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ABSTRACT

Powdery mildew (Erysiphenecator) of grapevine is the most economically significant disease in
all types of grapevines, causing reduced yield and berry/wine quality. Ren4 was reported as the
resistance gene effective against Erysiphenecator. The aim of the study was to test Ren4 loci
linked to SNP markers and verify its applicability to grapevine breeding programs. Plant
materials were used two powdery mildew sensitive and resistant grapevine genotypes
originating from a Vitis-romanetii-based hybrid family were used. PCR was run in a 20 pL
reaction mix. The amplified products were resolved on 1.2% agarose gels with 1x TBE buffer.
After electrophoresis bands were visualized under UV light (BioDoc-It™ Imaging System by
UVP). PCR amplification of grapevine genomic DNA with primers Ren4 1long, Ren4 2long,
Ren4_3long, and Ren4_4long were undertaken to identify Ren4 resistance alleles to be tightly
linked to powdery mildew resistance gene. The results show that the primer pairs Ren4_1long,
Ren4 2long, Ren4 3long, and Ren4_4long produced the expected DNA fragments of 422bp,
301bp, 417bp, and 527bp respectively. The Ren4_1long and Ren4_long seem to be unspecific
during the amplification of genomic regions. The markers Ren4_2long and Ren4_3long gave
controversial results. The resistant grapevine genotypes have homozygous susceptible alleles.
However, the applied sequencing strategy was also able to detect heterozygous genotypes. On
clone sequence Ren4-llong primer pair susceptible genotype and resistance genotype
homozygous allele G was a presence, in both cases, there were no resistance allele have been
tightly linked to Ren4 loci resistance to powdery mildew grapevine. This indicates that these
resistant genotypes may not have the resistant marker alleles linked to the Ren4 gene that have
been detected using published SNP markers. The available markers are unlikely to be useful for
marker-assisted selection in grapevine breeding programs. Based on all of this, it is possible to
conclude that the published SNP marker was not suitable for use in grape breeding programs
with a diverse genetic background.
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INTRODUCTION

Grapevine (Vitisvinifera L.) is one of the most important horticultural fruits. It has been
cultivated for several thousand years in the world. Powdery mildew (Erysiphe necator) of
grapevine is the most economically important disease in all the raisins, wine, and table grapes
growing regions of the world, causing reduced yield and quality of berry/wine (Armijo et al
2016). The ascomycete fungus, Erysiphenecator (syn.Uncinulanecator), was first introduced
into Europe from North America in the 1850s before spreading to all major viticulture growing
regions of the world, causing high losses to grapevine production (Skinkis et al 2009).
Erysiphenecator is an obligate biotrophic fungus that affects berry and other green tissues of
the grapevine producing a distinctive whitish-grey, powdery appearance. Being an obligate
biotrophic fungus means that the fungus requires a living plant host for its growth and
reproduction. It depends fully on a host cell in photosynthesis-active tissues to complete its
life cycle. Preventing and controlling fungal diseases that commonly affect vine varieties is
an important condition for quality production and crop safety in vineyards (Skinkis et al
2009).

European grapevine, Vitis-vinifera- L., used in the production of wine grapes, table grapes, and
raise grapes. However, this species has low genetic resistance to the pathogen of grape
powdery mildew disease, Erysiphenecator, which means that grape production is heavily reliant
on fungicide use (Fresnedo-Ramirez et al 2017; Qiu et al 2015; Gadoury et al 2012). Frequent
applications of fungicide have an adverse effect on the environment, health risks due to
fungicide residue on grape berries besides the development of resistance by the fungus. The
most effective, economical, and environment-friendly approach to control powdery mildew of
disease of grapevine is developing and growing resistant cultivars. Breeding for resistance to
powdery mildew of grapevine has become the main breeding objective being equally important
with breeding for high yield and better quality. The important primary step in powdery mildew
resistance breeding is to find resistance sources. Resistance breeding becomes critical at this
point. Molecular marker-assisted selection is now possible to quickly identify new sources of
resistance and incorporate them into new, resistant varieties (Ramming et al 2011). Powdery
mildew resistance genes/QTLs have been constructed in grapevine and molecular markers that
are linked to these genes have been identified and are being used in marker-assisted selection
in breeding programs. It is recommended to combine as many resistance genes as possible in a
new variety in order to make resistance. The breeding lines can be selected by marker-assisted
selection on the basis of genotype rather than phenotype (Dry et al 2010).

In the last two decades, several markers were developed for associating a trait of interest with
molecular markers in grapes. However, only in a few cases have these markers been applied in
actual breeding programs (Riaz et al 2011) and (Eibach et al 2009). The first molecular markers
linked to powdery mildew resistance were identified in the late 1990s with the mapping of
REN2 from Vitis-cinerea B9 (Dalbd et al 2001). Five known powdery mildew resistance loci,
Runl; Renl; Ren2; Ren3; Ren4 were previously used in multiple breeding programs for
grapevine: Runl from Vitis-rotundifolia; (Barker et al 2005)Ren1 from Vitis-vinifera (Coleman et
al 2009); Ren2 from Vitis-cinerea B9 (Dalbé et al 2001); Ren3 from a complex interspecies
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background (Fischer et al 2004) and Ren4 from Vitis-romanetii (Ramming et al 2011). SNP
markers have been developed for the selection of Ren4 loci for resistance to powdery mildew
of grapevine. However, this marker needs to verify the applicability of Ren4 loci for resistance
powdery mildew of grapevine used in the wide genetic background on the grape breeding
program. The chromosomal location of these loci was identified using a molecular marker to
produce a genetic map. However, it should be noted that the exact position of genes on
chromosomes remains questionable. Genetic breeding of grapevine from Muscadini--
arotundifolia species distinguished that its powdery mildew resistance can be explained by a
single, dominant resistance gene (Run1), and a number of genetic markers have been identified
that are linked to this resistance locus (Pauquet et al 2001).

The single, dominant powdery mildew resistance locus Ren4 from Vitis-romanetii restrict
pathogen growth of the Erysiphenecator by programmed cell death, blocking of nutrient for
growth and development of fungi (Qiu et al 2015). When introgressed into Vitis-vinifera in the
modified BC2 population 03-3004, Ren4 was linked with the simple sequence repeat marker
(SSR) VMC7f2 on chromosome 18, a marker that is weakly associated with multiple disease
resistance and seed-lessness (Mahanil et al 2011). But it was not working in our genetic
background (Examination of the applicability of the VMCf2 marker linked to the Ren4 powdery
mildew resistance gene marker for supported selection). Cloning the Ren4 locus would provide
an opportunity to understand more about Ren4 resistance and its biology. In another study two
markers, VMC7f2 and SNPlexELIM4R1 were shown to be tightly linked to powdery mildew
resistance and seed-lessness during the selection for Ren4 (Barba et al 2014)). And also other
SNP markers for Ren4 loci were also developed (Fresnedo-Ramirez et al 2017). They developed
a set of SNP markers to simultaneously detect several resistance genes (Renl, Ren2, Ren3,
Rend, and Runl) during marker-assisted selection in grapevine breeding. Although these
markers have been used in Cornell University's marker-assisted-selection grape breeding
programs, they should be validated for specific breeding programs. The markers' applicability at
these loci, however, needs to be improved. Therefore, the objectives of this study is to test the
applicability of the SNP marker linked to the Ren4 powdery mildew resistance gene described in
the literature used in marker-assisted selection on grape breeding programs with specific
objectives of identifying the reference genome sequence for Ren4 marker genotypes (sensitive,
or Ren4’), control specificity of published primers in silica, design new primers for sequencing
and determine whether the marker described in the literature is suitable for marker support
selection in the genetic background examined (AmpliSeq primers are too close to each other for
the application of conventional sequencing), prove the applicability of the SNP marker linked to
the Ren4 powdery mildew resistance locus in the marker-assisted selection.

MATERIAL AND METHODS

Plant Material

Vitis-amurensis (Rpv12 downy mildew resistance gene) crossed with Vitsi-vinifera. The Petra
grape variety is a cross between Kunbarat and Pinot noir. Following that, the Muscadinia -
rotundifolia x V. vinifera BC4 hybrid family (carrying the Runl and Rpv1 genes) and Petra were
crossed (Figure 1). 01-1-797, the resulting hybrid, was crossed with Vitis-romanetii (Ren4). Two
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powdery mildew sensitive genotypes (13 and 43) and two powdery mildew resistant genotypes
(78 and 121) were used in this study, which was conducted in 2019 at the Budapest University
department of viticulture laboratory in Budapest, Hungary. Until the DNA extraction process, all
samples were kept frozen (-20 ° C).

V. amurensis X V. vinifera

F2

!

Kunbarat X Pinot noir

Il

Petra X M. rotundifoliax V. vinifera

l BC4

hybrid 01-1-797 X V. romanetii

J

Hybrids 13,43,78 and 121

Figure 1. Pedigree of the investigated hybrid family

DNA Extraction, PCR Amplification, and Gel Electrophoresis

Genomic DNA was extracted from young leaf tissue, collected, and stored at -80°C. The DNA
sample was extracted using a modified CTAB protocol described by (Xu et al 2004). DNA
isolation was done at the department of viticulture laboratory in Budapest University,
Budapest, Hungary. PCR-based DNA markers closely linked to powdery mildew resistance genes
were used to detect the presence and/or absence of grape powdery mildew resistance gene
Ren4. Moreover, Ren4 gene-specific primers were designed based on the Vitis-vinifera 12X.2
PN40024 (grapevine) genome sequence using the primer3 to amplify a wider region of the
marker locus (Table 1).



Table 1: Marker’s name and their characteristics with the reference.

Marker Chrom | Position Forward primer sequence (5" -- | Reverse primer sequence (5'-- | PCR Reference
0-some > 3" >3 product

length

(bp)
Rend 1 chrl8 | 22,480,194 | TGCCCGCGTAAAACCCAGCCAT | TGTGGGGCGACACTTAATATCC |45 (Fresnedo-Ramirez et al 2017)
Ren4_llong | chrl8 22,480,194 | TGCCCGCGTAAAACCCAGCCAT | AACTCAACCCAGCCCAACTC 422 This work (reverse primer)
Rend 2 chrl8 | 33,421,045 | GGGAGGTAGCAGCACACTTGTC | CCATTGGCACATTCAAGGCCCC |45 (Fresnedo-Ramirez et al 2017)
Rend 2long | chrl8 | 33,421,045 | GGGAGGTAGCAGCACACTTGTC | AAGCAACTCACTCCTTCGACG 301 This work (reverse primer)
Rend_3 chrl8 | 34,266,074 | GGCAAATACCTTCACACTGGTA | ATGAGTGCAGCGAACCAAATAT |45 (Fresnedo-Ramirez et al 2017)
Ren4_3long | chrl8 34,266,074 | GGCAAATACCTTCACACTGGTA | TACCAGTAGCTTTGGCCTGC 417 This work (reverse primer)
Rend 4 chrl3 12,405,432 | GCAAGGCAATGTTGGTGTGA AAATGTCTTCTAGGAATAGGCTC | 45 (Fresnedo-Ramirez et al 2017)
Ren4 _4long | chrl3 12,405,914 | GCAAGGCAATGTTGGTGTGA AGCGAGCTTAGTTGCAACCA 527 This work (reverse primer)




Routine PCR amplification of diluted grapevine genomic DNA samples with specific primers was
undertaken to amplify the Ren4 locus of the grape. PCR amplifications were performed in 20-pL
reactions consisting of 10 ng DNA, 0.2 uM primer forward and reverse, 10mM each dNTP, 2.0
puL 10X PCR buffer (NH4[SO4]2), 2mM MgClz, 1U/ pL(0.5U/reaction) Taq polymerase, 0.5
pL/reaction DNA and sterilized water. PCR conditions were: Pre-denaturation 5 min at 94 °C, 35
cycles of (denaturation 30 s at 94°C, annealing30 s at 55 °C, amplification 45 s at 72 °C), and
final extension7 min at 72°C. The PCR reaction mixture was prepared, and the products were
amplified using the GeneAmp® PCR System 9700 (Applied Biosystems) thermal cycler (Karaagac
et al 2012). The PCR products were loaded in the gel using a DNA ladder. The gel was placed on
the UV- transilluminator and a photograph was taken for further analysis. Gel purification was
used to recover DNA fragments after electrophoretic separation. DNA recovery from an agarose
gel was done by binding, washing, and eluting from a silica column, and 20 pL of purified PCR
product, sterilized water, and primers were prepared for direct DNA sequencing (Applied
Biosystems) (Karaagac et al 2012). The PCR products were sequenced from both directions
separately.

Cloning of the PCR Product/ Subcloning

Because | couldn’t decide the exact genotype in each case, especially for Ren4_1llong and
Ren4_4long, for which | didn’t receive any usable DNA sequence, | cloned the purified PCR
products into a pJET2 sequencing vector. | used the same amplified PCR products isolated from
agarose for both direct sequencing cloning. After transformation of the ligated plasmids into E.
coli competent cells, subsequent plasmid DNA preparation, and colony PCR, | extracted plasmid
DNA from positive clones. | approved the insertion of the PCR product by applying restriction
endonucleases to the plasmids. After measuring the plasmid DNA concentration of selected
clones for each primer/genotype combination, | prepared sequencing reactions for both
sequencing directions and submitted them for Sanger sequencing (Thermo Scientific,
Wilmington, DE, USA) (Karaagac et al 2012).

Colonies were screened using colony PCR, plasmid DNA from PCR positive clones has been
purified. Ten microliters of plasmid DNA PCR reaction product were digested in a 10-pl volume
with Bglll and Xhol restriction enzyme for 80 min at 37°C and fractionated on a 1.2%agarosegel.
Based on the results of test digestions, positive clones of each selected plasmid DNA were
isolated and sequenced by baseclearb.v. companyon Netherlands. The processing of the
sequences was conducted with the BoiEditsoftware and CLC Sequence Viewer software.

The sequences PCR fragments amplified and the cloning PCR product from the two primer
pairs, forward and reverse primers were conducted with the BoiEditsoftware and CLC Sequence
Viewer 8softwear (Alzohairy 2011).

Markers published by (Fresnedo-Ramirez et al 2017) were specially designed to detect SNPs
using a specific platform, where the PCR products are very short. The primers are surrounding
the SNP directly, resulting in a PCR product of the length of the two primers +1bp (the actual
SNP) Ren4 loci-specific primers were designed (Table 1) from the sequence of Vitis vinifera
12X.2 PN40024 using the Primer3 software (Untergasser et al 2012) and the Genome-Browser
of INRA URGI (Versailles) (JBrowse SNP discovery species). In every case, only one new primer



was designed extending the original amplicon in one direction and leaving the other primer
unchanged.

RESULTS AND DISCUSSION

In this study, two resistant and two susceptible grapevine genotypes were investigated using
SNP markers with four primer pairs: Ren4-1long, Ren4-2long, Ren4-3long, and Ren4-1long. The
markers were supposedly linked to the Ren4 locus of powdery mildew resistance (Fresnedo-
Ramirez et al 2017). Four genotypes DNA fragments were amplified successfully with the
primer pairs Ren4_1llong, Ren4_2long, Ren4_3long, and Ren4_4long, all amplified fragments
showed the expected fragment length (Figure 2). The primer pair Ren4_1long produced a DNA
fragment of 422 bp in samples 13 and 78 genotypes (Figure 2) and in the other two samples 43
and 121 there were no amplified PCR products. This result indicated that the primer pair
Ren4_1long amplified the specific sequence of the gene Ren4 loci, and both the resistant (78)
and susceptible (13) genotypes at the Ren4 loci were amplified by the primer pair. The primer
pair Ren4_2long f/r produced a DNA fragment of 301bp (Figure 2) in all sample genotypes, the
primer pair Ren4_2long amplified the specific sequence of the gene Ren4 locus, and both the
resistant and susceptible genotypes. The primer pair Ren4_3long produced a DNA fragment of
417bp (Figure 2) in samples 13, 78, and 121 genotypes, while 43 there were no amplified PCR
products. The primer pair Ren4_4long produced a DNA fragment of 527bp (Figure 2) in samples
43, 78, and 121 genotypes, and the other sample 13 there no amplified PCR products. This also
both amplified resistant (78,121) and susceptible (43) genotypes. SNP markers of all four
primers pair were amplified resistant and susceptible genotypes.

The direct sequence of PCR products all the forward and the reverse primer was sequenced.
The Rend_2long primer was good Sequenced and aligned. The Ren4_4long the forward primer
except genotype number 43 was failed and also a bad sequence on Ren4 1llong and
Ren4_3long except genotype 78. All of the bad sequence primer pairs there were not aligned.
Based on the conducted software result analysis the primer pair Ren4_2long on the resistance
genotypes have been aligned and give allele, SNP markers there were polymorphic allele
resistance gene Ren4 (Figure 3 and Figure 4). However, the other primers there was no
alignment, the marker has not reproduced an allele that is specifically susceptible to or
resistant to powdery mildew characteristics.



Ren4 2long Ren4 3long

Figure 2. Electrophoretic pattern of PCR fragments (bands), amplified with the primer pairs
Ren4 2long (expected fragment size: 301bp), Ren4_3long (expected fragment size 417bp),
Ren4_1llong (expected fragment size: 422bp) and Ren4_4long (expected fragment size: 527bp)
from 4 grapevine genotype: 13, 43 (susceptible) and 78 and 121 (resistant). O is the negative
(no-template) PCR control, and L indicates low range DNA ladder (fragments of 50bp, 200bp,

400bp, 850bp, and 1,500bp).
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Figure 3. Primer pair sequence alignment among PCR fragments amplified from the primer pair
Ren4 _2long, on resistant genotype (78) aligned. The shaded sequence represents the original
reverse complement primer sequence published by(Fresnedo-Ramirez et al 2017). Base C
preceding the primer sequence represents the SNP genotype.
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Figure 4. Sequencing electrophoretogram of Ren4_2long homozygous susceptible C allele (red
square and arrow) on the resistance genotype (78).

Genotype 78 is resistant to powdery mildew. However, the Ren4_2 marker showed the linked
SNP to be “C” (Figures 3 and Figure 4), according to Fresnedo-Ramirez et al (2017), SNP “T” is
linked to resistance, while “C” suggests a susceptible allele. Similarly, in the case of Ren4_3, the
observed genotype was T suggesting susceptibility (Figure 5) in contrast to the finding of
(Fresnedo-Ramirez et al., 2017), SNP “C” is linked to resistance.
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Flgure 6 Prlmer palr sequence allgnment among PCR fragments amplified from the primer palr
Ren4_2long on resistant genotype (121) aligned. The Shaded sequence represents the original
reverse complement primer sequence published by (Fresnedo-Ramirez et al., 2017). Base Y
(T/C) preceding the primer sequence represents the SNP genotype.
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Figure 7. Sequencing electrophoretogram of Ren4 2Ion heterozygous allele “T/C” (red square
and arrow) on resistance genotype (121) were polymorphic.

Another example is the case of the resistant genotype 121 (Figures 6 and Figure 7), where the
marker predicts the corresponding phenotype. Ren4 2 long showed heterozygous SNP
genotype (“T/C”) suggesting heterozygous resistance genotype resulting in resistant phenotype.
The other SNPs markers Ren4_1 and Ren4_4 primers were not aligned with the DNA sequence
and not known if there were homozygous or heterozygous alleles of resistance or susceptible
genotypes due to poor DNA sequence.

Direct sequencing of PCR products of Ren4_1long and Ren4_4long did not result in any valuable
DNA sequence, most probably because of the insufficient specificity of the markers due to
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homologous reference sequences or off-target amplification, which was also predicted by in
silica PCR on the reference grape genome. Misalignment within the grapevine reference
genome has been also found in other mapping populations (Wang et al 2012) and differences
within varieties of the same species have been reported for other crops such as maize (Buckler
et al 2011). PCR products of Ren4_1long and Ren4_4long for both genotypes and Ren4_3long at
genotype 121with the SNP marker has not reproduced an allele that is specifically susceptible
to or resistant to powdery mildew characteristic.

Figure 8. Electrophoretic patterns of cloned fragments (bands) from the primer pair Ren4_1long
f/r, Ren4_2long f/r Rend_3long f/r and Ren4_4long. Lane 1 Control (0) 2 digest with Bglll (B)
and 3 digest with Xhol (Xo), continue this order within three lane interval and Lane M indicates
middle range DNA ladder (Fragments of 200, 400, 850, 2000, 5000bp).

The marker clone sequences of 600-bp fragment/clone 3 and 4 and 800-bp fragment/clone 2
amplified by the primer Ren4_1long, 580-bp clone 4, 600-bp clone 5 and 2 by the Ren4_2long
primer, 500-bp clone by the Ren4_3long and 580-bp clone 2, 500-bp clone 3, 400-bp clone 1,
580-bp clone 3 and 4 by the Ren4_4long primer (Figure 8) were both resistant and susceptible
genotypes. Each plasmid DNA positive clone was isolated and sequenced. | got de expected
insert fragment length after digestion with Bglll (Figure 8). Although not every sequence
produced high-quality results. The sequences for Ren4_2long and Ren4_3long from direct PCR
products could be validated. Based on the cloning sequencing results, Ren4_1long, | defined the
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SNP genotype of both sample 13 (susceptible phenotype) and sample 78 (resistant phenotype)
as “G”. Based on the results of Fresnedo-Ramirez et al (2017), “C” is linked to the resistance,
while “T” is linked to susceptibility, they didn’t get any “G” in the genetic background they were
developing the markers. Ren4-4long primer pair were resistance genotype 78 clone 1 and
resistance genotype (121) on clone 4 sequence DNA successful, but there were not aligned.

CONCLUSION AND RECOMMENDATION

The aim of my research is the SNP marker linked to the Ren4 powdery mildew resistance locus
was a demonstration of its applicability in the marker-supported selection, planting materials
originating from a Vitis-romanetii-based hybrid family was used. Primers Ren4_1llong,
Ren4 2long, Ren4 3long, and Ren4_4long, to analyze polymorphic SNPs between two
genotype groups, one resistant and one susceptible to powdery mildew of grapevine. All
primers produced an expected fragments length both susceptible and resistant genotypes. DNA
sequencing allows for the detection of single nucleotide polymorphisms (SNPs) between the
alleles within a locus. Several possible false-positive PCR products have been identified.
Misalignment within the grapevine reference genome has been found. Both the susceptible
genotype 13 and the resistance genotype 78 of the Ren4-1long clone sequence tested positive
for allele "G". However, no resistance or susceptible alleles were found in published primers for
this allele. Analysis results of the amplified marker locus sequences indicated that the primer
pair Ren4-2long PCR fragments amplified from resistant genotype have been homozygous
susceptible allele and heterozygous resistance alleles. Sequence analysis results from
Ren4_3long amplicons indicated that two resistant genotypes were of homozygous genotype
“T”, which genotype has been reported previously to be linked to susceptibility. The markers
Ren4 2long and Ren4_3long gave controversial results, resistant genotypes being homozygous
for the susceptibility-linked allele. However, the applied sequencing strategy was also able to
detect heterozygous genotypes. This indicates that these resistant genotypes might not carry
the resistant marker alleles linked to the Ren4 gene as detected with published SNP markers.
Besides the contentious genotype-phenotype combinations discovered for Ren4 2long and
Ren4 3long, Ren4 llong and Ren4 4long have been approved to amplify more than one region
of the genome.
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