. “Breeding for Durable Resistance to Downy and
Powdery Mildew in Grapevine.” OENO One 52: 203-209.

Merdinoglu, D., S. Wiedemann-Merdinoglu, P. Coste, et al. 2003.
“Genetic Analysis of Downy Mildew Resistance Derived From
Muscadinia rotundifolia.” Acta Horticulturae 603: 451-456.

Mouafo-Tchinda, R. A., C. Beaulieu, M. L. Fall, and O. Carisse. 2020.
“Effect of Temperature on Aggressiveness of Plasmopara viticola f. sp.
aestivalis and P. viticola f. sp. riparia From Eastern Canada.” Canadian
Journal of Plant Pathology 42: 316-327.

Muscarella, R., P. J. Galante, M. Soley-Guardia, et al. 2014. “ENMeval:
An R Package for Conducting Spatially Independent Evaluations and
Estimating Optimal Model Complexity for Maxent Ecological Niche
Models.” Methods in Ecology and Evolution 5: 1198-1205.

Nascimento-Gavioli, M. C. A., M. F. Rockenbach, L. J. Welter, and M. P.
Guerra. 2019. “Histopathological Study of Resistant (Vitis labrusca L.)
and Susceptible (Vitis vinifera L.) Cultivars of Grapevine to the Infection
by Downy Mildew.” Journal of Horticultural Science and Biotechnology
95: 521-531.

OIV. 2024. “International Organisation of Vine and Wine.” https://
www.oiv.int/what-we-do/global-report?oiv.

Paineau, M., I. D. Mazet, S. Wiedemann-Merdinoglu, F. Fabre, and
F. Delmotte. 2022. “The Characterization of Pathotypes in Grapevine
Downy Mildew Provides Insights Into the Breakdown of Rpv3, RpvI0,
and Rpvi2 Factors in Grapevines.” Phytopathology 112: 2329-2340.

Paineau, M., A. Minio, P. Mestre, et al. 2024. “Multiple Deletions of
Candidate Effector Genes Lead to the Breakdown of Partial Grapevine
Resistance to Downy Mildew.” New Phytologist 243: 1490-1505.

Patriota, A. G., and D. S. Young. 2020. “hnp: Half-Normal Plots With
Simulation Envelopes.” R Package Version 1.2-6. https://CRAN.R-proje
ct.org/package=hnp.

Pearson, R. G., C.J. Raxworthy, M. Nakamura, and A. T. Peterson. 2007.
“Predicting Species Distributions From Small Numbers of Occurrence
Records: A Test Case Using Cryptic Geckos in Madagascar.” Journal of
Biogeography 34:102-117.

Peressotti, E., S. Wiedemann-Merdinoglu, F. Delmotte, et al. 2010.
“Breakdown of Resistance to Grapevine Downy Mildew Upon Limited
Deployment of a Resistant Variety.” BMC Plant Biology 10: 147.

Phillips, S. J. 2021. “maxnet: Fitting ‘Maxent’ Species Distribution
Models With ‘glmnet’.” (Version 0.1.4) [R package]. https://CRAN.R-
project.org/package=maxnet.

Phillips, S.J., R. P. Anderson, M. Dudik, R. E. Schapire, and M. E. Blair.
2017. “Opening the Black Box: An Open-Source Release of MaxEnt.”
Ecography 40: 887-893.

Phillips, S. J., R. P. Anderson, and R. E. Schapire. 2006. “Maximum
Entropy Modeling of Species Geographic Distributions.” Ecological
Modelling 190: 231-259.

Poeydebat, C., E. Courchinoux, L. Deliére, M. Raynal, and F. Delmotte.
2022. “Quantification and Management of Plasmopara viticola Primary
Inoculum in Soil—Towards Prophylactic Control of Grapevine Downy
Mildew.” BIO Web of Conferences 50: 03011.

Poeydebat, C., E. Courchinoux, I. D. Mazet, et al. 2024. “Direct
Quantitative Assessment Using Digital Droplet PCR and Field-Scale
Spatial Distribution of Plasmopara viticola Oospores in Vineyard Soil.”
bioRxiv [Preprint]. https://doi.org/10.1101/2024.07.29.605284.

Possamai, T., D. Migliaro, M. Gardiman, R. Velasco, and B. De Nardi.
2020. “Rpv Mediated Defense Responses in Grapevine Offspring
Resistant to Plasmopara viticola.” Plants 9: 781.

Protas,J.F.d.S.,J.J. Lazzarotto, and C. A. E. Machado. 2024. “Panorama
da Vitivinicultura Brasileira em 2022.” https://www.embrapa.br/en/
busca-de-publicacoes/-/publicacao/1167634/panorama-da-vitivinicu
Itura-brasileira-em-2022.

R Core Team. 2023. A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Raes, N., and H. ter Steege. 2007. “A Null-Model for Significance
Testing of Presence-Only Species Distribution Models.” Ecography
30: 727-736.

Ronzon-Tran Manh Sung, C., and I. M. Clerjeau. 1988. “Techniques for
Formation, Maturation and Germination of P. viticola Oospores Under
Controlled Conditions.” Plant Disease 72: 938-941.

Rouzet, J., and D. Jacquin. 2003. “Development of Overwintering
Oospores of Plasmopara viticola and Severity of Primary Foci in
Relation to Climate.” EPPO Bulletin 33: 437-442.

Santos, R. F., M. Ciampi-Guillardi, B. A. Fraaije, A. A. de Oliveira, and
L. Amorim. 2020. “The Climate-Driven Genetic Diversity Has a Higher
Impact on the Population Structure of Plasmopara viticola Than the
Production System or Qol Fungicide Sensitivity in Subtropical Brazil.”
Frontiers in Microbiology 11: 575045.

Schwander, F., R. Eibach, I. Fechter, L. Hausmann, E. Zyprian, and R.
Topfer. 2012. “Rpvi0: A New Locus From the Asian Vitis Gene Pool for
Pyramiding Downy Mildew Resistance Loci in Grapevine.” Theoretical
and Applied Genetics 124: 163-176.

Searle, S. R., F. M. Speed, and G. A. Milliken. 1980. “Population
Marginal Means in the Linear Model: An Alternative to Least Squares
Means.” American Statistician 34: 216-221.

Souza, A. L. K. d., V. Perazzoli, A. d. P. Mattos, and C. Ogoshi. 2025.
“Performance of Disease-Resistant Grapevine Varieties With Reduction
of Fungicide Spraying.” Fruit Crops Science Journal 1: e-235.

Tesfamariam, B. G., B. Gessesse, and F. Melgani. 2022. “MaxEnt-Based
Modeling of Suitable Habitat for Rehabilitation of Podocarpus Forest at
Landscape-Scale.” Environmental Systems Research 11: 4.

Trapp, O., K. Avia, C. Borrelli, R. Eibach, D. Merdinoglu, and R. T&pfer.
2025. “More Sustainability in Europe's Vineyards—Using Resistant
Grapevine Varieties to Reduce the Input of Pesticides.” Plants, People,
Planet 7: 1621-1628.

Venuti, S., D. Copetti, S. Foria, et al. 2013. “Historical Introgression of
the Downy Mildew Resistance Gene RpvI2 From the Asian Species Vitis
amurensis Into Grapevine Varieties.” PLoS One 8: €61228.

Vercesi, A., S. L. Toffolatti, G. Zocchi, R. Guglielmann, and L. Ironi.
2010. “A New Approach to Modelling the Dynamics of Oospore
Germination in P. viticola.” European Journal of Plant Pathology 128:
113-126.

Vercesi, A., R. Tornaghi, S. Sant, S. Burruano, and F. Faoro. 1999.
“A Cytological and Ultrastructural Study on the Maturation and
Germination of Oospores of P. viticola From Overwintering Vine
Leaves.” Mycological Research 103: 193-202.

Welter, L. J., N. Goktiirk-Baydar, M. Akkurt, et al. 2007. “Genetic
Mapping and Localization of Quantitative Trait Loci Affecting Fungal
Disease Resistance and Leaf Morphology in Grapevine (Vitis vinifera
L.).” Molecular Breeding 20: 359-374.

Williams, M. G., P. A. Magarey, and K. Sivasithamparam. 2007. “Effect
of Temperature and Light Intensity on Early Infection Behaviour of a

16 of 17

Plant Pathology, 2026


https://www.gov.br/agricultura/pt-br/assuntos/sustentabilidade/indicacao-geografica/listaigs
https://www.gov.br/agricultura/pt-br/assuntos/sustentabilidade/indicacao-geografica/listaigs
https://www.gov.br/agricultura/pt-br/assuntos/sustentabilidade/indicacao-geografica/listaigs
https://www.oiv.int/what-we-do/global-report?oiv
https://www.oiv.int/what-we-do/global-report?oiv
https://cran.r-project.org/package=hnp
https://cran.r-project.org/package=hnp
https://cran.r-project.org/package=maxnet
https://cran.r-project.org/package=maxnet
https://doi.org/10.1101/2024.07.29.605284
https://www.embrapa.br/en/busca-de-publicacoes/-/publicacao/1167634/panorama-da-vitivinicultura-brasileira-em-2022
https://www.embrapa.br/en/busca-de-publicacoes/-/publicacao/1167634/panorama-da-vitivinicultura-brasileira-em-2022
https://www.embrapa.br/en/busca-de-publicacoes/-/publicacao/1167634/panorama-da-vitivinicultura-brasileira-em-2022

Western Australian Isolate of Plasmopara viticola, the Downy Mildew
Pathogen of Grapevine.” Australasian Plant Pathology 36: 325-331.

Wingerter, C., B. Eisenmann, P. Weber, I. Dry, and J. Bogs. 2021.
“Grapevine Rpv3-. Rpvi0O- and Rpvi2-Mediated Defense Responses
Against Plasmopara viticola and the Impact of Their Deployment on
Fungicide Use in Viticulture.” BMC Plant Biology 21: 470.

Wong, F. P., H. N. Burr, and W. F. Wilcox. 2001. “Heterothallism in
Plasmopara viticola.” Plant Pathology 50: 427-432.

Wrege, M. S., S. Steinmetz, C. R. Junior, and I. R. de Almeida. 2012. Atlas
Climdtico da Regido Sul do Brasil: Estados do Parand. Santa Catarina e
Rio Grande do Sul. https://www.agricultura.rs.gov.br/upload/arquivos/
202005/13110041-atlas-climatico-da-regiao-sul-do-brasil.pdf.

Zanghelini, J. A., A. Bogo, L. L. Dal Vesco, et al. 2019. “Response of
PIWI Grapevine Cultivars to Downy Mildew in Highland Region of
Southern Brazil.” European Journal of Plant Pathology 154: 1051-1058.

Zuur, A. F., E. N. Ieno, N. Walker, A. A. Saveliev, and G. M. Smith. 2009.
Mixed Effects Models and Extensions in Ecology With R. Springer.

Zyprian, E., I. OchfBner, F. Schwander, et al. 2016. “Quantitative Trait
Loci Affecting Pathogen Resistance and Ripening of Grapevines.”
Molecular Genetics and Genomics 4: 1573-1594.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Location of main wine-
growing regions in southern Brazil and the sampling sites of leaves
exhibiting typical mosaic symptoms of downy mildew. Figure S2:
Symptoms of grapevine downy mildew (Plasmopara viticola) on leaves:
(a) initial “oil spot” lesions on the adaxial leaf surface; (b) advanced
stage of the disease with sporulation on the abaxial leaf surface; (c)
grapevine leaf showing mosaic symptoms of grapevine downy mildew.
Figure S3: Boxplot of daily temperature range (°C) during the 30days
before sample collection at the study locations. Figure S4: Comparison
between the AUC of empirical and null models. Red lines are the 0.05
and 0.95 quantiles, respectively, whereas the blue line represents the
AUC obtained by the empirical model. The lower-left panel presents
the performance metric values: Boyce Index, True Skill Statistic (TSS),
sensitivity and specificity. Figure S5: The response curves generated
from the MaxEnt model were used to illustrate the relationship between
each predictor variable and the predicted probability of climatic suit-
ability during the three-month period (March, April and May) for the
formation of Plasmopara viticola oospores. Figure S6: Plasmopara vi-
ticola oospores on leaf disc of host Pinot Regina (RpvI + Rpv12) (scale
bar=20um). Figure S7: Video showing the exact moment of rupture of
amature macrosporangium and the release of zoospores, resulting from
the germination of a Plasmopara viticola oospore (scale bar=50um).
Table S1: Information about the locations, hosts and sampling dates
from the grape leaves naturally infected with Plasmopara viticola that
were screened for oospore in southern Brazil, and methodological sta-
tions from which meteorological data were recorded. Table S2: Hosts,
resistance alleles, and sample collection locations of grape leaves natu-
rally infected with Plasmopara viticola screened for oospore formation
in Santa Catarina State. Table S3: Data from susceptible and resis-
tant hosts collected in two vineyards in Curitibanos, Santa Catarina,
Brazil, for the evaluation of Plasmopara viticola oospore germination.
Table S4: Incidence of oospores, mean oospore diameter and oospore
density of Plasmopara viticola observed in resistant and susceptible
hosts grown in three contrasting environments in Santa Catarina State.
Table S5: Mean and standard deviation of climate suitability for oo-
spore formation based on historical quarterly climate data (March,
April, May) from 2017 to 2022 in the municipalities of the main grape-
growing regions in southern Brazil.
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