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Summary 

 Downy mildew, caused by the Oomycete Plasmopara viticola, is one of the most important 

diseases affecting the Eurasian grapevine, Vitis vinifera. The pathogen originated in Northern 

America and its presence was signaled for the first time into Europe in 1878. In this study, the 

genetic variability and structure of Italian P. viticola population was investigated by genotyping 106 

P. viticola strains belonging to 12 different regions, at 31 microsatellite markers. Due to the high 

percentage of missing data, 96 strains and 19 loci were retained for the data analysis. The overall 

Italian population presents absence of clones, evidence of sexual and asexual reproduction and a 

low genetic diversity, as expected for an introduced pathogen, but a slightly higher genetic diversity 

than that found in other European populations, based on allelic diversity at the investigated 

microsatellite loci. Out of 19 loci, half shows deviation from Hardy-Weinberg equilibrium and, 
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indeed, structure analysis indicates the presence of two separate genetic clusters, with little but 

significantly different distribution according to geography (west-east gradient) and climatic 

conditions. Overall, the analysis of the P. viticola population, 140 years after its appearance in Italy, 

provides indication on the pathogen adaptability. This should be taken into consideration in the 

future for preserving the durability of disease resistant varieties in open field. In this view, all the 

disease control methods available should be integrated in order to reduce the selection of pathogen 

strains able to overcome plant resistance. 

 

1 | Introduction 

 

Grapevine is one of the most extensively cultivated plants with a global economic 

importance. The grapevine varieties cultivated worldwide belong to the Eurasian species, Vitis 

vinifera L. (McGovern et al., 2017), that is susceptible to different pathogens, responsible for 

serious crop losses. The most important fungal pathogens of grapevine are the Oomycete 

Plasmopara viticola (Berk. et Curt.) Berl. and de Toni and the Ascomycete Erysiphe necator 

Schwein., both originated in North America and introduced into Europe during the second half of 

19
th
 century (Delye et al., 1997). Downy mildew, in particular, has the highest incidence on the 

reduction of grape production, that can reach up to 75% (Buonassisi et al., 2017). P. viticola is an 

obligate biotrophic parasite and a polycyclic pathogen infecting all green parts of the plant: leaves, 

inflorescences and bunches (Gessler et al., 2011). The seriousness of the damages caused by P. 

viticola is influenced by weather conditions: frequent rainfall, high humidity and moderate 

temperatures in late spring/summer lead to numerous infection cycles, that cause severe quantitative 

and qualitative yield reductions if the pathogen is not adequately controlled (Toffolatti et al., 

2018a). 

P. viticola was introduced into Europe (Millardet, 1881) with the American grapevine species 

imported to be used as rootstocks for V. vinifera, that was experiencing great damage due to 
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phylloxera. The American grapes possess, in fact, natural resistance to the grape parasite 

Daktulosphaira vitifoliae Fitch that causes phylloxera. P. viticola was first signaled during 1878 in 

France, in the Bordeaux area, and one year later it spread out in different French areas and was 

detected also in Northern Italy, in the South-West of Lombardy (Ferraris, 1913). The disease 

diffused all over Northern Italy, reaching the North-Eastern region Veneto (Galet, 1977) and the 

Central region Tuscany during 1880 and was signaled in the Southern regions and islands between 

1881–1882. Downy mildew progressively caused severe damages to the plants and a consistent 

reduction in European wine production, that returned to its former levels only after the discovery 

that copper was active against the pathogen (Gessler et al., 2011). The potential harm of the 

pathogen, combined with the low efficacy of the agronomic practices in contrasting P. viticola, 

makes the use of chemical control necessary for disease control (Armijo et al., 2016).  

The pathogen actively grows only in presence of susceptible tissues of grapevine and survives to the 

absence of the host by differentiating resting structures, the oospores, originated by sexual 

reproduction (Vercesi et al., 1999, 2010). The mating system in P. viticola is heterothallic (Scherer 

& Gisi, 2006) and requires distinct sexual compatibility or mating types (Lamour & Kamoun, 2009) 

that in the case of P. viticola are called P1 and P2. The existence of other mating systems is 

unlikely, but cannot be completely excluded (Scherer & Gisi, 2006). The occurrence of sexual 

reproduction allows to recombine alleles in genotypes. 

P. viticola is a pathogen characterized by high mutation rate and high asexual sporulation 

efficiency, factors that probably contribute to the rapid adaptation to single-site fungicides (Chen et 

al., 2007; Delmas et al., 2017; Toffolatti et al., 2011, 2012a, 2018a) and to grapevine resistance 

genes (Peressotti et al., 2010; Delmotte et al., 2014, Delmas et al., 2016; Toffolatti et al., 2012b). 

These studies also indicate that the rapid evolution of P. viticola involved soft sweeps, i.e. the 

recurrent evolution of adapted alleles from standing variation (Chen et al., 2007; Delmas et al., 

2017).  
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Genetic characterization of P. viticola is essential in order to investigate the epidemic development 

and the evolution of the pathogen in the field. The first studies on the genetic structure of P. viticola 

population, carried out using SSR markers, highlighted the role of sexual and asexual reproduction 

in grapevine downy mildew epidemics on a fine spatial scale (vineyard) in Italy (Gobbin et al., 

2003, 2006). These studies pointed out, in particular, that the inoculum produced by the oospores 

contributes to the epidemics until late in the season. These and subsequent studies, moreover 

showed that P. viticola populations are panmictic not only at field scale, but also at regional scale 

(Gobbin et al., 2003; Rouxel et al. 2012; Delmas et al., 2016, 2017). Large-scale population genetic 

studies increased our knowledge on the worldwide genetic structure of this invasive plant pathogen. 

They showed that the European populations possess a rather low genetic diversity, suggesting that 

the isolates introduced into Europe in the 1870s came from a single source population of North 

America (Fontaine et al., 2013). Interestingly, a weak, but significant, continental-wide population 

structure, with two geographically and genetically distinct clusters in Western and Eastern 

European vineyards, was also identified (Fontaine et al., 2013).  

To date, the information available on the genetic structure of P. viticola population in Italy is 

limited to either a very restricted spatial scale, consisting of a low number of regions (four) located 

in the Northern part of the country (Gobbin et al., 2003, 2006), or to a low number of isolates (four) 

over a large (European) spatial scale (Fontaine et al., 2013). Moreover, previous studies were based 

on a very limited number of markers (5 to 8 SSR). In this study, we used 31 SSR to describe the 

genetic structure of Italian P. viticola population by sampling a large number of strains (106) from 

twelve different wine-growing regions, going from North to South and including the main islands. 

Aim of the study is to collect information on the genetic variability of the pathogen population 

almost 140 years after its first appearance in the country, taking into consideration the hypothesis 

that Italy is the country where the two European clusters (Western and Eastern) are admixed 

(Fontaine et al., 2013). Finally, several factors (geographic origin, weather conditions, disease 
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management strategy and host cultivar) that could contribute in shaping the pathogen population, 

were investigated.  

 

2 | Materials and methods 

 

2.1 | Plasmopara viticola sampling 

Leaves showing downy mildew symptoms were randomly collected between June and July 

2016 from 106 vineyards located in twelve different geographic regions of Italy (Supplementary 

Table 1; Figure 1): Abruzzo (one vineyard), Campania (two vineyards), Friuli (three vineyards), 

Lazio (one vineyard), Liguria (four vineyards), Lombardy (29 vineyards), Piedmont (10 vineyards), 

Sardinia (four vineyards), Sicily (two vineyards), Tuscany (34 vineyards), Umbria (six vineyards), 

and Veneto (10 vineyards). The characteristics of the individual vineyards, in terms of location, 

cultivar, disease management and meteorological conditions during the sampling period (Spring), 

are reported in Supplementary Table 1.  Overall, 30 different cultivars of international (e.g. 

Chardonnay, Merlot, Pinot noir), national (e.g. Barbera, Sangiovese) and local (e.g. Pigato, 

Canaiolo, Nebbiolo, Dolcetto) diffusion, cultivated in 25 different provinces, were sampled. The 

disease management strategy adopted in vineyard was organic farming in 55 cases and integrated 

pest management (IPM) in 51 cases (Supplementary Table 1).  

 

2.2 | Meteorological conditions in the sampling regions 

Meteorological conditions of the 2016 Spring period largely varied at the national scale in 

terms of precipitation anomaly (PA), measured as deviation of precipitation ratio of spring 2016 

from the mean precipitation rate of 1971–2000 and expressed in percentage (Brunetti et al., 2006). 

Meteorological conditions strongly influence the pathogen epidemic. For each location, PA values 

were recorded from the website (http://www.isac.cnr.it/climstor/climate_news.html; access in 

September 2016) of the Institute of Atmospheric Sciences and Climate (CNR-ISAC). Each sample 
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was assigned to a different PA category (Supplementary Table 1): drought stress, associated to PA 

values ranging from -75 to -10% (category 1); no variation (PA=0; category 2); and precipitation 

excess, when PA values ranged from +10 to +100% (category 3). Temperature anomalies were not 

considered because no important differences occurred in the period at the national level (Desiato et 

al., 2017). 

 

2.3 | Isolation, DNA extraction and microsatellite amplification 

In laboratory, a single leaf per vineyard was randomly chosen. A single oilspot was excised 

from the leaf with a 1 cm diameter cork borer, as described by Rouxel and coworkers (2013), and 

placed in a 1.5 mL sterile tube (Eppendorf). A single oilspot (sample) was therefore analyzed per 

vineyard. The samples were stored at -20°C, lyophilized and then kept at room temperature until 

DNA extraction. Morphological criteria (shape of sporangiophores, sporangia, mycelium and 

haustoria) were used for confirming the identification of the samples at the species level (Lafon & 

Bulit, 1981). 

Total DNA was extracted from single lyophilized leaf disc according to the standard cetyl-

trimethyl-ammonium-bromide (CTAB) and phenol–chloroform methods described by Delmotte et 

al. (2006). The DNA quantity was determined by NanoDrop Spectrophotometer (Thermo Scientific, 

Fremont, California). 

P. viticola isolates were genotyped with 31 species-specific microsatellite loci: ISA (Gobbin et al., 

2003); PV7, PV14, PV16, PV17, PV31 and PV39 (Delmotte et al., 2006); PV65, PV67, PV74, 

PV76, PV83, PV87, PV88, PV91, PV93, PV101, PV103, PV104, PV126, PV127, PV134, PV137, 

PV138, PV139, PV140, PV141, PV142, PV143, PV147 and PV148 (Rouxel et al., 2012). Primer 

sequences, annealing temperatures and amplicon sizes are reported in Supplementary Table 2. The 

5‟ ends of the forward primers were conjugated with fluorescent dyes (Supplementary Table 2) and 

multiplex PCR was carried out by mixing the following primer pairs: 1) PV14, ISA, PV17, PV39, 

PV31, PV16, PV7; 2) PV138, PV140, PV143, PV147, PV101, PV103, PV74); 3) PV135, PV137, 

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 
 

PV141, PV93, PV65, PV148, PV104; 4) PV139, PV76, PV87, PV126, PV88, PV83; and 5) PV127, 

PV134, PV67, PV142. 

PCR mix (6 μL) contained 4 ng DNA template, 0.5× QIAGEN Multiplex PCR master mix (Qiagen, 

Courtaboeuf Cedex, France), all primers at a final concentration of 0.8 μM and Nuclease-Free water 

(Qiagen) to adjust the volume. Cycling conditions were: 15 mins at 95°C, 35 cycles of 30 s at 94°C, 

1 min at 55°C, 45 s at 72°C and final elongation step of 30 min at 60°C. PCR runs were performed 

in an Eppendorf Mastercycler Ep (Eppendorf, Germany) and the fragment size analysis was 

performed in an automated capillary genetic analyzer-sequencer 3130 (Applied Biosystems, 

Thermo Fisher Scientific, Merelbeke, Belgium). Chromatograms were analyzed using the software 

GENEMAPPER 4.0 (Applied Biosystems) and allele sizes were recorded in bp. 

 

2.4 | Data analysis  

GenAlEx v. 6.501 software (Peakall & Smouse, 2006, 2012) was used to calculate the 

following parameters: i) number of alleles, allele frequencies, observed (Ho) and expected (HE) 

heterozygosity, Fixation index (Fis) and deviation from Hardy-Weinberg Equilibrium (HWE) for 

each microsatellite; ii) genetic differentiation (FST measured via analysis of molecular variance-

AMOVA; Peakall et al., 1995) among P. viticola samples divided according to geographic region, 

precipitation anomaly, disease management strategy (organic vs integrated pest management), and 

cultivar.  

The existence of a population structure in the total dataset was further investigated using the 

Bayesian approach implemented in tess3 (Caye et al., 2016) R package. This clustering algorithm 

assumes a model in which there are K populations (where K may be unknown), each of which is 

characterized by a set of allele frequencies at each locus. Individuals in the sample are assigned 

probabilistically to these K populations, or jointly to two or more populations if their genotypes 

indicate that they are admixed, without consideration of their region of sampling. K varied from 1 to 

10, each with 10 independent simulations to check the consistency of the results. Lambda value for 
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the spatial regularization parameter was 1, the method chosen was “projected.ls” (alternating 

projected least squares algorithm), with a maximum number of iterations of the optimization 

algorithm up to 200 and a tolerance (value corresponding to the stopping criteria of the optimization 

algorithm) of 1e
-05

.  The most likely K value was estimated inspecting the cross-validation curve 

and the membership proportion for each genotype at each K was plotted in a barplot. The threshold 

for membership to a group was set at 80%. 

Discriminant Analysis of Principal Components (DAPC, Jombart et al., 2010) was moreover 

performed to identify genetic clusters using the package adegenet (Jombart 2008) of R software. 

DAPC approach was used because it does not need the assumption of a panmictic population as 

Bayesian structuring does. The maximum number of clusters to be tried was set to 10 and number 

of axes retained in the Principal Component Analysis (PCA) step was set to 60. The densities of 

individuals on a given discriminant function were plotted.  

Individuals belonging to the groups discriminated by DAPC analysis were further investigated to 

evaluate which factors could be acting on the Italian P. viticola population: a) geographic origin; b) 

precipitation anomaly-PA; c) disease management strategy; d) host cultivar. Due to the low 

frequency (8 strains in total), samples isolated from vineyards with PA excess were discarded from 

this analysis. Only the cultivars with a number of isolates equal or greater than five were analyzed: 

Chardonnay (14 isolates), Merlot (five isolates), Pinot noir (six isolates) and Sangiovese (22 

isolates). 

Chi-square test was performed on the frequencies of strains grouped according to DAPC clusters, 

PA and disease management strategy for testing if these variables are related (SPSS v. 24, IBM 

Analytics Italia, Milano). 

 

3 | Results 

  

3.1 | Genotyping and diversity statistics of the Italian P. viticola population 
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One hundred and six P. viticola strains were genotyped with 31 microsatellites loci. Due to 

the high percentage of missing data (>14%), 10 microsatellites (Pv7, Pv67, Pv74, Pv76, Pv103, 

Pv126, Pv137, Pv138, Pv140 and Pv143) and 10 strains (from n. 97 to 106) were excluded from 

further analyses. Out of the 21 microsatellites examined, two (PV87 and PV134) resulted 

monomorphic (PV87=154 bp; PV134=224 bp) and were furthermore excluded. The DNA profiles 

of the 96 strains at 19 SSR loci are shown in Supplementary Table 3.  

The percentage of missing data, allele size range, observed heterozygosity (Ho), expected 

heterozygosity (HE), Fixation index (FIS) and the deviation from Hardy-Weinberg Equilibrium 

(HWE) of the 19 polymorphic microsatellites are listed in Table 1. No strains showed identical 

allelic profiles, therefore all the strains represent a distinct multilocus genotype (Table 2). Most of 

the loci (thirteen) showed a percentage of missing data lower than 10 %, and only six (PV91, 

PV104, PV88, PV83, PV139 and PV127) had values ranging from 10.1 to 13.1 (Table 1). The 

microsatellites exhibited a number of alleles ranging from two (PV39, PV104, PV88 and PV142) to 

six (ISA and PV31) (Table 1).  HE, also known as Nei‟s genetic diversity (Nei, 1973), ranged from 

0.07 (PV139) to 0.66 (PV14) and was equal to 0.37 on average (Table 1). Most of the loci showed 

FIS values close to zero or lower than zero, and only two loci (PV65 and PV104) displayed FIS 

values higher than 0.8 (Table 1). Globally, ten loci (PV14, ISA, PV17, PV31, PV16, PV141, PV65, 

PV104, PV142 and PV127) showed a significant deviation from HWE (P<0.05) and the remaining 

nine showed no significant deviation (P>0.05) (Table 1).  

 

3.2 | Genetic structure of the Italian P. viticola population 

In order to infer the relationship among genotypes, the structuring algorithm was used. The 

hierarchical population structure was uncovered exploring different numbers of K populations, from 

1 to 10. Cross-validation test estimated the most likely number of populations at K=2 (Figure 2A), 

suggesting that the Italian population could be divided in two ancestral groups. The plot of K vs ΔK, 

shows, in fact, that ΔK has a rapid reduction, normally regarded as a signal that the true value of K 
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has been reached, between K=1 and 2 (Figure 2A).   Looking at the ancestry coefficients of K=2, 

most of the strains were admixed and only seven strains can be divided in two genetically distinct 

groups: strains n. 95 and 96 in group 1 and strains n. 63, 64, 76, 79 and 91 in group 2 (Figure 2B). 

Members of group 1 were isolated in Sardinia island, from an area with drought stress in 2016 

(Supplementary Table 1). Those of group 2 were found in areas with no precipitation anomaly 

(PA=0) or excess of precipitation located in Lombardy, Piedmont, Umbria and Sicily. Strains from 

the two main Italian islands (Sardinia and Sicily) grouped in two different clusters. Members of 

group 1 were isolated from IPM treated vineyards, whereas those of group two belonged to IPM 

(two strains) or organic treated farms (three strains). The plot for K values ranging from three to 

five are reported in Supplementary Figure 1. Taking into account higher values of ancestral 

populations (with K values ranging from three to five), the plotting of ancestral coefficients 

confirmed the cross-validation results. Indeed, no additional populations can be observed due to the 

lower number of individuals reaching high values of membership to a population. 

Discriminant analysis of principal components (DAPC), used to infer the number of clusters of 

genetically related individuals, confirmed the existence of two distinct clusters in the Italian P. 

viticola population (Figure 3): the first and the larger group is composed of 63 strains; the second 

one of 33 strains. Almost all the strains belonging to group 1 and 2 identified by Bayesian 

clustering analysis grouped in DAPC group 1, apart from strain 64.  

In Table 2 the number of alleles, heterozygosity indexes, fixation index (FIS) values and deviation 

from HWE of the 19 polymorphic loci divided according to DAPC cluster are reported. Considering 

the two clusters, it is possible to notice a significant deviation from HWE for seven loci out of 19 in 

cluster 1, and for four loci out of 19 for cluster 2 (Table 2). In the latter case, PV65 locus resulted 

monomorphic. Locus PV104 displayed a significantly high level of heterozygote deficiency in both 

clusters (with FIS values of 0.85 and 1, respectively).  

 

3.3 | Factors affecting the genetic structure of the Italian P. viticola population 
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Based on AMOVA, the overall P. viticola genotypes did not differ according to the region 

of origin (Supplementary Table 4). No differences were found among the strains isolated from 

Lombardy and Tuscany (Supplementary Table 5), the regions with the highest number of isolates 

available (25 and 34 respectively). However, looking at the frequency of distribution of the strains 

grouped in cluster 1 and 2 by DAPC analysis, slight differences can be observed: the frequency of 

strains belonging to group 2 showed a progressive reduction going from Western to Eastern Italy 

(Figure 4). AMOVA, indeed, showed the presence of little (percentage of molecular variance=1%) 

but significant differentiation between isolates of Eastern and Western Italy (Fst=0.009; P=0.04). 

In spring 2016 precipitation anomalies indicating drought stress or water excess were observed in 

the Western and Eastern regions respectively (Figure 4). AMOVA showed no significant 

differentiation among individuals grouped according to the type of stress (no precipitation anomaly, 

drought, precipitation excess) as reported in Supplementary Table 6. While equal frequencies of 

strains belonging to DAPC group 1 and 2 are visible where drought stress occurred in spring 2016, 

the frequency of group 2 strains was significantly lower than that of group 1 where no precipitation 

anomalies occurred (Figure 4). Chi-square test performed on the frequencies of strains belonging to 

DAPC and PA groups, showed a significant, even if weak, relationship among the two variables 

(χ
2
=3.842; df=1; P=0.049).  

The strains did not group according to disease management strategies (organic vs integrated pest 

management) applied in vineyard (Supplementary Table 7) and no significant relationship was 

found among DAPC groups and disease management strategy frequencies (χ
2
=3.192; df=1; 

P=0.074). Finally, the cultivar from which P. viticola strains were sampled did not contribute to 

structuring of the Italian population (Supplementary Table 8).  

 

4 | Discussion 
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In this paper, the genetic structure of the Italian P. viticola population was investigated by 

analyzing 96 strains isolated from vineyards located in most of the major wine-producing regions of 

the country. P. viticola European population shows little genetic diversity as a consequence of the 

bottleneck originated at pathogen introduction, when a single population was transferred from 

North America to the Old Continent (Rouxel et al., 2012, 2013). Our results indicate that the Italian 

P. viticola population also presents little genetic variability, with heterozygosity estimates 

(HE=0.37) similar to those found in other European populations (HE=0.39), but slightly lower than 

those of isolates from West Europe (HE=0.44) (Fontaine et al., 2013). The difference found between 

heterozygosity estimates of Western European and Italian populations could be associated to the 

dynamics of a spatially expanding pathogen population, that lead to a reduced genetic diversity 

(Rouxel et al., 2013).  

Compared to a study on European isolates of P. viticola (Rouxel et al., 2012), the Italian population 

has equal or greater number of alleles at 15 loci. Compared to North American isolates (Rouxel et 

al., 2012), Italian population shows equal or greater number of alleles at 8 loci, and lower number 

of alleles at seven loci. Ho of the Italian population is more often greater than lower than that of 

European isolates at the 19 loci examined (Rouxel et al., 2012; Fontaine et al., 2013). Out of 13 

comparable loci, the Italian population shows greater Ho at 6 loci and lower Ho at 7 loci. 

The overall Italian P. viticola population is characterized by the absence of clones (i.e. genotypes 

sharing the same allelic profile) and most of the examined loci display high levels of 

heterozygosity, an indication that the population could be randomly mating.  This is not surprising, 

since both mating types are present in Italy and sexual spores (oospores) are regularly found in 

vineyard (Wong et al., 2001; Vercesi et al., 1999, 2010). Most of the loci showed FIS values close to 

zero or lower than zero, and only two loci (PV65 and PV104) displayed FIS values higher than 0.8. 

Negative FIS values indicate an excess of heterozygotes. The FIS trend observed in the Italian P. 

viticola population, with a high number of negative FIS values among loci, is typical of partially 

asexual populations (population that can reproduce both through sexual and asexual events), such as 
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P. viticola (Gessler et al., 2011). Populations reproducing using high rates of asexuality strongly 

shifted their FIS distribution values into negative values with a tail of over high values of positive 

FIS (Reichel et al., 2016). Asexual reproduction can act in both maintaining or increasing 

heterozygosity through the accumulation of mutations over generations. Previous studies carried out 

on P. viticola strains isolated from different European countries showed that the populations are 

predominantly panmictic (Gobbin et al., 2003, 2006; Fontaine et al., 2013; Delmas et al., 2016, 

2017). In our study, however, 10 loci out of 19 display a significant deviation from HWE. This is in 

contrast with what reported by other authors on European and Italian P. viticola populations, where 

most of the microsatellite loci are in HWE (Gobbin et al., 2006; Fontaine et al., 2013). This 

suggests that the analyzed Italian population could be deviating from panmixia.   

Structure analyses, indeed, highlight the presence of two distinct subpopulations in the Italian P. 

viticola population as previously described for European vineyards, where two genetically distinct 

clusters, with a different distribution over a longitudinal gradient going from Western to Eastern 

Europe, were found (Fontaine et al., 2013). According to the most probable scenario, P. viticola 

isolates have been most likely introduced first in Western Europe (Bordeaux area) from North 

America and then diffused towards Eastern Europe following a leap frog pattern, leading to the 

formation of two genetic clusters (Fontaine et al., 2013). In the study carried out by Fontaine and 

coworkers (2013), the analysis of a few Italian isolates suggested that both groups were present in 

Italy. Here, the analysis of a large number of Italian P. viticola isolates corroborates the hypothesis 

that two slightly different subpopulations, with a weak geographic differentiation between Eastern 

and Western vineyards, are present in Italy. Genetic variation parameters strengthen the existence of 

a difference among the two clusters. While the number of loci under HW disequilibrium is ten out 

of 19 in the overall P. viticola Italian population, this number decreases in the two subpopulations 

identified by DAPC analysis, that also differ for the loci under HW disequilibrium: cluster 1 shows 

a higher frequency of loci under HW disequilibrium (seven loci) than cluster 2 (four loci). Only two 

loci under HW disequilibrium are shared among the two clusters (PV104 and PV142). Overall, 

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 
 

these results indicate that the Italian P. viticola population is either dividing in two subpopulations 

or a combination of two different populations. According to the large scale analysis of P. viticola 

population in Europe, the first scenario is the more likely (Fontaine et al., 2013). 

When a phytopathogen is newly introduced in an area, it must have adaptive capacity to both 

abiotic conditions (range of temperature, humidity and precipitation) and biotic interaction with the 

host plant (Ghatak, 2017). The genetic structure of the Italian P. viticola population was put in 

relation with abiotic (geography, climatic conditions and disease management strategy) and biotic 

factors (host cultivar), to investigate if they are involved in substructuring the pathogen population.  

The lack of a genetic structure related to the regional origin of strains suggests that the Italian 

population is admixed at large spatial scale. However, both Bayesian clustering and DAPC analyses 

showed the existence of two subpopulations in the Italian P. viticola population. Based on ancestry 

coefficients, Bayesian clustering shows that most of the samples are admixed and only seven 

samples univocally group in the two clusters. The high genetic differentiation existing in the 

Sardinian samples encompassed in group 1, that is separated from group 2, could be due to a 

geographic isolation of the strains that should be more deeply investigated. DAPC analysis 

confirmed the existence of two groups in the Italian P. viticola population, that are characterized by 

a differentiation over a geographical (longitudinal) gradient as observed by Fontaine et al. (2013). 

However, the sample size of Western and Southern P. viticola isolates should be increased to 

confirm this result. 

P. viticola is strongly dependent on the presence of water on the surface of susceptible tissues for 

the host infection, therefore rainfall plays a key role in the pathogen epidemics (Rossi et al., 2009), 

especially in Spring, when the primary infections occur. During the first years since its introduction 

in Italy, downy mildew was mainly detected on leaves late in the season, when the bunches were 

not susceptible, causing limited damages (Ferraris, 1913). Starting from 1890s the infection period 

anticipated to late spring, causing brown rot of grapes, and only from 1905 attacks were reported on 

early phenological stages of grapevine, causing dramatic yield losses (Gessler et al., 2011). This 
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trend could indicate an adaptation of the pathogen to the Italian climate. Starting from the end of 

XIX century, climatic conditions in Italy showed a positive trend, uniformly distributed all over 

Italy, for the temperatures, with an increase of 1°C per century on a yearly basis (Brunetti et al., 

2006). On the contrary, precipitation showed a tendency toward a decrease in the frequency and an 

increase in the intensity of the rainy events, in this case with marked differences among regions and 

seasons (Brunetti et al., 2004). DAPC analysis highlighted a different distribution of the Italian P. 

viticola strains in terms of climatic conditions, precipitation changes in particular.  Members of 

DAPC group 2 were more frequently found in areas with drought stress than where no precipitation 

anomalies occurred in the year of sampling. Evidence of substructuring based on climate has been 

found also in Chinese P. viticola populations characterized by both SSR markers and 

polymorphisms at four gene regions (Yin et al., 2014; Zhang et al., 2017). Further studies are 

however needed to investigate if members of the two groups are characterized by an adaptation to 

different climates, taking into account traits influenced by the environment, such as infection 

efficiency, latent period and spore production rate, that are linked to pathogen evolution in the 

agricultural system (Lannou, 2012).  

Disease management could also contribute in shaping the pathogen population. It has been reported 

that fungal communities in vineyard can vary according to the disease management practices 

adopted (Morrison-Whittle et al., 2017). However, the results obtained in the analysis of microbial 

communities of grapevine are not conclusive in discriminating among disease management 

strategies (Kecskeméti et al., 2016). Disease management strategies on grapevine in IPM and 

organic farming strategies mainly differ for the fungicides that can be applied: while the multisite 

fungicide copper is the only active ingredient that can be adopted in organic farming against P. 

viticola, single-site fungicides are frequently used in IPM. Resistance to single-site fungicides is 

one of the main issues in downy mildew management, since P. viticola is at high risk of developing 

resistance to fungicides (FRAC pathogen risk list, www.frac.info) and resistance against several 

fungicide classes has been reported (Gisi & Sierotzki, 2008; Toffolatti et al., 2018a). A reduction in 
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genetic diversity of P. viticola population, as a consequence of directional selection toward higher 

resistance, has been observed in a population sprayed with a single-site fungicide (Matasci et al., 

2008). In this paper, the absence of a genetic structure of P. viticola population sampled from 

vineyards treated with different disease management strategies suggests that, at present, this factor 

is not shaping the Italian pathogen population.  

Once introduced into Europe at the end of XIX century, P. viticola found a susceptible host and 

suitable climatic conditions for its development. P. viticola affects members of the Vitaceae family 

and V. vinifera, the Eurasian grapevine species (McGovern et al., 2017), proved to be particularly 

susceptible due to the absence of co-evolution with the pathogen. As a consequence, the main V. 

vinifera varieties cultivated worldwide are extremely susceptible to the pathogen, and only recently 

the existence of resistant cultivars, such as the Georgian (Caucasus) Mgaloblishvili, has been 

reported (Toffolatti et al., 2016, 2018b). In our study, no evidence of host adaptation has been 

found, as demonstrated by the absence of structuring according to grapevine cultivar.  

To conclude, the Italian P. viticola population is characterized by a low genetic variability and 

signatures of deviation from panmixia, but the occurrence of sexual reproduction in vineyard can 

contribute to variability and adaptability. The pathogen adaptability must be taken into 

consideration in the implementation of the disease control methods. The evolutionary potential of P. 

viticola was confirmed by the capability to overcome partial disease resistance (Delmotte et al., 

2014; Toffolatti et al., 2012b). In this view, the cultivation of the resistant grapevine varieties 

should be integrated with fungicide treatments, to slow down the selection of virulent strains, able 

to overcome plant defenses, in order to obtain a durable resistance. The different frequency of 

members DAPC group 1 and 2 on a longitudinal gradient and in presence of different precipitation 

rates, indicates that the pathogen population could be changing according to different forces acting 

simultaneously, among which are geographic isolation and climatic conditions. However, the 

presence of two distinct clusters in the population could be a consequence of several reasons, that 

cannot be completely elucidated in the present study and need further investigation. The availability 
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of genome sequences, opening the way to population genomics (Dussert et al., 2016, 2018), could 

be a powerful tool to be employed in this regard.  Of particular importance will also be increasing 

the number of samples per region to obtain an even sample size and gathering of data on genetic 

variability of P. viticola in other countries (Taylor et al., 2018), to understand the patterns of 

distribution and evolution of the pathogen.    
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TABLES 

Table 1: Mean proportion of missing data over loci (MD%), number of alleles (Na), allele size 

range (bp), observed (Ho) and expected (HE) heterozygosity, Fixation index (FIS) and deviation 

from the Hardy-Weinberg equilibrium (HWE) of the 19 polymorphic microsatellites estimated for 

the 96 P. viticola strains. 

Locus MD% Na Allele size 

range (bp) 

HO HE FIS HWE
a
 

PV14 3.0 3 120-124 0.82 0.66 -0.242 * 

ISA 1.0 6 112-138 0.76 0.60 -0.283 * 

PV17 2.0 4 142-148 0.80 0.63 -0.274 ** 

PV39 3.0 2 175-177 0.08 0.08 -0.044 ns 

PV31 3.0 6 237-242 0.52 0.44 -0.182 *** 

PV16 2.0 4 245-250 0.47 0.39 -0.213 *** 

PV91 12.1 3 142-146 0.59 0.50 -0.172 ns 

PV147 7.1 5 195-219 0.57 0.47 -0.216 ns 

PV148 6.1 3 126-137 0.20 0.22 0.078 ns 

PV93 8.1 3 148-152 0.49 0.42 -0.186 ns 

PV141 6.1 3 189-192 0.57 0.45 -0.265 * 

PV65 7.1 3 194-198 0.08 0.51 0.848 *** 

PV104 10.1 2 322-324 0.01 0.10 0.883 *** 

PV88 11.1 2 204-206 0.16 0.19 0.130 ns 

PV83 11.1 3 238-242 0.09 0.09 -0.040 ns 

PV142 7.1 2 209-211 0.68 0.46 -0.499 *** 

PV139 10.1 3 131-135 0.07 0.07 -0.031 ns 

PV127 13.1 4 216-221 0.22 0.22 -0.005 *** 
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PV101 9.1 3 262-266 0.41 0.45 0.069 ns 

All loci 7.0 3.4 - 0.40 0.37 -0,034 - 

a
Level of significance: ns=not significant; *=P<0.05; **=P<0.01; *** P<0.001 

 

  

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 
 

Table 2. Number of P. viticola isolates (N), number of alleles (Na), observed (HO) and expected 

(HE) heterozygosity, Fixation index (FIS) and deviation from the Hardy-Weinberg equilibrium 

(HWE) calculated for each locus dividing P. viticola genotypes according to DAPC clusters. 

Locus 

Cluster 1 Cluster 2 

N Na Ho HE FIS HWE
a
 N Na Ho HE FIS HWE

a
 

PV14 61 3 0.85 0.66 -0.30 * 33 3 0.76 0.64 -0.18 ns 

ISA 63 6 0.78 0.60 -0.29 * 33 5 0.73 0.57 -0.27 ns 

PV17 62 4 0.82 0.65 -0.27 * 33 3 0.76 0.59 -0.29 ns 

PV39 62 2 0.06 0.06 -0.03 ns 32 2 0.13 0.12 -0.07 ns 

PV31 62 3 0.50 0.40 -0.24 ns 32 6 0.56 0.51 -0.10 *** 

PV16 62 3 0.47 0.38 -0.23 ns 33 3 0.48 0.41 -0.18 *** 

PV91 56 2 0.54 0.50 -0.08 ns 29 3 0.69 0.51 -0.35 ns 

PV147 60 5 0.62 0.49 -0.26 ns 30 5 0.47 0.42 -0.12 ns 

PV148 57 3 0.21 0.22 0.04 ns 33 2 0.18 0.21 0.15 ns 

PV93 57 3 0.53 0.41 -0.29 ns 32 2 0.44 0.43 -0.02 ns 

PV141 57 2 0.58 0.44 -0.32 * 33 3 0.55 0.46 -0.18 ns 

PV65 57 2 0.12 0.12 -0.07 ns 33 1 0 0 - - 

PV104 55 2 0.02 0.12 0.85 *** 32 2 0 0.06 1 *** 

PV88 53 2 0.15 0.20 0.25 ns 32 2 0.19 0.17 -0.10 ns 

PV83 53 3 0.11 0.11 -0.05 ns 32 2 0.06 0.06 -0.03 ns 

PV142 59 2 0.66 0.44 -0.49 *** 30 2 0.73 0.48 -0.53 ** 

PV139 58 3 0.09 0.08 -0.04 ns 28 2 0.04 0.04 -0.02 ns 

PV127 55 3 0.16 0.18 0.11 *** 28 3 0.32 0.27 -0.17 ns 

PV101 58 3 0.40 0.45 0.11 ns 29 2 0.45 0.44 -0.02 ns 

a
Level of significance: ns=not significant; *=P<0.05; **=P<0.01; *** P<0.001 
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FIGURE LEGENDS 

 

Figure 1: Localization of the samples at regional level. 

 

Figure 2: Genetic structure of P. viticola population in Italy. (A) Plot of ΔK (Delta K) analysis, at 

values of K from 1 to 10, used to infer the true value of K. (B) Individual ancestry within 

population clusters in P. viticola inferred using Bayesian approach implemented in tess3 R package; 

vertical bars represent individual assignment probability into different genetic clusters inferred 

under the K=2 model from the STRUCTURE analysis (based on results from the ad hoc statistic 

ΔK) depicted with colors; colors represent individual groups: group 1 (orange) and group 2 (green). 

Letters on the x-axis represent the region of origin of the strain: A=Abruzzo, C=Campania, 

F=Friuli, L=Lazio, Li=Liguria, Lo=Lombardy, P=Piedmont, S=Sardinia, Si=Sicily, T=Tuscany, 

U=Umbria, V=Veneto. Strain numbers of individuals univocally belonging to group 1 and 2 are 

indicated. 

 

Figure 3: Plot of the individual densities against the first discriminant function retained by DAPC 

analysis carried out on P. viticola strains genotyped at 19 loci. DAPC analysis shows that the Italian 

population is divided in two clusters (subpopulations) separated over a single discriminant function. 

 

Figure 4. Precipitation anomaly occurring in Italy during Spring 2016. Rectangles in red represent 

drought stress, rectangles in white no stress and rectangles in blue water excess (adapted from: 

http://www.isac.cnr.it/climstor/climate_news.html; access in September 2016). Percentages of 

deviation from the 1971-2000 mean values are indicated in the bar above the map. Pie charts 

represent the frequency of isolates clustered in DAPC group 1 (in blue) and group 2 (in red).  

 

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 
 

Figure 5. Frequency of strains belonging to DAPC groups 1 and 2 in relation to precipitation 

anomaly (PA), measured as deviation of precipitation ratio of spring 2016 from the mean value 

recorded in 1971–2000 period expressed in percentage. PA=0 indicates no variation from the mean 

value. PA<0 indicate lower precipitation ratios. Bars represent confidence interval (P=95%).  
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