
 

 
 

 

 
Horticulturae 2024, 10, 326. https://doi.org/10.3390/horticulturae10040326 www.mdpi.com/journal/horticulturae 

Article 

Distribution of Plasmopara viticola Causing Downy Mildew in 

Russian Far East Grapevines 

Nikolay N. Nityagovsky 1,2, Alexey A. Ananev 1, Andrey R. Suprun 1, Zlata V. Ogneva 1, Alina A. Dneprovskaya 1,2, 

Alexey P. Tyunin 1, Alexandra S. Dubrovina 1, Konstantin V. Kiselev 1, Nina M. Sanina 2 and Olga A. Aleynova 1,* 

1 Laboratory of Biotechnology, Federal Scientific Center of the East Asia Terrestrial Biodiversity, Far Eastern 

Branch of the Russian Academy of Sciences, 690022 Vladivostok, Russia; niknit1996@gmail.com (N.N.N.); 

tyunin@biosoil.ru (A.P.T.); dubrovina@biosoil.ru (A.S.D.); kiselev@biosoil.ru (K.V.K.) 
2 Institute of the World Ocean, Far Eastern Federal University, 690090 Vladivostok, Russia 

* Correspondence: aleynova@biosoil.ru; Tel.: +7-4232-310718; Fax: +7-4232-310193 

Abstract: Downy mildew is a severe disease that leads to significant losses in grape yields world-

wide. It is caused by the oomycete Plasmopara viticola. The study of the distribution of this agent and 

the search for endophytic organisms that inhibit the growth of P. viticola are essential objectives to 

facilitate the transition to sustainable and high-yield agriculture, while respecting the environment. 

In this study, high-throughput sequencing of the ITS (ITS1f/ITS2 region) and 16S (V4 region) ampli-

cons was employed to analyze 80 samples of leaves and stems from different grapevine species and 

cultivars grown in the Russian Far East (Vitis amurensis Rupr., Vitis coignetiae Pulliat, and several 

grapevine cultivars). The analysis revealed the presence of P. viticola in 53.75% of the grape samples. 

The pathogen P. viticola was not detected in V. amurensis samples collected near Vladivostok and 

Russky Island. Among the P. viticola-affected samples, only two (out of the eighty analyzed grape 

samples) from the Makarevich vineyard in Primorsky Krai exhibited disease symptoms, while the 

majority appeared visually healthy. We also found six distinct P. viticola ASVs in our metagenomic 

data. Based on phylogenetic analysis, we hypothesize that the P. viticola population in the Russian 

Far East may have originated from the invasive P. viticola clade aestivalis, which has spread around 

the world from North America. To identify putative microbial antagonists of P. viticola, a differential 

analysis of high-throughput sequencing data was conducted using the DESeq2 method to compare 

healthy and P. viticola-affected samples. The in silico analysis revealed an increased representation 

of certain taxa in healthy samples compared to P. viticola-affected ones: fungi—Kabatina sp., Aureo-

basidium sp., and Vishniacozyma sp.; bacteria—Hymenobacter spp., Sphingomonas spp., Massilia spp., 

Methylobacterium-Methylorubrum spp., and Chryseobacterium spp. This in-silico-obtained information 

on the potential microbial antagonists of P. viticola serves as a theoretical basis for the development 

of biocontrol agents for grapevine downy mildew. 
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1. Introduction 

Grapevine downy mildew, caused by oomycetes Plasmopara viticola (Berk. and M.A. 

Curtis) Berl. and de Toni, is an extremely destructive affliction that poses a significant 

threat to vineyards [1]. This pathogen can infect all green parts of the vine during the 

warmer and wetter periods of the growing season, causing significant losses in a short 

period of time [2]. In controlling oomycete fungi, including P. viticola, it is crucial to con-

sistently administer fungicides. This proactive approach serves to safeguard against po-

tential harm and mitigate substantial financial repercussions (up to 75% in humid grape-

vine-producing areas worldwide) [2,3]. 

Grapevine downy mildew, which is a common disease in North America, was first 

identified in 1889. Certain grapevines, such as Muscadinia rotundifolia, have shown 
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resistance to this pathogen [4]. On the other hand, all major Vitis vinifera cultivars are 

highly susceptible to downy mildew [5]. To address this problem, the use of cultivars with 

natural disease resistance is a cost-effective and environmentally friendly alternative to 

the use of fungicides [6]. Several American and Asian Vitis species, such as V. rupestris, V. 

rubra, V. candicans, V. amurensis, V. riparia, V. cinerea, and M. rotundifolia, show different 

levels of resistance to P. viticola. This ranges from moderate resistance in some species to 

high resistance in others [7–9]. 

V. amurensis Rupr., native to East Asia, is mainly found in the southern Far East of 

Russia to northern Korea. V. amurensis shows numerous advantageous characteristics, 

such as its resilience to downy mildew [10], anthracnose, and white rot [11], and the ability 

to withstand cold temperatures [12]. Furthermore, V. amurensis contains valuable medici-

nal compounds, such as stilbenes, which are known for their antioxidant, anticancer, an-

tibacterial, and antiaging properties [13]. The unique characteristics of this species have 

led grapevine breeders to incorporate it into their selective breeding programs. Through 

a comprehensive analysis of quantitative trait loci (QTL) on linkage group 14, a significant 

QTL controlling resistance to downy mildew resistance in V. amurensis was identified. This 

specific QTL, known as “Resistance to Plasmopara viticola” (Rpv8, Rpv10, and Rpv12), rep-

resents the first set of QTLs conferring resistance to P. viticola to be derived from an Asian 

Vitis species [14–16]. However, it is likely that Rpv8, Rpv10, and Rpv12 are not present in 

every cultivar of this particular species. According to Wan et al. (2007), only one out of the 

nine wild V. amurensis accessions was found to be partially resistant in real cases of infec-

tion in China, while the rest were considered susceptible [17]. V. coignetiae Pulliat ex 

Planch., commonly known as crimson grapevine, is a deciduous climbing vine that is na-

tive to the temperate climates of East Asia. This includes regions such as Sakhalin Island 

in Russia, Japan, and Korea. This particular variety of grapevine is often used for its health 

juice and wine due to the abundance of polyphenols and anthocyanins found in its fruit 

[18,19]. However, according to a study conducted by Kim et al. in 2019, this grapevine 

species is susceptible to downy mildew [20]. 

As mentioned earlier, breeding resistant grape varieties is the most effective way to 

control downy mildew. However, the introduction of these varieties is a time-consuming 

and costly process. Given the favorable conditions for disease development, chemical con-

trol remains the most economically effective strategy for protecting crops from downy 

mildew. As an alternative to chemical fungicides, the use of biofungicides offers a biolog-

ical approach to disease control [21]. Typically, endophytic microorganisms are used as 

biological control agents. Endophytes possess the ability to significantly impact host–

pathogen dynamics, exerting their influence even prior to the emergence of disease. No-

tably, certain endophytes can instigate systemic resistance mechanisms within their host 

organisms, effectively stimulating the activation of defense genes targeting specific path-

ogens. [22]. For example, the Bacillus velezensis KOF112 showed biocontrol activities 

against downy mildew, inhibiting zoospore release from P. viticola zoosporangia [21]. 

Also, the endophytes of grape, such as the Bacillus, Variovorax, Pantoea, Staphylococcus, Her-

baspirillum, and Sphingomonas bacterial genera, inhibited the mycelial growth of Phy-

tophthora infestans used as a surrogate for P. viticola [23]. Moreover, dipeptides extracted 

from the grapevine endophyte Alternaria alternate showed efficacy in inhibiting P. viticola 

sporulation [24]. Culture filtrates obtained from the grape endophyte Acremonium spp. 

showed inhibitory activity against the P. viticola in vitro [22]. 

Therefore, the current study, using metagenome analysis, aimed to (I) detect the pres-

ence of ITS P. viticola sequences in wild V. amurensis, V. coignetiae grape, and cultivated 

grape of the Far East of Russia; and (II) perform a comparative analysis of the biodiversity 

of endophytic bacteria and fungi from healthy and mildew-infected grape samples in or-

der to identify microorganisms that could theoretically be antagonists of P. viticola. 

2. Materials and Methods 

2.1. Plant Material and Surface Sterilization of Samples 
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To determine the presence of ITS1 sequences of P. viticola in grapevines from the Far 

East of Russia, a total of 11 asymptomatic tissue samples from V. amurensis, 3 samples 

from V. coignetiae, and 4 samples from cultivated grapevines were collected. V. amurensis 

(Gh) has been carefully cultivated under special conditions in the greenhouse at the Fed-

eral Scientific Center of the East Asia Terrestrial Biodiversity in Vladivostok, Russia. Ad-

ditionally, a visually healthy sample of V. amurensis (M) and a sample showing downy 

mildew symptoms (M-dm) were collected from the commercial vineyard “Makarevich”. 

Finally, V. amurensis (S-Va) was sampled from the botanical garden on Sakhalin Island. 

The eight V. amurensis grapevines were collected from different non-protected natural 

populations. Two grapevines, P1 and P2, were found in close proximity to each other near 

Vladivostok, Russia, approximately 1 km apart. Another two grapevines, P3 and P4, were 

discovered on Russky and Rikord Islands in the southern Primorsky Territory of the Rus-

sian Far East. P5 and P6 were obtained from Ivanovka village and the Verkhne-Ussuriysky 

Research Station (SSA) of the Federal Scientific Center of the East Asia terrestrial. Lastly, 

two additional grapevines were collected from Litovko village (Kh-1) and Silinsky forest 

(Kh-2), situated in the southern Khabarovsk region of the Russian Far East. Additionally, 

one V. coignetiae grapevine was sampled from the botanical garden of Sakhalin Island (S-

1). There were two additional V. coignetiae grapevines discovered within a natural popu-

lation on Sakhalin Island, specifically near the cities Kholmsk (S-2) and Nevelsk (S-3). Fur-

thermore, grapes from vineyards located in the Primorsky Territory of Russia were also 

gathered. Among the collected samples were (Ad) V. vinifera × V. amurensis cv. Adele 

(hybrid No. 82-41 F3) and (Muk) Vitis riparia × V. vinifera cv. Mukuzani (with an unknown 

pedigree), which were obtained from the Makarevich vineyard. The samples of Vitis 

labrusca × V. riparia cv. Alfa (https://www.vivc.de/index.php?r=passport%2Fview&id=346, 

accessed on 21 March 2024) (Alfa) and Vitis Elmer Swenson 2-7-13 cv. Prairie Star 

(https://www.vivc.de/index.php?r=passport%2Fview&id=23087, accessed on 21 March 

2024) (Pr-St) were selected in PRIM ORGANICA vineyard (Figure 1). It is important to 

note that all samples, except M-dm, were looking healthy, i.e., without symptoms of 

downy mildew. 
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Figure 1. Plant material collection sites. The numbers indicate the collection sites of the plant mate-

rial, which are listed in Supporting Information Table S1. The geographical map used: National Ge-

ographic World Map (esri) [25]. 

Plant samples were collected on days with little cloud cover and no precipitation, 

specifically between 11 to 12 in the morning. The air temperature at the time of collection 

was between 18 and 20 °C. Each sample was promptly transported to the laboratory 

within a timeframe of 3 h to 1 day. To ensure a comprehensive analysis, a minimum of 

four biological replicates, consisting of two stems and two leaves, were obtained for each 

grapevine sample. These replicates were subjected to next-generation sequencing (NGS) 

for further analysis. Finally, a total of 52 biological replicates of V. amurensis, 12 biological 

replicates of V. coignetiae, and 16 biological replicates of cultivated grapevines were col-

lected and thoroughly analyzed. 

To prepare the grapevine tissues for further analysis, each grapevine sample was 

thoroughly washed with soap and subjected to a sequential sterilization process. First, 

they were immersed in 75% ethanol for 2 min, followed by a 1-min treatment with 10% 

hydrogen peroxide. Finally, they were rinsed five times with sterile water [26,27]. In order 

to assess the effectiveness of this surface sterilization method, a 100 µL sample of the final 

rinse water was cultured on R2A (PanReac, AppliChem, Darmstadt, Germany) and potato 

dextrose agar (PDA, Neogene, Watford, UK) plates to ascertain the absence of any bacte-

rial or fungal colony growth originating from the external sources. 
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2.2. DNA Isolation, Library Preparation, and Illumina MiSeq Sequencing 

To carry out NGS analysis, DNA was isolated from 200 mg of surface-sterilized grape 

leaves and stems using the CTAB-spin method, as previously reported [28]. The DNA 

samples were then sent to a reputable commercial organization Syntol (Moscow, Russia) 

for high-throughput sequencing using Illumina technology. To ensure the quality and 

quantity of the DNA, it underwent evaluation through the Nanodrop-1000 (Nanodrop, 

Wilmington, Delaware, USA) and Quantus Fluorometer (Promega, Madison, Wisconsin, 

USA). The libraries were meticulously prepared for sequencing, adhering precisely to the 

protocol outlined in the manual “16S Metagenomic Sequencing Library Preparation” (Part 

# 15,044,223 Rev. B; Illumina). Bacterial 16S rRNA regions were amplified from all samples 

using the primers 515F (5′GGTAATACGKAGGKKGCDAGC) and 806R (5ꞌRTGGACTAC-

CAGGGTATCTAA), specifically designed to target Vitis sp. plants. The primers ITS1f 

(5′CTTGGTCATTTAGAGGAAGTAA) and ITS2 (5′GCTGCGTTCTTCATCGATGC) were 

utilized to amplify the fungal ITS1 rDNA regions in all of the samples. The Nextera® XT 

Index Kit reagents were used to index the amplicons. The library pool underwent se-

quencing on Illumina MiSeq platform, employing 2 × 250 paired-end reads, utilizing the 

MiSeq Reagent Kit v2, which allows for 500 cycles. 

The accession numbers for 16S and ITS1 sequences have been successfully submitted 

and archived in the National Center for Biotechnology Information (NCBI) under the ac-

cession numbers PRJNA980748 and PRJNA998468 and in the database of laboratory Bio-

technology, Federal Scientific Center of the East Asia Terrestrial Biodiversity, Far Eastern 

Branch of the Russian Academy of Sciences, Russia (https://biosoil.ru/downloads/bio-

tech/Metagenoms/, accessed on 21 March 2024). 

2.3. Data Processing 

The Supporting Information Tables S2 and S3 provide an overview of the samples 

utilized in the bioinformatic analysis. Custom scripts based on the R and Bash languages 

were used to process the data obtained (https://github.com/niknit96/Nit-

yagovsky_et.al.2024, accessed on 21 March 2024). The raw data were preprocessed using 

QIIME 2 [29] and DADA2 [30] programs. After eliminating the primers, PhiX reads and 

chimeric sequences, the paired-end reads were merged and arranged in a sorted order. 

Taxonomic identification of amplicon sequence variants (ASVs) was carried out utilizing 

the QIIME 2 Scikit-learn algorithm by employing the SILVA 138 pre-trained classifier for 

16S sequences (99% OTUs from the V4 region of the sequences) [31]. Additionally, for the 

ITS sequences, the UNITE pre-trained classifier was utilized (99% OTUs from the 

ITS1F/ITS2 region of sequences) [32]. 

The qiime2R [33], phyloseq [34], and tidyverse [35] R libraries were used in pre-fil-

tering and data preparation. Mitochondria, chloroplast, Viridiplantae, Metazoa, Rhizaria, 

Protista, Alveolata, and unidentified ASVs were deleted from the obtained data. Alpha di-

versity metrics in rarified samples to even sample depth were obtained using phyloseq R 

library [34]. The number of ASVs and Pielou’s evenness index were used to characterize 

richness and evenness in microbial communities, respectively. The Wilcoxon rank sum 

test was performed to analyze the alpha diversity data between groups. For beta diversity 

analysis, data were transformed to even sampling depth. The calculation of Bray–Curtis 

beta diversity data was conducted by employing the Vegan package, a widely recognized 

tool in the field [36], and converted to nonmetric multidimensional scaling (NMDS). Sta-

tistical validation of beta diversity data was performed using the PERMANOVA test with 

999 permutations. Data on the differential abundance ASVs between samples, in which P. 

viticola was found and in which the pathogen was absent, were obtained using the DESeq2 

statistical tool with false discovery rate correction [37]. Visualization was conducted using 

the ggplot2 [35], tidyterra [38], sf [39], maptiles [40], and ggmagnify [41] R libraries. 

Evolutionary analyses of the P. viticola ASVs in our dataset with the cryptic species 

described in [42,43] were performed in MEGA X [44]. The sequences were aligned using 
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the Muscle algorithm [45]. Evolutionary history was inferred using the maximum likeli-

hood (ML) method and the general time reversible (GTR) model [46]. We used the GTR 

model for the selected region of the ITS because it was the best model for this region in P. 

viticola data, as described in [42]. To estimate the percentage of trees where the associated 

taxa cluster together, we used the bootstrap test with 1000 replicates [47]. Initial trees for 

the heuristic search were automatically obtained by applying the maximum parsimony 

(MP) method. The Phytophthora sojae ITS sequence was used as the outgroup for phyloge-

netic analyses. The original sequences, aligned sequences, and MEGA tree session file are 

presented in the Supplementary Materials. 

3. Results 

3.1. Distribution of the Plasmopara Viticola ITS1 Sequences in Grape Samples 

The Illumina NGS technology was employed to generate a substantial amount of 

data, resulting in a total of 16,315,902 16S and 5,192,469 ITS1 paired-end reads. Extensive 

processing, including paired-end alignments, quality filtering, and the removal of un-

wanted sequences such as chimeric, mitochondria, chloroplast, Viridiplantae, Metazoa, Rhi-

zaria, Protista, Alveolata, and unidentified sequences, led to the generation of 10,102,418 

16S and 1,348,330 ITS1 sequences from 80 grape samples (2–6 samples from each plant) 

(Supporting Information Table S2). Analyzing the 16S data revealed that the average and 

median read numbers for the samples were 126,280 and 79,912, respectively. Similarly, for 

ITS1 data, the average and median read numbers were 16,854 and 14,373, respectively 

(Supporting Information Table S3). 

The geographical range of P. viticola in the collected grape samples was analyzed. It 

should be noted that P. viticola only causes downy mildew in the family Vitaceae. There-

fore, in this study, it is acceptable to determine the ITS1 P. viticola sequences before the 

genus level. Furthermore, using the NCBI nucleotide BLAST (nucleotide–nucleotide 

BLAST) algorithm, the P. viticola ITS1 sequences (Supporting Information Table S6) were 

determined to be P. viticola with high percentage identities (99–100%). It was shown that 

the greatest representation of P. viticola ITS1 sequences was in samples collected in the 

Makarevich vineyard. The highest representation of the P. viticola ITS1 sequence was 15.4–

60.9% in grape sample M-dm, which had visible symptoms of downy mildew (Figure 2). 

In other samples without visible downy mildew symptoms, the percentage of P. viticola 

ITS1 sequences was 0–48%. During the analysis of metagenomic data, a large percentage 

of downy mildew was found on Sakhalin Island and Rikord Island. The greatest repre-

sentation of P. viticola ITS1 sequences was in the botanical garden of Sakhalin Island, and 

the percentage ratio in V. coignetiae samples was higher (34–48%) compared to V. amurensis 

samples (0.3–1.4%). The representation of P. viticola sequences in samples collected on Ri-

kord Island was 2–18%. Relatively small amounts of ITS of P. viticola sequences were de-

tected in samples near the city of Nevelsk (0.2–14%) in the Silinsky forest of the Khaba-

rovsky region (0.7–10%) (Figure 2). P. viticola sequences were present in trace amounts in 

the sample collected from a greenhouse at the Federal Scientific Center of the East Asia 

Terrestrial Biodiversity (0–2.2%), near the city of Kholmsk on Sakhalin Island (0.1–1.9%), 

the Verkhne-Ussuriysky Research Station (0–1.3%), Litovko village, the southern Khaba-

rovsky region of the Russian Far East (0–0.4%), and PRIM ORGANICA vineyard (0–0.2%) 

(Figure 2). The grape samples collected near Vladivostok, on the Russky Island, and the 

village of Ivanovka did not have the ITS1 sequence of P. viticola in their metagenome (Fig-

ure 2). 
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Figure 2. Relative representation of ITS1 sequences of Plasmopara viticola in grape samples: (a) geo-

graphic map with mean relative abundance of P. viticola in sample locations; (b) relative abundance 

of P. viticola in samples. The marks in the form of numbers on the map (a) correspond to the data in 
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(b). The geographical map used: National Geographic World Map (esri) [25]. L—leaf; S—stem. Gh—

V. amurensis in greenhouse at the Federal Scientific Center of the East Asia Terrestrial Biodiversity; 

M—V. amurensis in the commercial vineyard «Makarevich»; M-dm—V. amurensis with visible symp-

toms of P. viticola in «Makarevich» vineyard; S-Va—V. amurensis in the botanical garden on Sakhalin 

Island; P-1—V. amurensis in Vladivostok; P-2—V. amurensis in Vladivostok; P-3—V. amurensis in 

Russky Island; P-4—V. amurensis in Rikord Island; P-5—V. amurensis in Ivanovka village; P-6—V. 

amurensis in the Verkhne-Ussuriysky Research Station (SSA); Kh-1—V. amurensis in Litovko village, 

the southern Khabarovsky region of the Russian Far East; Kh-2—V. amurensis in the Silinsky forest; 

S-1—V. coignetiae in the botanical garden on Sakhalin Island; S-2—V. coignetiae near the city Kholmsk 

on Sakhalin Island; S-3—V. coignetiae near the city Nevelsk on Sakhalin Island; Pr-St—Vitis Elmer 

Swenson 2-7-13 cv. Prairie Star from commercial vineyard PRIM ORGANICA; Alfa- Vitis labrusca × 

Vitis riparia cv. Alfa from PRIM ORGANICA; Ad- Vitis vinifera × V. amurensis cv. Adele from com-

mercial vineyard Makarevich; Muk—V. riparia × V. vinifera cv. Mukuzani. 

We found six P. viticola ASVs in our metagenomic data. We performed a phylogenetic 

analysis of these ASVs with the cryptic species described in our colleagues’ works [42,43] 

(Figure 3). Based on the analysis, all of the ASVs clustered together in a well-supported 

branch, along with a representative ITS sequence of P. viticola clade aestivalis. Among the 

plants in which P. viticola ASVs were found are wild grapes V. amurensis (P-3, P-4, P-5, P-

6, Kh-1, Kh-2, M, M-dm, and S-Va) and V. coignetiae (S-1, S-2, and S-3), as well as cultivated 

forms of grapes (Ad, Muk, Pr-St, and Alfa) (Table 1). According to our data, the most com-

mon P. viticola ASV is ASV 1, which was present in 37 out of 43 samples and had the high-

est mean relative abundance. 

 

Figure 3. Evolutionary analysis of Plasmopara viticola ASVs in our NGS dataset with previously de-

scribed cryptic species of P. viticola [42,43] using a maximum likelihood method. The ML method 

and the GTR model were utilized to deduce the evolutionary history. The tree with the highest log 

likelihood (−644,81) is shown. The branches display the percentage of trees in which the related taxa 

formed clusters, as determined by the bootstrap test (with 1000 replicates). Initial trees for the heu-

ristic search were obtained automatically by applying the MP method. The tree is drawn to scale, 

with branch lengths measured in the number of substitutions per site. This analysis involved 12 

nucleotide sequences. The final dataset consisted of a sum of 249 positions. The phylogenetic tree is 

rooted with the Phytophthora sojae ITS sequence. Evolutionary analyses were conducted in MEGA 

X. The original sequences, aligned sequences, and the MEGA tree session file are presented in the 

Supplementary Materials. 
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Table 1. Representation of Plasmopara viticola ASVs in NGS samples. 

Name of ASV Occurrence in the Plants 
Mean Relative 

Abundance, % 

Number of ASV-

Affected  

Samples 

Total P. viticola-Af-

fected Samples 

P. viticola ASV 1 

P-4, P-5, P-6, Kh-1, Kh-2,  

M, M-dm, Ad, Muk, Pr-St,  

Alfa, S-Va, S-1, S-2, S-3 

8.84 37 

43 
P. viticola ASV 2 P-3, P-4, P-6, M-dm, Ad, S-1, S-2 0.76 9 

P. viticola ASV 3 S-1, S-3, P-4, Kh-2 0.50 7 

P. viticola ASV 4 Gh, Kh-1, Muk, Ad, S-1 2.46 5 

P. viticola ASV 5 M-dm, S-1 1.75 2 

P. viticola ASV 6 S-1 0.28 1 

3.2. Comparative Analysis of the Biodiversity of Grape Endophytes in Grape Samples Affected by 

P. viticola 

The outcomes of the alpha diversity analysis of the bacterial and fungal endophytic 

communities in the grape samples, categorized based on the occurrence of P. viticola, are 

visually presented in Figure 4a,b and Figure 4c,d, respectively. Based on the number of 

16S ASVs, samples affected by P. viticola are characterized by a reduced richness of the 

bacterial community compared to healthy samples (p = 0.011, Figure 4a). According to the 

Pielou’s evenness index, the bacterial communities of P. viticola-affected and healthy sam-

ples have the same evenness (p = 0.14, Figure 4b). On the other hand, samples affected by 

P. viticola and healthy samples are not significantly different in terms of fungal community 

richness (p = 0.26, Figure 4c), but P. viticola-affected samples were characterized by a more 

even fungal community compared to healthy samples based on Pielou’s evenness index 

(p = 0.042, Figure 4d). 

 

Figure 4. The alpha diversity metrics between samples, which are grouped based on the presence 

of Plasmopara viticola. (a,b) Number of ASVs and Pielou’s evenness index for the endophytic bacterial 
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community; (c,d) number of ASVs and Pielou’s evenness index for the endophytic fungal commu-

nity . 

According to the NMDS ordination plots of beta diversity, P. viticola-affected and 

healthy endophytic bacterial or fungal communities overlap to a high degree, but fungal 

communities overlap more than bacterial communities (Figure 5a,b). The PERMANOVA 

test showed that the factor of the presence of P. viticola explained 4.4% of the differences 

between grape samples in the bacterial endophytic community (Figure 5a, Supporting In-

formation Table S4), whereas this factor explained 3.2% of the differences between sam-

ples in the fungal endophytic community (Figure 5b, Supporting Information Table S4). 

 

Figure 5. The comparison of endophytic bacterial and fungi communities of grapevines samples 

based on the presence of Plasmopara viticola: (a) Bray–Curtis beta diversity NMDS plot of grape en-

dophytic bacteria; (b) Bray–Curtis beta diversity NMDS plot of grape endophytic fungi. The ellipses 

assume a multivariate normal distribution. The central points of ellipses are mean points. 

3.3. The In Silico Analysis of Potential Microorganisms Plasmopara viticola Antagonists 

According to the DESeq2 results, healthy samples were characterized by an increased 

abundance of 40 bacterial ASVs compared to P. viticola-affected samples (Figure 6, Sup-

porting Information Table S5). These ASVs belonged to 4 taxa of the class level or 18 taxa 

of the genus level. The largest number of ASVs belonged to class Bacteroidia (18), followed 

by Alphaproteobacteria (11), Gammaproteobacteria (10), and Actinobacteria (1). At the ge-

nus level, the largest number of ASVs belonged to Hymenobacter (14), Sphingomonas (4), 

Massilia (4), Methylobacterium-Methylorubrum (2), and Chryseobacterium (2), followed by Ad-

venella, Microbacteriaceae (ASV 7), Brevundimonas, Devosia, Sphingomonadaceae (ASV 7), 

Spirosomaceae, Rhizobacter, Phyllobacterium, Xanthobacteraceae (ASV 4), Pedobacter, Nevskia, 

Pseudomonas, Escherichia-Shigella, and Polaromonas. ASV, belonging to the genus Cupriavi-

dus, was characterized by an increased abundance in P. viticola-affected samples compared 

to healthy samples (Figure 6, Supporting Information Table S5). 
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Figure 6. Significantly different abundant (adjusted p < 0.01) bacterial ASVs between grape samples, 

identified by the DESeq2 tool, which were grouped based on the presence of Plasmopara viticola. Dots 

mean ASVs, which were identified as genus-level taxa. 

In the fungal community, healthy samples were characterized by an increased abun-

dance of four ASVs compared to P. viticola-affected samples (Figure 7, Supporting Infor-

mation Table S6). These ASVs belonged to two taxa at the class level or four taxa at the 

genus level, namely: Dothideaceae (ASV 2), Kabatina, and Aureobasidium of the class 

Dothideomycetes, and Vishniacozyma of the class Tremellomycetes. However, samples af-

fected by P. viticola are characterized by an increased abundance of 2 ASVs belonging to 

Ramularia and 1 ASV belonging to Taphrina (Figure 7, Supporting Information Table S6). 

 

Figure 7. Significantly different abundant (adjusted p < 0.01) fungal ASVs between grape samples, 

identified by the DESeq2 tool, which were grouped based on the presence of Plasmopara viticola. Dots 

mean ASVs, which were identified as genus-level taxa. 
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4. Discussion 

Grapevine downy mildew, caused by the pathogen known as P. viticola, is widely 

recognized as one of the most significant diseases affecting grapes worldwide. Through-

out the growing season, this particular pathogen has the ability to infect any green com-

ponent of the vine whenever the weather conditions are warm and wet. In regions with 

temperate climates, where the grapevine experiences dormancy, the pathogen adapts by 

forming oospores to ensure its survival in the absence of a host. The extensive application 

of fungicides has the potential to result in the development of P. viticola isolates that pos-

sess resistance to these chemical agents [48,49]. 

This paper examines the distribution of P. viticola in both unprotected areas and vine-

yards of the Russian Far East through the analysis of NGS grape samples. According to 

NGS data, the highest representation of P. viticola ITS1 sequences was found in grape sam-

ples from the Makarevich vineyard. It is worth noting that only one of the collected grape 

samples showed visible symptoms of downy mildew. It is likely that P. viticola is circulat-

ing in the Magarach vineyard, and regular fungicide treatments only reduce the amount 

of the pathogen without destroying it. The fungicide treatment in the PRIM ORGANICA 

vineyard is the most effective in protecting against P. viticola, where the presence of this 

pathogen was minimal in the NGS samples. There was also a relatively high presence of 

P. viticola in V. amurensis samples collected on Rikord Island and in the Silinsky forest of 

the Khabarovsky region, as well as in V. coignetiae samples grown in the botanical garden 

on Sakhalin Island and near the town of Nevelsk. It is known that once a certain amount 

of time has passed, affected tissues of the host organism may display signs of downy mil-

dew. The manifestation of these symptoms heavily relies on the specific environmental 

conditions of the region, as well as the susceptibility of the host to the disease [50]. P. 

viticola grows optimally under high relative humidity and mild temperatures [51]. It is 

likely that the climatic characteristics of northern regions and associated remote islands, 

namely, increased humidity, UV radiation, and low average temperatures, contribute to 

a more active distribution of P. viticola. The presence of P. viticola ITS1 in samples of wild 

grapes without visible symptoms of downy mildew may indicate the resistance of these 

species to this pathogen. It is known that susceptible grapevine species infected by P. vit-

icola produce mainly trans-resveratrol (3,5,4′-trihydroxystilbene) and trans- and cis-piceid 

(3-O-β-D-glucoside of resveratrol) [52], whereas resistant species produce trans-resvera-

trol, trans-pterostilbene (3,5-dimethoxy-4′-hydroxystilbene), and cyclic dehydrodimers of 

resveratrol trans-ε-viniferin and trans-δ-viniferin [53–55]. The wild grape V. amurensis is 

an important source of stilbenes [11], containing six main stilbenes [56]. Previous research 

has shown that UV-C-induced biosynthesis of stilbenes and flavonoids in grape leaves, 

especially resveratrol biosynthesis in grape leaves, is greatly increased in response to UV-

C irradiation [57]. In addition, genetic studies have identified 33 loci of resistance to P. 

viticola (Rpv) in American and Asian Vitis spp. and in some V. vinifera cultivars [58]. Thus, 

the resistance loci of an individual grapevine, namely, the presence of the loci “resistance 

to Plasmopara viticola” (Rpv8, Rpv10, and Rpv12), or the higher content of stilbenes, or the 

stimulation of stilbene biosynthesis by UV radiation or other external factors, can influ-

ence the level of P. viticola representation in wild grape samples. 

A recent study has proposed a possible scenario for the spread of P. viticola around 

the world [59]. Through analyzing sequences of nuclear and mitochondrial genes from 

invasive grapevine downy mildew populations, it was determined that all of these popu-

lations belonged to a single clade aestivalis of P. viticola [41,42,59]. This clade is known to 

infect the wild summer grape V. aestivalis in North America. The study suggests that the 

pathogen first spread from North America to Europe and then to other parts of the world. 

Our data partially support the close relationship between the P. viticola ASVs present in 

the Russian Far East and the invasive clade. However, the data are not sufficient to deter-

mine whether the invasion originated directly from Europe or if it is a secondary intro-

duction from another country. Unfortunately, we only sequenced the ITS amplicon, which 

provides a low resolution for population studies of P. viticola. To draw more accurate 
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conclusions about P. viticola populations in the Russian Far East, further research with a 

larger sample size and using additional marker genes used in phylogenetic analysis is 

necessary. 

We also analyzed the microbiome of grape samples affected to different degrees by 

the oomycete P. viticola. It is known that many plant pathogens can form a specific micro-

biome that can also be an indicator of the pathogen. A comparative analysis of the micro-

biomes of grape samples without P. viticola representation and samples with high P. viti-

cola representation allowed us to identify microorganisms that could hypothetically be 

antagonists of the downy mildew pathogen or associated with this oomycete. For exam-

ple, a grape virus associated with P. viticola has recently been analyzed. It is likely that 

some viruses could act as new biocontrol agents for P. viticola [60]. 

In this work, we found both positive and negative correlations in the number of some 

endophytic microorganisms depending on the representation of P. viticola ITS1 sequences 

in grape samples. For example, a high proportion of P. viticola ITS1 sequences correlated 

positively with a high proportion of 16S sequences from Cupriavidus endophytic bacteria 

in grape samples. There was early evidence that Cupriavidus species were associated with 

agricultural crops growing in alkaline soils [61]. It is possible that the association of these 

bacteria with P. viticola is related to the alkalinization of the internal tissues of grapes as a 

result of infection with P. viticola. The endophytic fungi genera Ramularia and Taphrina 

were also more abundant in grape samples with high levels of downy mildew. Ramularia, 

the white mold of plants, is a species-rich genus that harbors plant pathogens responsible 

for yield losses in many important crops, including barley, sugar beet, and strawberries 

[62]. It has been shown that barley plants with mlo resistance to downy mildew have an 

increased susceptibility to a new important disease—ramularia leaf spot [63]. In addition, 

Taphrina fungi are biotrophic plant pathogens that cause plant deformities [64]. Thus, in-

fection with downy mildew leads to subsequent infection with other pathogenic fungi. 

In addition to mildew-associated microorganisms, we found endophytes that are hy-

pothetical antagonists of P. viticola. The presence of bacteria belonging to the genera Hy-

menobacter, Sphingomonas, Massilia, Methylobacterium-Methylorubrum, and Chryseobacterium 

was found to be significantly higher in grape samples with a low or absent content of P. 

viticola ITS1 sequences compared to samples highly infected with downy mildew. Some 

species of genera Hymenobacter are known to be UV-resistant [65], and the pathogen P. 

viticola is very sensitive to UV radiation [66]. Therefore, the inversely proportional number 

of endophytic bacteria Hymenobacter spp. and P. viticola is likely to be related to the 

amount of UV exposure of individual grape samples. It is known that several Methylobac-

terium and Sphingomonas strains work against the proliferation of plant pahogene Candi-

datus phytoplasma, which is the primary cause of grapevine yellows. Additionally, it is 

worth highlighting that the presence of genera Methylobacterium and Sphingomonas in sig-

nificant numbers is directly linked to the production of characteristic sensory compounds 

found in well-rounded wines [67]. Moreover, the presence of Chryseobacterium species con-

tribute to enhanced plant growth through biocontrol activity against plant pathogens, in-

cluding Phytophthora capsici [68]. Also, a low number of ITS P. viticola sequences correlated 

with high-percentage representation of endophytic fungi of the taxa Dothideaceae.2, 

Kabatina, Aureobasidium, and Vishniacozyma in grape samples. According to the literature, 

some species of fungi of the genus Kabatina can synthesize enfumafungin, a novel antifun-

gal compound [69]. In addition, several species of Aureobasidium fungi possess the remark-

able capacity to produce volatile organic compounds (VOCs) that display inhibitory ef-

fects on grape pathogens, most notably Botrytis cinerea [70,71]. Vishniacozyma is a versatile 

yeast genus that has been discovered in various ecological settings. Research has revealed 

that the population of Vishniacozyma sp. thrives during the berry ripening phase, show-

casing its ability to flourish in conditions characterized by high sugar content and low 

moisture levels. It is noteworthy that the pathogenic fungus P. viticola typically flourishes 

in moist environments. This discrepancy in preferred habitats could potentially explain 

the inverse correlation between the prevalence of P. viticola and the presence of 
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Vishniacozyma sp. Additionally, Vishniacozyma sp. has exhibited promising biocontrol 

properties against both blue molds and gray molds, which commonly infect pears [72]. 

Recent investigations by Zhu et al. in 2021 [73] have unveiled a potential antagonistic ef-

fect of Vishniacozyma sp. on Erysisphe. Nevertheless, the biocontrol potential of the endo-

phytic bacteria Methylobacterium spp., Sphingomonas spp., and Chryseobacterium spp. and 

the fungi Kabatina sp., Aureobasidium sp., and Vishniacozyma sp. for grape downy mildew 

requires further analysis. Together, these endophytic antagonists represent a valuable re-

source that will undoubtedly be used in the foreseeable future to develop biocontrol or 

integrated programs to reduce chemical use against downy mildew. 

5. Conclusions 

In this study, NGS was utilized for the first time to analyze the distribution of downy 

mildew in wild V. amurensis, V. coignetiae, and cultivated grapes. Our data suggest that the 

population of P. viticola in the Russian Far East may be related to an invasive clade aesti-

valis of P. viticola, which has spread from North America to other parts of the world. Bio-

informatic methods were also used to identify endophytic microorganisms associated or 

antagonistic to the downy mildew. The in silico analysis showed that certain genera of 

endophytic bacteria, namely, Hymenobacter spp., Sphingomonas spp., Massilia spp., 

Methylobacterium-Methylorubrum spp., and Chryseobacterium spp., and fungi, namely, 

Kabatina sp., Aureobasidium sp., and Vishniacozyma sp., could be hypothetical antagonists 

of P. viticola. The results obtained provide an important basis for the development of 

downy mildew biocontrol tools based on natural endophytic microorganisms. 
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