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Abstract—A new method is proposed for early identification of the causal agent of grapevine downy mildew
Plasmopara viticola, based on a real-time quantitative PCR (real-time PCR) method using the fluorescent
dye SYBR Green I. Six pairs of primers were developed for real-time PCR for identification of P. viticola;
among them, the primer pair PvITS1_2-real-s/a demonstrated the highest efficiency for early detection of
grapevine downy mildew. Moreover, a positive correlation (R = 0.86) was demonstrated when comparing the
results of real-time PCR with the primers PvITS1_2-real-s/a with data on metataxonomic analysis of the dis-
tribution of P. viticola among plants of Far Eastern grape species and varieties. Thus, real-time PCR with the
primer pair PvITS1_2-real-s/a is a cheap and efficient method for early detection and monitoring of asymp-
tomatic P. viticola infections. The developed method can be a basis for predicting epidemics of grapevine
downy mildew and its control in vineyards.
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INTRODUCTION

Plasmopara viticola (P. viticola, Berk. & M. A. Cur-
tis; Berl. & De Toni) is an obligate pathogenic oomy-
cete causing grapevine downy mildew and is one of the
most dangerous pathogens for viticulture all over the
world [1]. P. viticola affects young, green leaves and
fruiting tissues of grapes, causing severe crop losses
(40–90%) over short periods of time [2]. This grape
pathogen is able to undergo multiple cycles of plant
infection during a single growing season under favor-
able weather conditions, such as a high amount of pre-
cipitation and moderate temperatures. As a result of
the high rate of pathogen spore formation, the epi-
demics of downy mildew that spread over large territo-
ries of vineyards can begin from sporadic foci of infec-
tion. Consequently, specific detection of P. viticola is
very important for disease prediction and control.

Traditional methods for the detection of P. viticola
oospores in grape leaves include direct microscopic
observations of leaves [3–6] and indirect estimation
using the “floating grape leaf disc” bioanalysis, in
which oospore-containing leaf fragments are
immersed in water in the presence of uninfected f loat-
ing leaf discs; thus, zoospores derived from oospores
cause infection in healthy leaf discs, the severity of
which is proportional to the number of oospores [7].

Traditional methods of estimation do not allow
quantitative determination of P. viticola in the infected
samples, especially in the samples with a low concen-
tration of the pathogen. At present, there are new
more efficient approaches to the identification of
P. viticola oomycete in grape tissues: (1) the spectro-
photometric method for determining the viability of
sporangia and zoospores of P. viticola oomycete [8];
(2) the nontargeted metabolomic approach (highly
sensitive methods based on high-performance liquid
chromatography with mass spectrometry (HPLC-
MS)), in which the identification of plasma-specific
lipid derivatives occurs [9]; (3) molecular methods
with high specificity and sensitivity for quantitative
determination of the pathogen, such as quantitative
real-time PCR (real-time PCR) [10–12] and the
loop-mediated isothermal amplification (LAMP)
method [13]. Valsesia et al. [11] developed a multiplex
real-time PCR method using TaqMan-type f luores-
cent probes for a relative quantitative determination of
P. viticola DNA directly from the Vitis vinifera leaves,
in which they used the primers selected for a region of
the internal transcribed spacer 1 (ITS1) sequence
(5.8S rDNA). Later, a similar analysis to quantify the
amount of P. viticola DNA in infected, senescent
leaves was used in the work of Ammour et al. [10]. The
identification of downy mildew using LAMP was
developed on the basis of the P. viticola ITS1
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sequence; this analysis had a high sensitivity and was
able to detect the presence of less than 33 fg of P. viti-
cola genomic DNA per 25 μL reaction within 30 min
[13]. Thus, all methods presented were mainly used for
the detection of P. viticola in the leaves with downy
mildew symptoms and were not used for detecting P.
viticola in asymptomatic grape leaves.

It is worth noting that the rate of manifestation of
downy mildew symptoms in apparently healthy leaves
after infection with P. viticola is still unknown. Early
determination of the P. viticola pathogen in visually
healthy grape plants will allow timely application of
the methods to control the downy mildew, which is
certainly a key factor in reducing the risk of crop loss,
as well as limit the treatment of healthy grapevines
with fungicides, which will in general reduce the envi-
ronmental load of agriculture on the natural environ-
ment.

The aim of this study was to develop the most effi-
cient primer pair for molecular quantitative determi-
nation of P. viticola in apparently healthy grape sam-
ples without the symptoms of downy mildew using

real-time PCR based on the f luorescent dye SYBR
Green I.

METHODS
Plant material and conditions of surface steriliza-

tion. In July 2022, a total of 19 grape samples were col-
lected (Table 1). All samples (except for M-dm)
appeared healthy, without the symptoms of downy
mildew. We collected at least two young shoots and
two leaves from each plant.

The grape samples (leaves and stems) were washed
under running water with soap (Al’tsept M, Russia).
Under aseptic conditions, 0.2 g of the tissue from each
grape sample was weighed. Then the samples were
washed in 70% alcohol for 2 min, 1 min in 10% hydro-
gen peroxide solution, and with sterile water five
times.

DNA isolation, library preparation, and Illumina
MiSeq sequencing. DNA was isolated from 0.2 g of
surface–sterilized grape samples using a CTAB-spin
method as described previously [14]. For next genera-
tion sequencing using the Illumina technology, the

Table 1. Grape samples collected in July 2022

No. Abbreviation Location

Vitis amurensis
1 Gh Greenhouse of Federal Scientific Center of East Asian Terrestrial Biodiversity, Far East Branch, 

Russian Academy of Sciences, Vladivostok
2 M Makarevich Fruit nursery, Ussuriisk
3 M-dm V. amurensis with visible symptoms of P. viticola, Makarevich, Ussuriisk
4 S-Va Botanical garden, Yuzhno-Sakhalinsk
5 P-1 Suburb of Vladivostok
6 P-2 Suburb of Vladivostok
7 P-3 Russkii Island, Vladivostok
8 P-4 Rikord Island, south of Primorskii krai
9 P-5 Village of Ivanovka, Primorskii krai

10 P-6 Verkhne-Ussuriisk Research Station, Federal Scientific Center of East Asian Terrestrial 
Biodiversity, Far East Branch, Russian Academy of Sciences

11 Kh-1 Village of Litovko, south of Khabarovsk krai
12 Kh-2 Silinskii forest, south of Khabarovsk krai

Vitis coignetiae
13 S-1 Botanical garden, Yuzhno-Sakhalinsk
14 S-2 Kholmsk, Sakhalin Island
15 S-3 Nevelsk, Sakhalin Island

Grape varieties from the Makarevich fruit nursery
16 Ad V. vinifera × V. amurensis cv. Adel (hybrid No. 82-41 F3)
17 Muk Vitis riparia × V. vinifera cv. Mukuzani (unknown origin)

Grape varieties from the commercial vineyard PRIM ORGANICA
18 Alfa Vitis labrusca × V. riparia cv. Alfa,
19 Pr-St Vitis Elmer Swenson 2-7-13 cv. Prairie Star
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first technical replicate of DNA samples was sent to a
commercial organization Syntol (Russia) as described
previously [15], while the second technical replicate of
the samples was used for real-time PCR. To determine
the quality and quantity of DNA, it was analyzed using
a Nanodrop-1000 device (Nanodrop, United States)
and a Quantus quantum fluorometer (Promega,
United States). The libraries were carefully prepared
for sequencing in strict compliance with the protocol
outlined in the manual Library Preparation for 16S
Metagenomic Sequencing (part no. 15 044 223 Rev. B;
Illumina, United States). The primers ITS1f
(5ꞌCTTGGTCATTTAGAGGAAGTAA) and ITS2
(5ꞌGCTGCGTTCTTCATCGATGC) were used to
amplify the ITS1 rDNA regions in fungi and fungus-
like organisms in all samples. Nextera® XT Index Kit
reagents (Illumina, United States) were used for
indexing amplicons. The library pool was sequenced
on the Illumina MiSeq platform using the MiSeq
Reagent Kit v2 (Illumina, United States). The ampli-
con sequences were read from both ends (250 bp).

Next generation sequencing data were successfully
deposited in the database of the National Center for
Biotechnology Information (NCBI, United States)
under accession numbers PRJNA980748 and PRJ-
NA998468 and in the database of the Laboratory of
Biotechnology of the Federal Science Center of the
East Asia Terrestrial Biodiversity, Far East Branch,
Russian Academy of Sciences, Russia (https://bio-
soil.ru/downloads/biotech/Metagenoms/) [15].

Preliminary processing of data obtained and taxo-
nomic identification of ITS1 sequences were per-
formed as described in Nityagovskii et al. [15].

Primer design and real-time quantitative PCR (real-
time PCR). For quantitative analysis of the presence of
P. viticola in the collected samples, six specific primer
pairs were designed according to bioinformatics anal-
ysis and literature data. The primer design was carried
out using a Primer-BLAST instrument [16] with the
following parameters: amplicon length 70–180 bp,
melting temperature (Tm) 59–62°C, GC content 50–
60%, targeting only P. viticola sequences. Three spe-
cific primer pairs PvITS1_1-real-s/a, PvITS1_2-real-s/a
(developed in this article) and Giop [10] intended for
amplification of ITS1 in P. viticola (GenBank
ON183972.1); two specific primer pairs PvCox1_1-
real-s/a, PvCox1_2-real-s/a for amplification of
DNA region of the cytochrome C oxidase subunit I
(Cox1) (GenBank NC_045922.1, region from 12520 bp
to 13 998 bp); two specific primer pairs PvCox2_1-
real-s/a and PvCox2_2-real-s/a for the cytochrome C
oxidase subunit II (Cox2) (GenBank KP684906.1)
were used. For the detection of P. viticola, the real-
time PCR method with the ITS1, Cox1, and Cox2
genes as targets was used. Due to these unique DNA
sequences, the required accuracy of P. viticola deter-
mination was reached [17, 18]. The primers used for
real-time PCR are given in Table 2.

Real-time PCR was conducted using additional
DNA samples (second technical replicate) that were

Table 2. Primers used for real-time PCR for the diagnosis of P. viticola in grape samples

* Tm, melting temperature of primers; GC, percentage of guanine (G) and cytosine (C) in the primer.

Primer Primer sequence Gene region 
(no. in GenBank)

Amplicon
length, bp

Tm,* 
°C

GC**,
% Reference

PvITS1_1-real-s, 5'GGCGGTTGCAGCTAATGGAT ITS1
(ON183972.1)

120 61.1 55 This article

PvITS1_1-real-a 5'AGCGAAGACTTTCGTCCTCACA 61.9 50

PvITS1_2-real-s 5'CCACGTGAACCGTTTCAACCA ITS1
(ON183972.1)

83 61.6 52.4 This article

PvITS1_2-real-a 5'CCATTAGCTGCAACCGCCAA 61.6 55

Giop-F 5'TCCTGCAATTCGCATTACGT ITS1
(ON183972.1)

208 63.4 45  [10]

Giop-R 5'GGTTGCAGCTAATGGATTCCTA 63.3 45.5

PvCox1_1-real-s 5'ACCTGTTCTAGCCGGTGCTATT Cox1
(NC_045922.1
12520–13998)

90 61.5 50 This article

PvCox1_1-real-a 5'ACCGGATCACCACCTCCAGA 62.5 60

PvCox1_2-real-s 5'GCGTGCTCCGGGTTTAAGTT Cox1
(NC_045922.1
12520–13998)

105 61.2 55 This article

PvCox1_2-real-a 5'ATAGCACCGGCTAGAACAGG 59.3 55

PvCox2_1-real-s 5'TGGTTCCGGAAAGTGATTTAGCA Cox2
(KP684906.1)

178 60.5 43.5 This article

PvCox2_1,2-real-a 5'TGATTTAAGCGGCCCGGACA 62.2 55

PvCox2_2-real-s 5'CAGATGTTTTACACTCATGGGCGA Cox2
(KP684906.1)

73 61.4 45.8 This article

PvCox2_1,2-real-a 5'TGATTTAAGCGGCCCGGACA 62.2 55
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previously isolated from the same plants at the same
time, but not sent for the next generation sequencing
(1–5 samples for each grape plant). DNA was ampli-
fied in 20 μL of the reaction mixture containing 1 ×
Taq buffer with 2.5 mM MgCl2, 250 μM dNTPs,
0.25 μM of each primer, 1 × SybrGreen I, 1 unit of
Taq DNA polymerase activity, and 1 μL of DNA. The
reagents for real-time PCR were used from Evrogen
(Russia). The synthesis of gene-specific primers was
ordered in Evrogen (Russia). Amplification was car-
ried out under the following conditions: 2 min at
95°C, then 50 cycles of 95°C for 10 s and 62°C for 25 s.

For real-time PCR, the DT Prime detecting
amplifier (NPO DNA-Tekhnologiya, Russia) with a
RealTime_PCR v7.3 software was used. The mode
“quantitative analysis with standards” was used to cal-
culate the amplification results. This mode of the
analysis allows us to determine the amount of the
desired DNA fragment in the sample using calibration
samples (standards, DNA dilution from the Mildew
sample). In the presence of calibration, the Real-
Time_PCR v7.3 program automatically constructs a
calibration line and determines the concentration in
the samples analyzed.

DNA isolated from the V. vinifera grape leaf with
the traits of downy mildew (which was confirmed by
specialists from the Chaika Federal Scientific Center
of Agricultural Biotechnology of the Far East, Russia)
was used as the standard. This sample (Mildew) was
obtained in August 2023 from the Far East Experi-
mental Station of the branch of the Federal Research
Center Vavilov All-Russia Institute of Plant Genetic
Resources (Russia).

DNA from the Mildew sample was diluted with
sterile water till the concentrations of 20, 4, 0.8, and
0.16 ng/μL and 1 μL used was used per reaction as cal-
ibrators in real-time PCR. Real-time PCR was con-
ducted in a similar way using both the primers to the
regions of P. viticola sequences (Table 2) and the prim-
ers to the “grape housekeeping” genes VaGAPDH and
VaActin [19]. The values of the amplification level of
P. viticola sequences obtained in this way were divided
by the values obtained for the VaGAPDH and VaActin
genes from the appropriate samples. Then data were
then presented as the mean ± standard error (SE) and
calculated using one-way analysis of variance
(ANOVA) with subsequent Tukey HSD multiple com-
parison test conducted using the R package Stats
(https://www.r-project.org, cited March 6, 2024)
[20]. The value p < 0.05 was considered statistically
significant. The Pearson correlation plot between
real-time PCR data and metataxonomic analysis data
was obtained using the R package ggpubr (cited March
6, 2024) [21].

Sixteen technical replicates (eight real-time PCR
reactions normalized to the VaGAPDH gene region
and eight real-time PCR reactions to the VaActin)

were used for quantitative estimation of amplification
of the sequences studied.

RESULTS AND DISCUSSION
Analysis of the efficiency of using real-time PCR

with SYBR Green I for diagnosis of Plasmopara viticola
in the grape. Based on literature data and using bioin-
formatics analysis, six pairs of primers were developed
for the detection of P. viticola in the grape samples.
When analyzing the efficiency of real-time PCR, only
three specific primer pairs (PvITS1_1-real-s/a,
PvITS1_2-real-s/a, and PvCox1_1-real-s/a) had an
efficiency close to 100% (Table 3).

Comparison of real-time PCR data with previously
obtained next generation sequencing data on the relative
representation of P. viticola in grape samples. The sam-
ples collected from the same plants, but not sent for
next generation sequencing were analyzed for the pres-
ence of the pathogen by real-time PCR with SYBR
Green I using the selected primer pairs. The obtained
real-time PCR data were compared with previously
obtained data on next generation sequencing [15] (Fig. 1).
Using the real-time PCR method, a relatively high
average pathogen representation (5.5–61%) (compa-
rable with data obtained as a result of next generation
sequencing) was detected in three plants (P-4, S-1,
M-dm). According to real-time PCR data, the relative
level of the number of amplicons in the samples, in
which grape DNA with visible symptoms of grape
downy mildew (M-dm) was used, was higher (except
for PvCox1_1) as compared with other plant samples
without visible symptoms (Fig. 1a). According to real-
time PCR data, the relative amplification level of
P. viticola amplicons using the primers PvITS1_2-
real-s/a and PvCox1_1-real-s/a in 15 samples, in
which DNA of grape samples Gh-1, P-1, P-2, P-3, P-5,
P-6, Kh-1, Kh-2, S-Va, S-2, S-3, Ad, Muk, Alfa, and
Pr-St was used as a matrix, did not differ from the neg-
ative control. Out of them, the level of real-time PCR
amplification in 11 samples (Gh-1, P-1, P-2, P-3, P-5,
P-6, Kh-1, S-Va, S-2, Alfa, and Pr-St) corresponded
to the absence or low average representation of the
pathogen (0–1%) according to a metataxonomic
analysis. In four samples (Kh-2, S-3, Ad, Muk), the
results of real-time PCR were inconsistent with the
next generation sequencing method. These results
could be associated with the extremely uneven distri-
bution of the pathogen within the plant, since we car-
ried out real-time PCR on reserve grape samples that
were not sent for next generation sequencing (Fig. 1).

The average level of real-time PCR amplification
using the primers PvITS1_1-real-s/a, PvITS1_2-
real-s/a, and PvCox1_1-real-s/a in a backup copy of
grape DNA samples had a high correlation with the
average relative representation of P. viticola ITS1
according to next generation sequencing data (Fig. 2).
The level of the Pearson correlation coefficient
between the estimations of the average relative ampli-
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Table 3. Efficiency of primers used for real-time PCR for the diagnosis of P. viticola in grape samples

Ct, threshold cycle; standards I–IV, series of fivefold DNA dilutions (20, 4, 0.8, and 0.16 ng per sample) from V. vinifera leaves with
downy mildew symptoms; Nc, negative control.

Primer name Efficiency 
of real-time PCR, %

Ct for standards I and IV Ct for Nc

PvITS1_1-real-s
98 ± 4 15.8–22.8 –

PvITS1_1-real-a
PvITS1_2-real-s

102 ± 6 15.2–22.2 27.8
PvITS1_2-real-a
Giop-F

154 ± 14 35.7–42.8 43.8
Giop-R
PvCox1_1-real-s

107 ± 7 16.8–23.5 33.8
PvCox1_1-real-a
PvCox1_2-real-s

124 ± 11 17.9–24.9 28.6
PvCox1_2-real-a
PvCox2_1-real-s

85 ± 6 23.0–29.7 34.6
PvCox2_1,2-real-a
PvCox2_2-real-s

112 ± 7 19.2–25.6 33.4
PvCox2_1,2-real-a

fication level according to real-time PCR data and the
average relative representation of P. viticola in NGS
samples was the highest for amplification using the
primers PvITS1_2-real-s/a (R = 0.86, p < 0.001)
(Fig. 2).

Specific detection of phytopathogens of agricul-
tural crops is very important for predicting the disease
foci and its control. A more sensitive and cheap diag-
nostic method using real-time PCR based on the f lu-
orescent SYBR Green I dye was proposed in this arti-
cle, and six pairs of real-time PCR primers were
developed (Table 2). According to the results of real-
time PCR efficiency, PvITS1_1-real-s/a, PvITS1_2-
real-s/a, and PvCox1_1-real-s/a were the most effi-
cient primers (Table 3). In addition, the Pearson cor-
relation coefficient was the highest when the primers
PvITS1_2-real-s/a were used (Fig. 2). Thus, real-time
PCR data confirmed the results of next generation
sequencing, in which the highest representation of
P. viticola (in addition to grape samples with visible
symptoms of downy mildew) was detected in the grape
samples collected on Rikord Island and in the botani-
cal garden on Sakhalin Island (Fig. 1). In addition, the
analysis of the cost of detecting P. viticola in the grape
samples using real-time PCR, metagenomic analysis,
and LAMP was performed. Taking into account the
costs of the required consumables purchased on the
Russian market, the estimated costs of analyzing a sin-
gle grape sample using real-time PCR was 500 rubles,
while the use of Illumina-based next generation
sequencing was 6000 rubles. Previously, it was
reported that the cost of the LAMP method was
approximately 650 rubles per sample [22]. Conse-

quently, the developed primers for early detection of
P. viticola represent a very cost-effective alternative to
the NGS and LAMP methods.

The quantitative method developed in this study
(based on the SYBR Green I modification of real-time
PCR) also has great advantages as compared with tra-
ditional visual analyses, and in vitro analyses require a
relatively long time, but allow us to determine the
amount of the pathogen in the grape rapidly and with
a high accuracy. The use of the method for early diag-
nostic of P. viticola in the vineyards of the Russian Far
East, where relatively high humidity and moderate
temperatures create favorable conditions for the repro-
duction of this oomycete [23], can allow us to detect
this pathogen before the emergence of the first symp-
toms, which will in general decrease the severity of the
epidemic during the vegetation period. It is advisable
to apply the proposed method a couple of weeks before
a potential mildew outbreak and, first of all, to analyze
the grape varieties susceptible to downy mildew. For a
more accurate diagnosis, it is recommended to use two
leaves and two young shoots of the grape per grapevine
in order to exclude uneven pathogen distribution
inside the plant. Moreover, we encountered the fact
that many infected plants had no symptoms of mildew.
The symptoms of downy mildew are also similar to
other grape diseases (for example, oidium), but these
diseases require different methods of treatment. In
addition, information about the absence of P. viticola
in asymptomatic plants will allow us to avoid the addi-
tional preventive treatment with chemical reagents,
which will also have a positive effect on the crop qual-
ity and will be economically justified.



170

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 61  No. 1  2025

NITYAGOVSKY et al.

Fig. 1. (a) Quantitative determination of amplification of PvITS1_1, PvITS1_2, and PvCox1_1 sequence regions in grape DNA
samples conducted by real-time PCR method; (b) relative representation of P. viticola in NGS samples. The origin of all samples
is indicated in Table 1. Nc, real-time PCR reaction without grape DNA. n.m., not measured. Data are presented as the mean
value ± SE (pooled data by leaf and stem samples of the same plant). The mean values of each digit followed by the same letter
did not differ when using one-way analysis of variance (ANOVA) with subsequent Tukey multiple comparison test.
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Thus, the use of the developed method for early
detection of P. viticola based on real-time PCR can
provide useful information for fungicide application
guidelines and potentially increase the efficiency of
downy mildew control in the vineyards.

***
In this work, a relatively cheap and efficient

method for early diagnostics of the causal agent of
grapevine downy mildew P. viticola was developed
based on the quantitative real-time PCR method
(SYBR Green I modification). The efficiency of this
method was confirmed by previously obtained data on
next generation sequencing using the Illumina tech-
nology, in which a linear dependence of the correla-
tion of data obtained was found. The application of
this method can be useful as a diagnostic tool for the
identification of P. viticola and control of downy mil-
dew in commercial vineyards.
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