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Abstract

The cultivation of grapes is severely impacted by the emergence of downy
mildew (DM) disease which negatively affects quality and yield possibly re-
sulting in heavy losses. Due to certain shortcomings in the usage of fungicides
and the development of new cultivars by plant breeding, marker assisted se-
lection (MAS) will be an efficient alternative method to introduce desired
genes into the cultivated varieties in a short time period. The Simple sequence
repeats (SSR) markers seem to be the most popular genetic marker of choice
for MAS. In the present study, we identified 14 new SSR markers in RPVI
locus that are associated with downy mildew resistance in grapes. The cha-
racterization of the identified markers was carried out on the basis of various
parameters such as types of repeat motifs, number of repeats, different classes
and structure of microsatellites. Additionally, SSR genotyping in 56 different
grape accessions was done to determine the susceptibility or resistance of
these accessions to DM.
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1. Introduction

Grapes are one of the world’s most widely cultivated horticultural crops, pro-

viding enormous nutritious products such as drinks, jellies and jams. Many fun-
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gal diseases severely impact their cultivation, and downy mildew (DM) is one of
those destructive diseases that greatly affect the stem, leaf, shoot, and fruit. The
causative agent of DM is the biotrophic obligate oomycete “Plasmopara viticola”
that needs a living host to live [1] [2]. It is speculated that this fungus emerged in
North America, and was inadvertently spread to other areas of the world [3].
The disease appears on young leaves as yellow circular oily spots surrounded by
a brownish-yellow halo. Infection with downy mildew results in a significant
drop in grape quality and productivity.

As a conventional preventive approach, diverse fungicides are used for both
pre-infection and post-infection DM conditions. While the usage of fungicides
may aid in managing DM, there are certain disadvantages to their application.
The air quality decreases in grape growing areas, persistence of chemical resi-
dues may occur in grape products, and the development of fungicides resistant
fungal strains can take place [4]. During the 19th century, the management of
fungal diseases by genetic resistance was the paramount goal of the scientific
community in grape breeding. Though the V. vinifera cultivars were found to be
susceptible to P. viticola, many North American and Asian Vitis species such as
Muscandinia rotundifolia, V. riparia, V. cinerea, V. labrusca, V. rupestris, V. ber-
landieri, V. lincecumii, show variable resistance levels to this pathogen [5]-[12].
The genetic basis of resistance to downy mildew was therefore examined and
mapped in various genetic backgrounds.

In the grape genome, more than 13 2. viticola major and minor Mendelian
Resistance (R) loci named “RPV” have previously been found which provide DM
resistance [13] [14] [15] [16] [17]. Several of these QTLs with significant effects
on DM resistance were detected in LGs 4 and 18 in cultivar “Regent’; LGs 8, 12
and 17 in segregating populations of V. riparia and V. vinifera; LGs 9 and 12 in
V. riparia; LG 14 in V. amurensis; LGs 1, 6 and 7 in two interspecific hybrids
cross inheriting V. rotundifolia and V. amurensis traits [13] [14] [16] [17] [18].
As documented in literature, the chromosomal locations of RPV1, RPV2, RPV3,
RPVS8, RPV10are 12, 18, 18, 14, 9 respectively [13] [15]. Identification and loca-
lization of DM resistance loci from diverse backgrounds is valuable information
that can be used by grape breeders to more efficiently utilize alternative DM re-
sistance resources.

However, the breeding of new grape varieties is quite resource-intensive and
time-consuming; therefore, an alternate method of Marker Assisted Selection
(MAS) may also be used efficiently to integrate desirable genes into cultivated
varieties. In grapes, considerable advances have been made in the production of
MAS tools in recent times. A huge number of DNA sequence based markers
such as amplified fragment length polymorphism (AFLP), diversity arrays tech-
nology markers (DArT), restriction fragment length polymorphism (RFLP), sin-
gle nucleotide polymorphism (SNP), and simple sequence repeats (SSRs) asso-
ciated with the gene of interest were created previously. Such markers can be

used to generate genetic linkage maps to identify genomic regions that are linked
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to specific trait of interest [19] [20].

Amongst several, the most widely used marker type is simple sequence re-
peats (SSR) markers, also called microsatellites, short tandem repeats (STR),
and simple sequence length polymorphisms (SSLP) [21] [22]. These are the
short, repetitive nucleotide motifs of 1 to 6 base pairs dispersed across most
eukaryotic species’ genomes [23]. Litt and Luty first provided the term “mi-
crosatellite” in 1989 to describe the simple sequence stretches amplified by
PCR [24]. They can be used for multiple purposes, such as genetic map con-
struction, genetic variation study, phylogenetic studies to create evolutionary
trees, and MAS [25].

The publishing of the whole V. vinifera genome speeds up the development of
new SSR markers which can be used to pyramidize resistance from various grape
varieties utilizing MAS technique [26]. In the present study, we identified vari-
ous SSR markers in RPV1 locus of grape genome that are known for providing
resistance to downy mildew. The markers identified were subsequently used for
analyzing 56 different V. vinifera accessions for susceptibility or resistance to
DM.

2. Material and Methods

2.1. Identification of SSR Markers Linked to DM Resistance in
RPV1 Locus in Grapevine

2.1.1. Sequence Data

The genomic sequence of RPV1locus was retrieved from NCBI

(https://www.ncbi.nlm.nih.gov/). The locus I.D for the extracted sequence was

JQ904634.1 [27].

2.1.2. Marker Identification and Primer Designing
To identify SSR markers linked to RPVI locus, the “FASTA” file of the above
sequence was submitted to “WebSat” online program

(https://bioinfo.inf.ufg.br/websat/) [28]. For analysis, the criteria for marker mo-

tif length was di to hexa nucleotide repeat motif; minimum number of 4 motif
repetitions was chosen for di-, tri-, and tetra-nucleotide repeats; minimum of 2
motif repetitions was chosen for penta- and hexa-nucleotide repeats; mono-
nucleotides were excluded from the analysis. Its means that for di-nucleotide
repeat motifs, the minimum repeat number was kept as 4 and maximum was 12.
Likewise, the same criteria was followed for other types of repeats. Next, the SSR
finder program processed the sequence and highlighted several regions which
contained SSR markers in an output. Next, the BLASTX of the regions having
SSR markers as obtained from “Websat” was performed to find blast homology
with TIR-NB-LRR type resistant proteins so as to make it easier for further
screening on the basis of R proteins. Consequently, such sequences were identi-
fied that showed the highest identity with TIR-NB-LRR type resistant proteins.
Next, the BLASTX of the regions with SSR markers as obtained from “Websat”
was performed to find blast homology with TIR-NB-LRR type resistant proteins.
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As a result, such sequences which showed the highest identity with TIR-NB-LRR
type resistant proteins were identified. Thereafter, the primers were designed
using the same tool. The primer designing software on which Websat works is
Primer 3. The parameters used for primer designing were: the primer size range
is 18 - 25; Primer T,: 57°C - 68°C; GC content: 40% - 60%; Product size: 150 -

550 bp; and rest of the parameters were set at default values.

2.2. SSR Analysis

The characterization of SSRs was done to test the specificity of SSRs in grapes.
Various SSR characteristics analyzed were types of SSR motifs, number of re-

peats, different classes and structure of microsatellites.

2.3. SSR Genotyping
2.3.1. Plant Material and DNA Extraction

The leaf tissues of different grape accessions were collected from National Re-
search Centre for Grapes (NRCG), Pune (Table S1). Total genomic DNA
was isolated from the leaf samples obtained and the protocol given by Della-
porta et al., 1983 was followed [29]. The quality and integrity of the extracted
DNA was checked on 0.8% agarose gel. The quantification and purity of
DNA were assessed on a nano-spectrophotometer (Eppendorf, USA). The
purity of DNA sample was determined by measuring the absorbance at 260

nm and 280 nm.

2.3.2. Primer Validation

For the validation of effective SSR primers associated with downy mildew resis-
tance, the PCR amplifications were done using a single V. vinifera accession
“Perlette”. The following components were added in PCR tube to make a final
mixture of 25 pl: 10x PCR buffer (Supplied by the manufacturer)—2.5 ml;
dNTPs (10 mM)—0.5 pl; Forward primer (10 pM)—0.5 pl; Reverse primer (10
uM)—0.5 ul; DNA (50 - 100 ng)—0.5 pl; MgCl, (25 mM)—2.5 pL; Taq polyme-
rase (5 units/pl)—0.25 yul. The volume make-up was done with nuclease free wa-
ter. The forward and reverse primers that were added to master-mix are given in
Table S2. All components were mixed well and PCR was performed (Bio-Rad
T100™ Thermal Cycler) with PCR conditions mentioned in Table S2 for RPV1

associated markers. PCR products were analysed on 2.5% agarose gel.

2.3.3. Genotyping in Different Grape Accessions and Data Analysis

After validation of the amplification of SSR markers at the appropriate annealing
temperature, amplifications were done in extracted DNA of various grape acces-
sions. The amplification of polymorphic markers at a specific band size indicates
whether that variety is downy mildew susceptible or resistant as compared to
positive control ie. Muscandinia rotundifolia. The genotyping results were
processed manually to check for the presence or absence of SSR markers ampli-

fication bands in different accessions.
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3. Results and Discussion

3.1. Identification of SSR Markers Associated with Downy Mildew
Resistance

Simple sequence repeats (SSRs) are 1 - 6 bp long, tandem-repeated genomic
segments that prevail in both coding and non-coding regions [30]. They are ex-
tensively used in molecular genetics and plant breeding areas due to their abun-
dance, multi-allelism, co-dominance, ubiquity and variation etc. [31]. As SSR
markers and QTLs are known to be associated with each other, the RPV1 locus

of grape genome was examined to identify highly polymorphic SSR markers.

3.1.1. Sequence Retrieval

The RPV1Ilocus resides on chromosome 12 of grape genome. As identified in li-
terature, the total region of RPV1locus detected is upto 7 Mb from 13.10 - 20.37
Mb between the markers VMC4f3-1 and VMC8g9 in Muscandinia rotundifolia
[27]. The region between 16.752623 and 16.755849 Mb on chromosome 12 is
found to be coding for RGAS; a full Jength TIR-NBS-LRR gene (also called RPVI
gene) [27]. We have analyzed the genomic sequence of this region for the identi-
fication of SSR markers. The locus ID for this sequence is JQ904634 and the total
length of sequence analyzed is up to 14,677 bp.

3.1.2. Marker Identification and Primer Designing

For analysis, the genomic sequence was retrieved from NCBI and analyzed at
“Websat” to identify various SSR markers. Initially, a large number of sequences
with a repeat number of 2 to 6 for penta- and hexa-nucleotide motifs; repeat
number of 4 to 6 for di-, tri- and tetra-nucleotide motifs were generated. Then,
after screening for the presence of TIR, NBS and LRR domains in SSR marker
containing sequences, a total of 14 such sequences were identified that shared
blast homology with TIR-NBS-LRR domains and consisted of SSR markers.
Thus, in total, 14 SSR markers associated with DM resistance were identified.
Also, as the SSRs were identified in gene coding region, they are fewer in num-
ber. The primers were designed by using the same software. The primer name,
marker category and repeat sequence are given in Table 1. Because of their wide
use in multiple applications such as genotyping, mapping and breeding, the de-
velopment of SSR markers in grapes was also done previously [32] [33] [34]. In
the present study, we have focused on the identification of SSR markers asso-

ciated with downy mildew resistant locus “RPV7” in grapes.

3.2. Characterization of SSRs

The region of RPV1locus analyzed was genomic sequence consisting of both in-
trons and exons. However, the SSR markers were developed after confirming
through BLASTX for the presence of TIR-NBS-LRR domains, therefore we can
say that the markers are developed from the exonic regions, thus the markers are
EST-SSRs (Expressed sequenced tagged microsatellites) or Genic. Such types of

markers (EST-SSRs) have also been detected previously in several plants, such as
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Table 1. The list of primer name, marker category and repeat sequence for RPVI locus
associated SSR markers.

Primer Name Marker category Repeat Sequence
ATAAA penta-nucleotide repeat ATAAA
TCT tri-nucleotide repeat TCT
AAT tri-nucleotide repeat AAT
TAAAAA hexa-nucleotide repeat TAAAAA
ATTT tetra-nucleotide repeat ATTT
TATCTC hexa-nucleotide repeat TATCTC
AGGAG penta-nucleotide repeat AGGAG
TC di-nucleotide repeat TC
AGAGGG hexa-nucleotide repeat AGAGGG
TTCTTT hexa-nucleotide repeat TTCTTT
TATCTC hexa-nucleotide repeat TATCTC
GTAAT penta-nucleotide repeat GTAAT
TGAAT penta-nucleotide repeat TGAAT
GAAGT penta-nucleotide repeat GAAGT

alfalfa, barley, rice and maize [35] [36] [37] [38]. The primers were also designed
from the coding regions, hence the primers designed were exonic and were de-
signed to amplify the coding region of the locus.

The motif characterization was done on the basis of repeat motif type and
number of repeats. The repeat motif for microsatellites can be mononucleotide,
dinucleotide, trinucleotide, tetranucleotide, pentanucleotide and hexanucleotide
repeats [39]. Through analysis, a total of 1 di-; 2 tri-; 1 tetra-; 5 penta- and 5
hexa-nucleotide repeat motifs were identified in 14 SSR markers. In plants, the
most commonly found microsatellites are di-nucleotide motifs consisting of
(GT), and (AT), repeats [40] [41]. However, the di-nucleotide repeat motif ob-
tained in our study is (TC), repeats. The occurrence of tri-nucleotides and te-
tra-nucleotides in plant genomes is also reported, the commonly observed are
(AAG), and (AAT), [30]. We also got one (AAT), tri-nucleotide motif in our
analysis. The frequency of occurrence of different types of repeat motifs is pen-
ta-/hexa- > tri- > di-/tetra-nucleotide repeat motifs (Figure 1). Penta- and hex-
a-nucleotide repeat motifs were present in maximum number, whereas di- and
tetra-nucleotide repeat motifs were found in minimum number (Figure 1). The
advantage of getting higher number of penta-/hexa nucleotide repeat motifs is
that there are lesser chances of getting mutations due to longer repeat length,
thus the gene expression will not be compromised. As the resistant locus ana-
lyzed in this study is known for having resistance (R) genes that provide resis-

tance, therefore it is necessary that the gene frame should not be altered because
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Frequencies of different nucleotide repeat motifs inthe SSRs

M Di-nucleotide repeats
M Tri-nucleotide repeats
1 Tetra-nucleotide repeats
[l Penta-nucleotide repeats

[l Hexa-nucleotide repeats

Figure 1. Pie chart representing the distribution of different nucleotide repeat motifs in
RPV1locus associated SSRs.

that might disrupt the gene function. Therefore, it is advantageous that we got
higher number of penta-/hexa nucleotide repeat motifs as compared to di-, tri-
and tetra-nucleotide repeat motifs. There are lesser chances of getting mutations
due to longer repeat length, thus the gene expression would not be compro-
mised.

Next, the repeat number for SSR markers was analyzed and it was observed
that the repeat number varied from 2 to 6 (Figure 2). The maximum repeat
number of 6 was found in one SSR marker consisting of di-nucleotide repeat
motif; the repeat number of 5 was also found in one SSR marker consisting of
tri-nucleotide repeat motif; the repeat number of 4 was found in two SSR mark-
ers consisting of tri- and tetra-nucleotide repeat motifs and the repeat number of
2 was found in ten SSR markers consisting of penta- and hexa-nucleotide repeat
motifs (Figure 2). The reason for the differences in number of repeats of a par-
ticular motif at a locus in different individuals is recombination errors, DNA
strand slippage during replication, mismatches, and retro-transposition [42].
Next, the SSR markers were grouped into different classes depending upon the
length of repeat motifs. Generally, if the length of SSR repeat is 20 bp or more,
they are considered Class 1 repeats; between 12 - 20 bps—Class 2 repeats; and if
the length is less than 12—Class 3 repeats. In our analysis, we found 7 SSR
markers to be between 12 - 20 bps; hence they are considered as Class 2 repeats.
Likewise, in class 3 repeats category also, we got 7 SSR markers. In class 1 cate-
gory, no SSR marker was detected.

The different types of arrangement for microsatellites can categorize the re-
peats into simple and compound repeats. Simple repeats are composed of mul-
tiple repeats of two or more nucleotides like (N;N, ... N,), whereas compound

repeats can have two or more adjoining repeats of motifs such as (CA),(GT),, or
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Figure 2. Bar graph representing the frequency distribution of number of repeats in dif-
ferent SSR markers.

(dC-dA),(dG-dT), [19]. The structure of all the SSR markers designed in our
study consisted of only 1 type of repetitive unit, hence they are called simple re-

peats.

3.3. SSR Genotyping

Microsatellites are the widely used genetic markers in plant breeding programs
due to their properties such as co-dominant markers, wide distribution, high
polymorphism levels, and high abundance in genome [21] [43]. Polymorphism
detection is done after the amplification of SSR markers through PCR accompa-
nied by interpretation and evaluation of band patterns observed after agarose gel

electrophoresis [21] [44].

3.3.1. DNA Isolation

Total genomic DNA was isolated from leaf tissues of 56 different V. vinifera ac-
cessions collected from NRCG, Pune by using the method described by Della-
porta et al, 1983 [29]. The absorbance ratio of 260/280 indicated that the DNA
was relatively free of proteins and contaminants. The reason for choosing these
varieties is that the identification of RPV loci has previously been done in
American and Central Asian varieties only, we checked their presence in Indian
cultivars [5]-[12]. Presently, there is no commercial table grape variety in India
that is resistant to downy mildew, therefore, it is necessary to screen as much
grape germplasm as possible to identify the resistant traits in different grape va-

rieties.

3.3.2. Screening of SSR Primers for Downy Mildew Resistance

For the screening of SSR primers associated with downy mildew resistance, the
PCR amplification of SSR markers was performed in “Perlette” variety of V. vi-
nifera and analysed on 2.5% agarose gel. This variety was chosen because of its
easy availability in our region. “Perlette” was primarily obtained in California in
1936 by Harold P. Olmo through crossbreeding between Sultanine and Reine des

Vignes varieties of Vitis vinifera. The PCR conditions used were: 3 min at 94°C,
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35 cycles (94°C for 30 s, Tm for 30 sec, 72°C for 1 min), 7 min at 72°C. As a re-
sult of analysis, 12 out of 14 primer pairs were successfully screened for per-
forming amplification. The RPV1 locus associated with SSR-PCR products were
amplified between 48°C - 53°C (Table 2). The maximum band size obtained was
390 bp for 3 markers, and minimum band size was 200 bp for 1 marker (Table
2).

3.3.3. Amplification of SSR Markers Associated with RPV1 Locus in
Different Genotypes

After validation of SSR markers amplification at the specific annealing tempera-
ture, amplifications were done in DNA isolated from 56 different V. vinifera ac-
cessions. The amplification of these polymorphic markers at a particular band
size indicates whether that variety is susceptible or resistant to downy mildew.
Out of 12, 6 SSR markers namely ATT, TCT, GTAAT, AGGAG, TTCTTT,
AGAGGG showed amplifications. The genomic DNA of Muscandinia rotundi-
folia was also used in the PCRs as a positive control depicting the standard
marker allele size associated with resistance. This species of “ Vitis” has co-evolved
with “Plasmopara viticola” in North America; therefore, it tolerates/resists the
infection caused by DM [45].

3.3.4. Data Analysis

All SSR fragments were screened manually and converted to “1” and “0” binary
digits for the presence of band and absence of band (Table 3). The comparative
analysis of grapevine accessions with M. rotundifolia showed that there were

certain varieties showing the presence or absence of respective allelic bands in

Table 2. The list of SSR markers of RPVI locus with the attained Tm (annealing temper-
ature) and band size.

Marker Tm Band Size attained (bp)
TCT 52°C ~290
TAAAAA 52°C ~350
ATT 52°C ~210
AGGAG 52°C ~330
AGAGGG 52°C ~520
GTAAT 52°C ~300
GAAGT 52°C ~390
TGAAT 52°C ~200
TATCTC 53°C ~350
TTCTTT 51°C ~300
AAT 48°C ~390
ATAAA 48°C ~390
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Table 3. Chart showing the scoring of RPV1 locus associated SSR markers in binary digit
format (“1” for presence of band and “0” for absence of band). “0” indicated the opposite
trend of presence/absence of SSR markers with respect to positive control having value
@

Variety GTAAT TTCTTT ATT AGGAG AGAGGG TCT
Muscandinia Rotundifolia 1 1 1 1 1 1
Kattakurghan 0 0 0 1 0 0
Black Monukka 1 1 1 1 1 1
Palomino 1 1 1 1 1 1
Italian Eliquena 0 0 1 1 0 1
Red Globe 0 0 1 1 0 1
Chardony 0 0 1 1 1 1
Red Muscat 1 0 0 1 0 1
Madhu Angoor 0 0 0 0 0 1
Viognier 0 0 1 0 0 1
Vitis Labrusca 0 0 0 1 0 0
Kishmish Belyi 0 1 1 0 1 1
Pandhari Sahebi 1 0 0 0 0 0
Anab-e-Shahi 0 0 1 0 0 1
Country Banglore 0 0 1 0 0 1
Black Damas Rose 0 0 0 0 0 0
Hussain Kadu 0 0 0 1 0 0
Golden Queen 0 0 1 1 0 1
Black Champa 0 0 0 1 0 0
Doradillo 0 1 1 1 1 1
Alden 1 1 1 1 1 1
Bianca 1 1 1 1 1 1
Castiza 1 1 1 1 1 1
Black Hamburg 1 0 0 0 1 0
Charas 1 1 0 0 0 0
Champion 0 0 1 1 0 0
Convent large Black 0 1 1 1 1 1
Barbarossa 1 1 1 1 1 1
Black Round 1 1 1 1 1 1
Concord 1 1 1 1 1 1
Kishmish Rozavis 1 1 0 1 1 1
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Continued
Diamond Jubilee 1 1 1 1 1 0
Chasselas Blanc 1 1 1 1 1 1
Fantasy Seedless 1 0 0 1 1 1
Cheema Sahebi 1 1 0 1 1 0
Crimson seedless 1 1 0 1 1 0
Sirius 1 1 0 0 1 0
Trebbiano 1 0 0 0 0 0
Garganega 0 0 0 1 0 0
Tsimlyanski Chernyi 0 0 0 0 0 0
Athens 0 0 0 1 0 0
Sahebi Ali 0 0 0 1 1 0
Peru white 0 0 0 1 1 0
Champanel 1 0 0 0 0 0
Grenache 1 0 0 0 0 0
Red Prince 0 1 0 1 1 0
Banglore Blue 0 0 0 1 0 0
Pearl of casaba 1 1 0 1 1 0
Tempranillo 0 0 0 1 1 0
Cinsault 1 1 0 1 1 0
Maroo Seedless 1 1 0 1 1 0
Reisling 1 1 1 1 1 1
Cabernet Sauvignan 1 1 1 1 1 1
CBR 1 1 1 1 1 1
SV 12309 1 1 1 1 0 1
SV 123640 1 1 0 0 0 1

comparison to M. rotundifolia. As analyzed from results, in M. rotundifolia, the
amplification bands were observed for all the finally screened six markers. As M.
rotundifolia is used as positive control, the grapevine varieties showing an oppo-
site trend of presence/absence of SSR markers could be putatively associated
with susceptibility to DM. As analyzed from results, for GTAAT marker, out of
56, 24 V. vinifera accessions could be putatively associated with susceptibility to
DM. Likewise, for TTCTTT, ATT, AGGAG, AGAGGG and TCT markers; 26,
29, 15, 25 and 27 V. vinifera accessions could be putatively associated with sus-
ceptibility to DM.

4. Conclusion

In the present study, we identified and characterized various SSR markers in
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RPV1 locus that are known to be associated with downy mildew resistance in
grapes. Their genotyping was done to detect polymorphisms in grape germplasm
using Muscandinia rotundifolia (wild North American Vitis species resistant to
downy mildew) as a positive control. Altogether, the development and genotyp-
ing of SSR markers would further assist in illustrating the complex genetic traits

and advancement of molecular breeding in grapes.
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Supplementary Files

Table S1. List of various grape accessions used in the present study.

S. No. Variety S. No. Variety
1 Kattakurghan 29 Concord
2 Black Monukka 30 Kishmish Rozavis
3 Palomino 31 Diamond Jubilee
4 Italian Eliquena 32 Chasselas Blanc
5 Red Globe 33 Fantasy Seedless
6 Chardonnay 34 Cheema Sahebi
7 Red Muscat 35 Crimson seedless
8 Madhu Angoor 36 Sirius
9 Viognier 37 Trebbiano
10 Vitis Labrusca 38 Garganega
11 Kishmish Belyi 39 Tsimlyanski Chernyi
12 Pandhari Sahebi 40 Athens
13 Anab-e-Shahi 41 Sahebi Ali
14 Country Banglore 42 Peru white
15 Black Damas Rose 43 Champanel
16 Hussain Kadu 44 Grenache
17 Golden Queen 45 Red Prince
18 Black Champa 46 Banglore Blue
19 Doradillo 47 Pear] of casaba
20 Alden 48 Tempranillo
21 Bianca 49 Cinsault
22 Castiza 50 Maroo Seedless
23 Black Hamburg 51 Reisling
24 Charas 52 Cabernet Sauvignan
25 Champion 53 CBR
26 Convent large Black 54 Muscandinia Rotundifolia
27 Barbarossa 55 SV 12309
28 Black Round 56 SV 123640

Table S2. The list of primer sets for the identified markers of RPV1 locus associated with
DM resistance.

Marker Sequence

5' GTTAGGGTTGCACAATCTCCTC 3'

TCT
c 5'GAAATTATAGCGGGTGTCTTCG 3'
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Continued

TAAAAA

ATT

AGGAG

AGAGGG

GTAAT

GAAGT

TGAAT

TATCTC

TTCTTT

AAT

ATAAA

5'CTGGTGTGACTGCCATGTTAAT 3'
5" ACGTCTTCTCTTACGGTTTCCA 3'

5" ATTTTCTGTTTCCCTTGATCCC 3'
5'CCACACTTCTCAATGTTCGCTA 3'

5'CTTCCATCCCTCGAACAACTAC 3’
5" GTTTTCTTCATAACCGGCAAAG 3'

5' TGATGTTCGTATGGTTGGGATA 3'
5'CCATTCACGATGTCCAAGTAAA 3'

5' TGCTTTCTCTCTCTAATTGCCC 3'
5'CACCTATCAAACTCCTGCACAA 3'

5" TTGTGCAGGAGTTTGATAGGTG 3'
5" ATTAACATGGCAGTCACACCAG 3'

5" TTGTGCAGGAGTTTGATAGGTG 3'
5" ATTAACATGGCAGTCACACCAG 3'

5' CTGATAGCATTGGAGACTTGGA 3'
5" AACTTTTCATGTTCCCTCCCTT 3'

5' GGTATCTTCGTTGGGATGGATA 3'
5" TCTGACATTTGACTGAGCTTCC 3'

5' GAAGCCTCAAGCCCACTAACTA 3'
5' AGGGGCAACTCTCTGTCTCTATT 3'

5' GAAGCCTCAAGCCCACTAACTA 3'
5' AGGGGCAACTCTCTGTCTCTATT 3'
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