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Grapevines (Vitis spp.) are one of the most widely 
grown fruit crops in the world. The most widely culti-
vated grape species (V. vinifera) is highly susceptible to 
many diseases caused by fungi, bacteria, and viruses. 
However, many North American grape species such as 
V. riparia, V. rupestris, and V. rotundifolia are reported 
as highly resistant to several important diseases of V. 
vinifera (Eibach et al. 1989, Alleweldt et al. 1990).

Grape downy mildew, caused by the oomycete Plasmo-
para viticola, is one of the most economically important 
grape diseases worldwide. The disease can rapidly affect 
entire vineyards, destroying 50 to 75% of a crop in one 

season (Muller et al. 1934). Most European grapes (V. 
vinifera) are highly susceptible to downy mildew, and 
young leaves and fruits are particularly susceptible (Ken-
nelly et al. 2005). Application of fungicides is the most 
common tactic for control of grape downy mildew (Lafon 
and Clerjeau 1988). Although effective, chemical control 
is expensive and may have environmental consequences. 
Downy mildew resistant grape cultivars are a desirable 
alternative.

The development of molecular markers linked to dis-
ease-resistance genes could provide a valuable tool for 
breeding programs using marker-assisted selection (MAS) 
or for map-based cloning efforts. Cloned R genes from 
a number of plant species have been shown to confer 
resistance to individual diseases caused by viruses, bac-
teria, fungi, oomycetes, or nematodes (Hammond-Kosack 
and Jones 2000, Taler et al. 2004). Indeed, some R genes 
encode proteins that act in the signaling process by in-
teracting with pathogen avirulence (Avr) gene products, 
or, in other cases, R genes encode proteins involved in 
race-specific recognition or act as general elicitors (Dan-
gl and Jones 2001). R genes have been previously cloned 
from plants such as tobacco (N), f lax (L6), rice (Xa21), 
tomato (Cf), and Arabidopsis (RPS2 and RPM1) (Bent et 
al. 1994, Whitham et al. 1994, Song et al. 1995, Dixon et 
al. 1998). The major class of R genes in plants is charac-
terized by the presence of NBS-LRR domains. LRRs and 
NBS domains have a role in both cell surface recognition 
and intracellular signaling (Parker et al. 1997). The se-
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quences of NBS domains in general are highly divergent 
among members; however, short motifs such as the P-
loop, kinase-2, and RNBS (resistance nucleotide binding 
site) are conserved in both dicots and monocots (Meyers 
et al. 1999, Ellis et al. 2000).

The sequence conservation of specific domains (e.g., 
the P-loop and GLPL domains) has facilitated the use of 
degenerate oligonucleotide primers to amplify and clone 
RGA sequences from genomic DNA of diverse species, 
including Brassica, Hordeum, Arabidopsis, Beta, and He-
lianthus (Aarts et al. 1998, Joyeux et al. 1999, Gedil et 
al. 2001, Hunger et al. 2003). RGA sequences have been 
developed as molecular markers using the resistance gene 
analog polymorphism (RGAP) technique, which has al-
lowed identification of markers linked to disease resis-
tance genes in plants such as barley, rice, sunf lower, and 
wheat (Toojinda et al. 2000, Gedil et al. 2001, Yan et al. 
2003). Because of the high probability of finding clustered 
RGAs in the plant genome, molecular markers developed 
from RGAs have great potential for co-localization with 
alleles for disease resistance on linkage maps. Six and 11 
markers from RGA primers were co-segregating and tight-
ly linked, respectively, to the YR5 locus conferring stripe 
rust resistance in wheat (Yan et al. 2003). RGAs cloned 
from V. amurensis and V. riparia by degenerate primers 
of the P-loop and GLPL domains revealed 12 RGA groups 
with at least 40% identity to known R genes such as Ara-
bidopsis RPS5 and tobacco N (Di Gaspero and Cipriani 
2002); the major groups of RGAs cloned were used to 
distinguish three disease-resistant varieties and six sus-
ceptible grape varieties. Also, 45 STS markers were de-
veloped from RGA sequences that showed polymorphism 
among 20 Vitis (Di Gaspero and Cipriani 2003). RGAs 
have also been isolated from V. rotundifolia and converted 
to 20 RGAP markers co-segregating with the resistance 
to Uncinula necator 1 (Run1) locus that controls powdery 
mildew resistance (Baker et al. 2005).

Previous work in our laboratory used the interspecific 
hybrid population, Horizon (Seyval x Schuyler) x Illinois 
547-1 [Ill. 547-1] (V. rupestris x V. cinerea), to identify 
quantitative trait loci (QTL) and to study the inheritance 
of powdery mildew resistance. Ill. 547-1 has been shown 
previously to be highly resistant to several fungal diseas-
es, including downy mildew and powdery mildew (Dal-
bo et al. 2000). One hundred f ifty-three markers were 
mapped onto Horizon covering 1199 cM, whereas the Ill. 
547-1 map had 179 markers covering 1470 cM (Dalbo et 
al. 2000). A single marker (CS25b) was associate with a 
major QTL (LOD score 6.56) from Ill. 547-1, which ac-
counted for 41% of the phenotypic variation for powdery 
mildew resistance. Interestingly, the allele of this marker 
associated with resistance was also present in V. cinerea 
B9, a parent of Ill. 547-1 (Dalbo et al. 2001).

In this study we report the cloning of RGA sequences 
from the disease-resistant genotypes V. cinerea B9, V. 
rupestris B38, and Horizon. These sequences were clas-
sified based on variation in the NBS domain. These RGA 

sequences were then used to develop molecular markers 
for placement on the Horizon x Ill. 547-1 genetic map, 
thus facilitating future identification and cloning of dis-
ease resistance genes.

Materials and Methods
Plant materials and DNA extract ion. Grapevine 

genotypes V. cinerea B9, V. rupestris B38, and Horizon 
(Seyval x Schuyler) were used as template for PCR-based 
cloning of NBS sequences. DNA was extracted from 2 
g of young leaves using an existing method (Lodhi et 
al. 1994) with the following modification to the CTAB 
(cetyltrimethylammonium bromide) extraction buffer: 3% 
(w/v) CTAB, 1.4 M NaCl, 20 mM EDTA, pH 8.0, 0.1 
M Tris HCl, pH 8.0, 2% (w/v) polyvinylpolypyrrolidone, 
and 0.2% (v/v) ß-mercaptoethanol. DNA pellets were dis-
solved in sterile water, and, after RNase A treatment, 
DNA concentrations were calculated from absorbance 
values at 260 nm using a spectrophotometer.

Amplif ication and cloning of NBS-LRR genes by 
degenerate primers. Two oligonucleotide primers, P-loop 
(5’GGIGGIGTIGGIAAIACIAC3’) and GLPLAL-1 (5’ IA-
GIGCIAGIGGIAGICC 3’) were modified (Hunger et al. 
2003), having been designed from the most conserved 
domains within the NBS P-loop and GLPL motifs from 
the N, RPS2, and L6 and the N, RPS2, RPM1, L6 genes, 
respectively. The other degenerate pr imer, Rev loop 
(5’GTIGTITTICCIACICCICC3’) (Hunger et al. 2003), was 
derived from the N, RPS2, and L6 genes. The P-loop/
GLPLAL-1 and P-loop/Rev loop primer pairs were used 
to amplify RGA fragments from V. cinerea B9 (Figure 
1). NBS regions of V. rupestris B38 and Horizon were 
amplified using only the P-loop/GLPLAL-1 primer pair. 
PCR amplifications were performed in a reaction volume 
of 20 µL containing 1x PCR buffer, 0.1 mM dNTPs, 2.5 
mM MgCl2, 2 µM of each primer and 1 unit of Taq DNA 
polymerase (Promega, Madison, WI). The initial step of 
the amplification reaction was denaturation at 95°C for 4 
min; followed by 35 cycles of 95°C for 45 sec, 50°C for 1 
min, and 72°C for 1 min; and a final extension at 72°C 
for 10 min.

Cloning and sequencing of RGAs. PCR products 
for cloning were fractionated on 0.8% agarose gel and 
stained with 3x SYBR Green (Applied Biosystems, Foster 
City, CA). Fragments of the expected size were excised 
from the agarose gel and purif ied using the QIAquick 
Gel Extraction Kit (Promega). The PCR products were 
then cloned into the pGEM-T Easy plasmid vector (Pro-
mega) and transformed into competent Escherichia coli 
Top-10 cells (Invitrogen, Carlsbad, CA) following the 
manufacturer’s instructions. The transformation reaction 
was plated on selective media containing 20% (w/v) X-
gal/2% (w/v) IPTG for blue/white screening of plasmids 
with inserts. Plasmid DNA from single white colonies 
was examined by EcoRI restriction analysis to determine 
the size of the inserted fragments.
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Plasmid DNA harboring inserts were sequenced using 
the Applied Biosystems Automated 3730 DNA Analyzer 
at the Biotechnology Resource Center (Cornell Univer-
sity). Sequencher 4.2 software (Genecodes Corp., Ann 
Arbor, MI) was used to select representative clones based 
on 90% minimum overlap and 90% minimum identity of 
nucleotide sequence.

Sequence analysis. Identif ication of clones showing 
significant homology to known RGA sequences and resis-
tance proteins in GenBank was performed by Nucleotide-
Nucleotide Basic local alignment search tool (BLASTN) 
and translated query vs. Protein database (BLASTX) 
software (www.ncbi.nlm.nih.gov/Blast). Nucleotide se-
quences of RGAs cloned from the P-loop/GLPLAL-1 
primer pair were translated into amino acid sequences by 
Translate software (http://bio.lundberg.gu.se/edu/translat.
html). Amino acid sequences from R genes already clas-
sif ied as TIR or non-TIR proteins were searched using 
GenBank Entrez (www.ncbi.nlm.nih.gov). In addition, 
selected TIR-NBS-LRR genes (L6 and M from f lax, N 
from tobacco and RPS4 from Arabidopsis) and non-TIR-
NBS-LRR genes (RPS2 and RPS5 from Arabidopsis, Xa1 
from Oryza sativa, and I2 from tomato) were added to 
the alignment. The alignment of Vitis RGA clones, along 
with known TIR and non-TIR amino acid sequences, was 
performed by ClustalW-XXL software (http://clustalW.ge-
nome.jp). Motif structures in RGA clones were analyzed 
by MEME software (http://meme.nbcr.net). A phyloge-

netic tree of Vitis RGA clones, known TIR, and non-TIR 
amino acid sequences was constructed with Phylip soft-
ware, version 3.6 (http://evolution.genetics.washington.
edu/phylip.html).

RGA-STS marker. PCR primers specif ic to the 19 
cloned Vitis RGAs were designed using Primer 3 (http://
frodo.wi.mit.edu/primer3/primer3_www.cgi). Nine addition-
al RGA-STS primers (Di Gaspero and Cipriani 2003) were 
also used (Table 1). PCR amplifications were performed in 
a reaction volume of 20 µL containing 1x PCR buffer, 0.1 
mM dNTPs, 2.5 mM MgCl2, 2 µM of each primer and 1 
unit of Taq DNA polymerase (Promega). The initial step of 
the amplification reaction was denaturation at 94°C for 1 
min, followed by 25 cycles of 92°C for 50 sec, 46 to 58°C 
(variable by primer) for 50 sec and 72°C for 1 min, and a 
final extension at 72°C for 10 min. Amplified DNA frag-
ments were cut by 1 U restriction enzyme and incubated 
for 3 hr at the appropriate temperature. The corresponding 
restriction enzymes were selected using Sequencher 4.2 
software. CAPS analyses were performed on 2% agarose 
gels and stained with SYBR Green. Single-strand con-
formation polymorphism (SSCP) analyses were performed 
using 2% glycerol and 8% polyacrylamide gels at 4°C and 
12-13 W. Gels were stained with silver nitrate.

Plasmopara viticola inoculation. Sporangia of P. vi-
ticola were harvested from sporulating leaves of Vitis 
hybrid cv. Delaware into double distilled water using a 
spray bottle. The collected sporangial suspensions were 
counted in a hemacytometer and adjusted to 105 sporan-
gia per mL. Leaves from nodes 5, 6, and 7 (node 1 being 
the first expanded leaf) of 179 Horizon x Ill. 547-1 seed-
lings were used for inoculation. The inoculated leaves 
were placed abaxial surface up on moist f ilter paper in 
Petri plates. The sporangial suspensions were sprayed 
onto the abaxial leaf surface. Petri dishes were held at 
22°C, 18-hr photoperiod for 8 days. A second set of Petri 
dishes were incubated for 10 days. Infected leaves were 
placed in 5 mL double distilled water per 50-mL tube and 
then shaken for 3 min. The total number of spores pro-
duced per leaf was determined by counting the number of 
spores in 5 µL under a microscope. Length and width of 
infected leaves were measured. The area of 10 different 
leaves was measured using a leaf area meter. Regression 
analysis was then used to convert leaf length and width 
to leaf area, and the number of spores per leaf was con-
verted to number of spores/25 cm2 leaf area. Resistance 
levels were based on spore production. The six-point dis-
ease resistance classification was defined as: 0 = 0 to 5 
spores/25 cm2, highly resistant; 1 = >5 to 10 spores/25 
cm2, resistant; 2 = >10 to 15 spores/25 cm2, moderate or 
intermediate; 3 = >15 to 25 spores/25 cm2, moderately 
susceptible; 4 = >25 to 40 spores/25 cm2, susceptible; and 
5 = >40 spores/25 cm2, highly susceptible.

Results
Cloning RGA sequences. Genomic DNA of V. cine-

rea B9, a genotype resistant to multiple diseases includ-

Figure 1  Model of the structure of NBS-LRR type resistance genes 
(A). PCR products amplified with two degenerate primer pairs from V. 
cinerea B9 (B). The expected sizes of amplified DNA bands are 500 bp 
for the P-loop/GLPLAL-1 primer pair (samples 1, 3) and 850 bp for the 
P-loop/Rev loop primer pair (samples 2, 4). Marker DNA (1 kb) is shown 
in the lane on the left.
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ing downy mildew, was amplified using two degenerate 
primer pairs, P-loop/GLPLAL-1 and P-loop/Rev loop, pro-
ducing ~500-bp and 850-bp PCR products, respectively  
(Figure 1). Complete nucleotide sequences were obtained 
from 78 of 100 clones. Based on 90% minimum over-
lap and 90% minimum identity, 48 clones from P-loop/
GLPLAL-1 primers were subdivided into eight unique 
groups. In contrast, 52 clones f rom P-loop/Rev loop 
primers were sequenced but unambiguous nucleotide se-
quences were obtained for only 30 clones, which were 
subdivided into four representative groups.

With the f inding that clones generated from V. ci-
nerea B9 using the P-loop/GLPLAL-1 oligonucleotide 
primer pair were highly conserved at the NBS domain, 
this primer set was considered to have more potential for 
marker development than the P-loop/Rev loop primers. 
Therefore, only P-loop/GLPLAL-1 primers were used to 
clone RGA sequences from V. rupestris B38 and Horizon. 
Twenty-seven and 47 sequences were cloned from V. rup-
estris B38 and Horizon, respectively. RGAs cloned from 
V. rupestris B38 were separated into four unique groups, 

while 47 clones from Horizon were subdivided into seven 
unique groups based on 90% identity or greater.

Sequence analysis of RGA clones. Nucleotide se-
quences from 8 of the 12 unique groups from V. cinerea 
B9 had significant BLASTN hits to RGAs in GenBank 
(Table 2). All of these were generated with the P-loop/
GLPLAL-1 primer pair, whereas the four RGA clones 
from P-loop/Rev loop primers were not similar to any 
RGA clones in GenBank. Seven showed similarity to 
RGA clones that were isolated from V. amurensis (Di 
Gaspero and Cipriani 2003). Moreover, nucleotide se-
quences of rgVcin109, rgVcin125, rgVcin139, and rgV-
cin165 were nearly or completely similar to RGA clones 
from V. amurensis (E-value = 0 and (bit) value = 724, 
894, 876, and 718, respectively). Only one clone (rgV-
cin152) showed sequence similarity to a NBS-LRR like 
gene from a non-Vitis species (Oryza sativa).

Similarly, BLASTX analysis showed that 10 of 12 rep-
resentative clones from V. cinerea B9 had amino acid 
sequence similarity to resistance protein candidates in 
GenBank (Table 2). As with the nucleotide sequences, 

Table 1  Specific primers, annealing temperatures, and sizes of PCR product for RGA-STS markers.

Namea Forward primer (5’—3’) Reverse primer (5’—3’) Temp. Size Enzyme

rgVrip064b GACTACTATTGCCAAGGCTGTTT AATCTACTGCTTGGTAGGAGAG 58 467 EcoRI

rgVamu085b GACGACCCTCTTGACCAGGAT TGAGAATTTATAGTGTCTTCTCCTACA 58 435 Sau 3AI

stkVa011b GAAGGCACTTTGAGCAATGG AACCATTCGGGAGCCAAG 57 479 EcoRV

rgVrip145b GCCAGACTTGCTTATAACGATGA CGCACTTTTCCACAATCTTCTT 58 475 Alu I

GLPL6-1b GCATATGCTACAAACTCCATTCA CAATTTCTTCTAGTTCTGGGATG 58 206 Hinf I

rgVrip158b CCAGTTGATATACAGGGACGATG GATCCTTGTATCAAGCAATCTCA 58 463 Mnl I

rgVamu100b CATCAATATGATGGTAGTAGCTTTCTT GAGCTTAGACACCTCTTTATCACACT 58 164

rgVamu092b AACTCACATCAATTTGAGAGTAGAATC TGATTTGAGAGGTCAACATAGTCA 58 431 Alu I

rgVamu111b ACCAGAGAGTGGTGGGACAC CCTTTTATCTTGTAAATACTGCCTGA 58 194

rgVcin109 GGAAGACGACAATTGCCAAA GCATCGACTCCAAGCACAT 56 358 Alu I

rgVcin111 ATGGTGTCATGAAGGGAAAAA AGACCAAACCAACCATGCTC 57 164 Xba I

rgVcin123 GATGGGATGGAGTCAAAGGA CACTCACTCCATGGCACATT 58 217 aTaq I

rgVcin125 GTCCAGGAAACCGTTCTCAA CCTTGGTCCGAAACAAAGAA 54 304 Hinf I

rgVcin127 GATGGGATGGAGTCAAAGGA GGGGAGGCCTTTAGCATAAT 54 352 Mnl I

rgVcin139 TGACGTGGATGATTTGATGC GGGGAGGCCTTTAGCATAAT 58 259 Alu I

rgVcin165 CATGGTATCCTGAGGGGAAA GGAGGCCATCAGCATAATCT 58 361 Mae II

rgVrup103 CATGGTATCCTGAGGGGAAA GGCCATCAGCGTAATCTATGA 56 358 Rsa I

rgVrup119 GGTGCAAATGCTCACAGAGA CTCCCAAACAAGGTCCAAGA 58 383 EcoR I

rgVrup124 AATGGAGGCTCGTTTTGAGA GCCGATGTGTTCTCTCTTCC 58 323 Mnl I

rgVrup126 GGTCCAGGAAACCATTCTCA CCTTGGTCCGAAACAAAGAA 54 304 Hinf I

rgVhyb101 GGGGTGGGGAAGACAACTAT CCTACTTCTTGGACCAAACCA 50 306 Aci I

rgVhyb102 CACAAATGCAATTTGCCCTA GCTGGAGGAGGTTGGTGTTA 58 329 EcoR I

rgVhyb110 ATCCAGGGTTGAGTTTGACG CAATGCCCTTAGCTCCCATA 58 317 Dpn II

rgVhyb121 AATTCGATTGAGGGCAAGTG GTGAGGATGAAAGGGCAGAA 58 347 Nco I

rgVhyb127 TGATCGTGGTGTGCTTCAAT TTCCGTAGCTTGCTTGTGTG 54 310 Nco I

rgVhyb149 GATTGGTTTGGTCGAGGAAG CGGCAGACCTTGAGGATAAA 46 212 EcoR I
aPrimers named according to the RGA cloned.
bMarkers developed by Di Gaspero and Cipriani (2003).
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Table 2  Results of the search for similarity between Vitis RGA sequences with nucleotide and amino acid GenBank accessions  
carried out using the programs BLASTN and BLASTX.

Genotype/ 
primer pairs

RGAs (n) 
/unique 
clones

Representative 
clone/ number 

cloned in group

GenBank nucleotide accession showing highest similarity

Nucleotide
(bit) 

Value
E 

valuea Amino acid 
(bit) 

Value
E 

valuea

V. cinerea B9 48/8

P-loop/GLPLAL-1
rgVcin109/3
(DQ885292)

Vitis amurensis isolate rgVamu090
gi/38045679/gb/AY427105.1/ 724 0.0

Resistance-protein candidate 
(V. amurensis) 267 1e-70

rgVcin111/5
(DQ885293) Vitis amurensis isolate rgVamu092 502 1e-139

Resistance-protein candidate 
(V. amurensis) 254 6e-67

rgVcin123/6
(DQ885294) Vitis amurensis isolate rgVamu090 86 1e-13

NBS-type resistance protein 
(Gossypium barbadense) 115 8e-25

rgVcin125/4
(DQ885295)

Vitis amurensis isolate rgVamu151
gi/38045730/gb/AY427133.1/ 894 0.0

Resistance protein candidate 
(V. amurensis) 306 2e-82

rgVcin127/13
(DQ885296) Vitis amurensis isolate rgVamu092 80 7e-12

Resistance-protein candidate 
(V. amurensis) 127 2e-82

rgVcin139/6
(DQ885297)

Vitis amurensis isolate rgVamu053
gi/38045673/gb/AY427102.1/ 876 0.0

Resistance-protein candidate 
(V. amurensis) 272 3e-72

rgVcin152/8
(DQ885298)

Oryza sativa clone sk98  
NBS-LRR-like gene 74 4e-10

Disease resistance-like protein 
585-8 (Mentha longifolia) 118 8e-26

rgVcin165/3
(DQ885299)

Vitis amurensis isolate rgVamu094
gi/38045681/gb/AY427106.1/ 718 0.0

Resistance-protein candidate 
(V. amurensis) 295 5e-79

P-loop/Rev loop  30/4 rgVcin209/4 No significant similarity found No significant similarity found

rgVcin210/6 No significant similarity found No significant similarity found

rgVcin254/13 No significant similarity found
RCa10.6 NBS type resistance 
protein (Manihot esculenta) 140 5e-32

rgVcin269/7 No significant similarity found
Resistance-protein candidate 
(V. amurensis) 52 3e-05

V. rupestris B38   27/4

P-loop/GLPLAL-1
rgVrup103/4
(DQ885300) Vitis amurensis isolate rgVamu094 712 0.0

Resistance-protein candidate 
(V. amurensis) 292 3e-78

rgVrup119/6
(DQ885301)

Oryza sativa clone sk98
NBS-LRR-like gene 87.7 3e-14

Putative disease-resistance gene 
analog (Malus prunifolia) 143 3e-33

rgVrup124/10
(DQ885302) Vitis riparia isolate rgVrip148 446 3e-122

Putative disease-resistance gene 
analog (Arabidopsis thaliana) 228 1e-58

rgVrup126/7
(DQ885303) Vitis amurensis isolate rgVamu151 900 0.0

Resistance protein candidate 
(V. amurensis) 195 6e-49

Horizon 47/7

P-loop/GLPLAL-1
rgVhyb101/11
(DQ885304)

Vitis amurensis isolate rgVamu050
gi/38045671/gb/AY427101.1/ 860 0.0

Resistance protein candidate 
(V. amurensis) 248 4e-63

rgVhyb102/9
(DQ885305)

Oryza sativa clone sk98
NBS-LRR-like gene 65.9 1e-07

probable methyeletrahydrofolate 
red 65 2e-04

rgVhyb110/4
(DQ885306) Vitis riparia isolate rgVrip068 628 4e-177

Resistance protein candidate 
(V. riparia) 248 6e-65

rgVhyb121/3
(DQ885307) Vitis amurensis isolate rgVamu035 261 9e-69

Resistance protein candidate 
(V. amurensis) 261 9e-69

rgVhyb127/7
(DQ885308) Vitis riparia isolate rgVrip004 173 3e-42

Resistance protein candidate 
(V. amurensis) 173 2e-42

rgVhyb139/5
(DQ885309)

Oryza sativa clone sk50
NBS-LRR-like gene 78.9 8e-12

NBS/LRR resistance protein-like 
(Theobroma cacao) 43.1 0.004

rgVhyb149/8
(DQ885310) Malus prunifolia putative disease 67.9 3e-08

Resistance protein candidate 
(V. amurensis) 53.5 3e-06

aExpected (E) value refers to the number of matches expected by chance alone. The lower the E value, the more strongly supported the match.

amino acid sequences of most RGA clones were similar 
to resistance protein candidates from V. amurensis. Two 
exceptions among those derived from the P-loop/GL-
PLAL-1 primers were rgVcin123 and rgVcin152, which 

showed high similarity with resistance protein candidates 
and NBS-type resistance proteins from Gossypium bar-
badense and Mentha longifolia, respectively. In addition, 
rgVcin254 and rgVcin269 from P-loop/Rev loop primers 
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were similar to resistance protein candidates from Mani-
hot esculenta and V. amurensis, respectively; however, 
these were not as strongly matched as the RGA clones 
from P-loop/GLPLAL-1 primers (Table 2).

Three of four RGA sequences from V. rupestris B38 
and one of seven sequences from Horizon showed high 
similarity to the same RGA GenBank accessions as those 
from V. cinerea B9 (Table 2). Some RGA sequences, 
including rgVrup103, rgVrup126, and rgVhyb101, with 
E-values = 0, had near or complete similarity to RGA 
clones isolated from V. amurensis (Di Gaspero and Cipri-
ani 2003). RGA amino acid sequences from V. rupestris 
B38 and Horizon were similar to resistance protein can-
didates from V. amurensis and V. riparia, as well as pu-
tative disease resistance proteins from Malus prunifolia, 
Theobroma cacao, and Arabidopsis thaliana (Table 2).

NBS-LRR domain. Nineteen RGAs amplified by P-
loop/GLPLAL-1 primers were analyzed for the presence 
of conserved amino acid motifs. As expected, P-loop 
and GLPL motifs were present in the first seven and last 
six amino acids of all RGAs cloned, except rgVhyb121. 
Those amino acids correspond to oligonucleotide primers 
derived from P-loop and GLPL motifs (modif ied from 
Hunger et al. 2003). RNBS-A, kinase-2, RNBS-B, and 
RNBS-C motifs also appeared in all RGAs cloned (Fig-
ure 2). The RNBS-A motifs could not be identif ied by 
MEME analysis because they were diffuse and poorly 
conserved. However, these motifs were found and veri-
f ied by visual inspection of alignments. As previously 
suggested, kinase-2 is useful to distinguish between TIR 
or non-TIR proteins (Meyer et al. 1999). The presence of 
tryptophan in the kinase-2 motif is predictive of non-TIR 
proteins (e.g., RPS2, RPS5, I2, and Xa1). On the other 
hand, L6 and N from f lax and M from tobacco have as-
partic acid in the kinase-2 motif, which is typical of TIR 
proteins (Figure 2). The amino acid sequence of the ki-
nase-2 motif classified rgVcin125, rgVcin152, rgVrup119, 
rgVrup126, and rgVhyb110 as well as RPS2, RPS5, I2, and 
Xa1 as non-TIR proteins. On the other hand, L6, N, rgV-
cin109, rgVcin139, rgVcin165, rgVrup103, and rgVhyb101 
were classified as TIR proteins (Figure 3).

Using the amino acid change in the kinase-2 motif 
to classify proteins, 9 out of 19 RGAs (rgVcin111, rgV-
cin123, rgVcin127, rgVrup124, rgVhyb102, rgVhyb121, 
rgVhyb127, rgVhyb139, and rgVhyb149) could not be clas-
sified as either TIR or non-TIR types, possibly because of 
incomplete amino acid sequences, especially tryptophan 
and aspartic acid, in conserved domains of these clones. 
Therefore, phylogenetic analysis was used to verify the 
overall sequence similarity to other R genes represen-
tat ive of the two subclasses. The unclassif ied RGA, 
rgVhyb124, can be found in the major branch along with 
Xa1, and I2, as well as Vitis non-TIR proteins, suggest-
ing that this clone is more closely related to non-TIR 
than to TIR proteins (Figure 3). In addition, rgVcin111, 
rgVcin123, rgVcin127, rgVhyb102, rgVhyb121, rgVhyb127, 
rgVhyb139, and rgVhyb149 clustered in the same branch 

with RPS4, M, L6, and N, the known TIR proteins (Fig-
ure 3). Therefore, these clones are likely more closely 
related to TIR than to non-TIR proteins. Even though the 
rgVcin152 appeared in the same branch with other TIR 
proteins, it was still classified as a non-TIR protein since 
tryptophan appeared in the kinase-2 motif. In total, 19 
RGA clones were classified into 13 TIR-NBS-LRRs-like 
genes and 6 non-TIR-NBS-LRR-like genes.

P. viticola resistance analysis. A segregating seedling 
population developed by the grape breeding program at 
Cornell University, Geneva, New York, was tested for 
downy mildew resistance. The parents, Horizon and Ill. 
547-1, were reported to be moderately and highly resis-
tant to downy mildew, respectively (Dalbo et al. 2000). A 
detached leaf assay confirmed this observation. Horizon 
and Ill. 547-1 had 15.1 and 2.2 spores/25 cm2, respec-
tively. The seedling population segregated for resistance, 
with the number of downy mildew spores/25 cm2 ranging 
from 2.2 to 122.1 (data not shown). Eighty-seven seed-
lings, or 48.6%, grouped into the intermediate classifica-
tion (2 and 3). Resistant (classes 0 and 1) and susceptible 
individuals (classes 4 and 5), comprised 32.4 and 19.0% 
of the population, respectively.

RGA-STS marker. Twenty-three STS and three CAPS 
primer pairs were used to amplify the parents and 179 
progeny of the Horizon x Ill. 547-1 population. The 17 
STS markers developed from the RGA nucleotide se-
quences f rom the present study (f rom V. cinerea , V. 
rupestris, and Horizon) produced polymorphic markers 
among 179 progenies. Surprisingly, at least 4 to 5 primer 
pairs from two clones, rgVcin152 and rgVhyb139, were 
tested but PCR products could not be amplified. Nine (six 
STS and three CAPS) of these 26 markers were developed 
by Di Gaspero and Cipriani (2003) based on RGA se-
quences from V. amurensis and V. riparia. From segrega-
tion analyses, eight STS markers (rgVamu085, GLPL6-1, 
rgVcin125, rgVcin127, rgVcin139, rgVrup126, rgVhyb102, 
and rgVhyb110) were present in the male (Ill. 547-1) but 
absent in the female parent (Horizon). Five STS mark-
ers (rgVamu100, rgVrup119, rgVhyb101, rgVhyb121, and 
rgVhyb127) were present in the female and absent in the 
male parent. The rest of the STS markers were either 
present or absent in both parents. The chi-square good-
ness-of-fit statistic was use to check conformity of mark-
er segregation with the expected ratio. A 1:1 segregation 
ratio could not be rejected for all markers present only in 
the male or female parent except rgVamu085, rgVamu100, 
rgVrup126, and rgVhyb102. Also, markers showing a 3:1 
segregation ratio, such as rgVrip064, rgVrip145, stkVa011, 
rgVamu092, rgVcin109, rgVcin111, rgVcin123, rgVrup103, 
and rgVrup124, will be useful for mapping to both Hori-
zon and Ill. 547-1 linkage maps.

Based on correlation analysis among CAPS and STS 
markers, three groups of markers emerged (Table 3). 
Some of the markers in each group were designed from 
closely related nucleotide sequences (Di Gaspero et al. 
2007). As described above, some of markers were de-
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Figure 2  Multiple alignments of representative amino 
acid sequences of 19 RGA clones and eight known 
R-genes based on ClustalW analysis. The P-loop and 
GLPL motifs corresponding to primer sequences are 
shown in the first seven and the last six amino acids. 
Aspartic acid (D) and tryptophan (W; underline) in the 
kinase-2 motif are characteristic of TIR and non-TIR 
proteins, respectively.
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veloped by Di Gaspero and Cipriani (2003), and these 
have already been located on the Vitis map. For example, 
rgVamu092 is located on linkage group 13, rgVrip064 on 
linkage group 18, and rgVamu085 on linkage group 19 
(Di Gaspero et al. 2007); linkage groups are numbered 
according to set standards (Riaz et al. 2004, Doligez et 
al. 2006). We therefore suggest that markers with a sig-
nificant correlation of their segregation in the same popu-
lations are located on the same linkage group (Table 3). 
Interestingly, we found a significant correlation between 
segregation for downy mildew resistance and segregation 
of three markers, rgVamu085, stkVa011, and rgVcin165 (r 
= ‑0.173, 0.152, and 0.151, respectively), suggesting that 
each of these markers may co-segregate with a gene con-
trolling downy mildew resistance in grape. Further work 
is needed to confirm this possibility.

Discussion
Nineteen unique groups of RGA sequences from V. 

cinerea B9, V. rupestris B38, and Horizon have been 
cloned from P-loop/GLPLAL-1 PCR, and four unique 
groups were derived from V. cinerea B9 by P-loop/Rev 
loop PCR. The P-loop/Rev loop primers produced se-
quence data with a low percent match with known RGAs 
in GenBank. These data suggest that the P-loop/GLPAL-
1 primer pairs used are highly conserved at the NBS 

domain and have greater potential for cloning 
RGAs from grape, compared with P-loop/Rev 
loop primers.

Most of the RGA clones from the three grape 
genotypes used here displayed high similarity 
with RGA clones from V. amurensis, especially 
seven RGA clones that showed complete simi-
larity to RGAs cloned from V. amurensis. We 
also found similarity with RGAs cloned from 
V. riparia. Interestingly, V. amurensis, V. ci-
nerea, V. riparia, and V. rupestris are reported 
as being highly resistant to downy mildew and 
powdery mildew (Eibach et al. 1989, Alleweldt 
et al. 1990). Moreover, none of the RGA clones 
identified showed similarity to sequences from 
susceptible species such as V. vinifera. There is 
evidence that RGA sequences from V. amurensis 
and V. riparia had a high probability of link-
age with disease resistance genes in Vitis germ-
plasm (Di Gaspero and Cipriani 2002). Since 
these RGAs were found in several grape species 
that are resistant to diseases such as downy mil-
dew and powdery mildew, they could possibly 
be linked to or be candidate genes for disease 
resistance (Di Gaspero and Cipriani 2002). The 
RGA sequences we identified in resistant geno-
types may also be linked to disease-resistance 
loci in Vitis, but further segregation studies will 
be needed for verification.

R gene evolution. Plants respond to pathogens by di-
rect and/or indirect interaction between plant R genes 
and Avr genes in the pathogen (Dangl and Jones 2001). 

Figure 3  Phylogenetic tree of 19 Vitis RGA sequences and eight known  
TIR or non-TIR proteins.

Table 3  STS markers on three expected linkage groups and  
correlation analysis for marker segregation within each group.

STS marker
Expected 

LGs

Correlation within group

Marker rb

rgVamu092a

rgVcin109a

rgVcin123
rgVcin165
rgVhyb121
rgVhyb149

13 rgVamu092 -rgVcin109
rgVamu092 -rgVcin165
rgVcin109 -rgVcin165
rgVcin109 -rgVhyb149
rgVcin109 -rgVhyb121
rgVhyb121 -rgVamu092
rgVhyb121 -rgVcin165
rgVhyb121 -rgVcin123
rgVcin123 -rgVamu092

 0.248** 

 0.163* 

 0.240**
 0.258**
 0.288**
 0.174*
 0.261**
 0.266**
 0.188*

rgVrip064a

rgVcin139a

rgVhyb101a

18 rgVrip064 -rgVhyb101
rgVcin139 -rgVhyb101

-0.128**
 0.315**

rgVamu085a

rgVcin111
rgVcin125a

rgVrup126
rgVhyb110a

19 rgVamu085 -rgVcin125
rgVamu085 -rgVhyb110
rgVcin125 -rgVhyb110
rgVcin125 -rgVcin111
rgVhyb110 -rgVrup126

-0.254**
-0.301**
 0.604**
-0.201*
 0.282**

aClosely related original nucleotide sequence in the group.
b* and ** indicate significance at p < 0.05 and 0.01, respectively.
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Gene-for-gene interactions may increase resistance to 
pathogens if R genes increase the ability to recognize 
the pathogen. The LRR and TIR/non-TIR have a role in 
pathogen recognition; therefore unbalanced selection was 
needed to recognize rare Avr gene products in pathogen 
populations (Zhou et al. 2004). Mechanisms such as chro-
mosome breaking, rearrangement, preexisting divergent 
duplication, unequal crossing over, gene conversion, and 
diversifying selection have been proposed to generate di-
versity in LRRs and TIR/non-TIR domains (Ellis et al. 
2000, Richter and Ronald 2000).

Diversifying selection relies upon genomic instability 
mediated by unequal crossing over in meiosis (Richter 
and Ronald 2000). Interestingly, diversifying selection has 
been found in non-TIR-NBS-LRR rather than TIR-NBS-
LRR genes. As shown in rice, there is no significant in-
crease in the number of similar or almost identical genes 
within non-TIR-NBS-LRRs, whereas copies of similar 
TIR-NBS-LRR genes were duplicated (Zhou et al. 2004). 
Their data support the hypothesis that non-TIR-NBS-LRR 
genes are more highly variable than TIR-NBS-LRRs. 
The difference in diversity between TIR and non-TIR 
domains was also present in the NBS-LRR domains of 
the three grape genotypes in the present study. The DNA 
sequences among the TIR-NBS-LRR group displayed high 
similarity, ranging from 73.5 to 97.4% (for example, rgV-
cin111/rgVcin123, L6/M, and rgVcin165/rgVrup103 have 
73.5, 78.2, and 97.4% identity, respectively). On the other 
hand, the amino acid sequence in the non-TIR-NBS-LRR 
group showed more variation within groups, with simi-
larities ranging from 43 to 97.4% (for example, RPS2/
RPS5, rgVhyb110/rgVrup119, and rgVhyb110/rgVcin125 
have 43, 57.5, 77.1% identity, respectively). The shorter 
branch lengths among TIR-NBS-LRR groups as compared 
with non-TIR-NBS-LRR groups support the hypothesis 
that these proteins are more highly conserved (Figure 3). 
Therefore, in terms of gene diversification, non-TIR-NBS-
LRRs might be more adaptively responsive and selection 
acting on this f luidity could lead to the more rapid devel-
opment of pathogen recognition.

Potential of Vitis RGAs as molecular markers. Mo-
lecular markers based on RGAs have been developed from 
conserved domains of diverse plant species. The RGA se-
quences cloned in the present study from highly conserved 
domains of three disease-resistant grape genotypes will 
hopefully be useful for the development of markers linked 
to disease resistance. Because of their complete associa-
tion with resistance-like genes, RGA markers may have 
the potential to improve the efficacy of MAS for disease-
resistance traits. At least, three markers developed from 
RGA sequences (rgVamu085, stkVa011, and rgVcin165) 
are candidates for co-segregation with downy mildew re-
sistance loci because of their significant correlations of 
marker segregation with disease resistance in a segregat-
ing population. However, rgVamu085 and rgVcin165 have 
a nonnormal segregation ratio. Therefore, stkVa011 seems 
to be the best candidate to co-segregate with a downy 

mildew resistance locus. Many of our RGA-STS mark-
ers are expected to map to linkage groups 13, 18, and 
19. Interestingly, RGA-STS markers from Di Gaspero and 
Cipriani (2003) also show high numbers on these three 
linkage groups from Cabernet Sauvignon, Bianca, and 
Chardonnay maps (Di Gaspero et al. 2007), suggesting 
that RGAs cluster on linkage groups 13, 18, and 19 of the 
Vitis genome. However, further proof is required through 
final map placement of the RGA-STS markers identified 
here. Future work will also be able to determine whether 
RGAs in grapevine are responsible for disease resistance 
and to relate each RGA to the disease it affects.

Conclusions
Downy mildew may cause severe losses in yield and 

reductions in fruit quality of susceptible grape varieties. 
Vitis vinifera is the primary scion variety grown around 
the world and is highly susceptible to downy mildew. R 
genes are accessible in American and Asiatic species of 
Vitis, which hybridize readily with V. vinifera, and have 
been used extensively in breeding programs to create 
resistant cultivars. To improve the efficiency of grape-
vine breeding, an important goal is to locate molecular 
markers linked to alleles responsible for disease resis-
tance. Genetic maps have been created using numerous 
crosses involving Vitis species, and quantitative trait loci 
analyses have been used to locate markers with strong 
associations to disease resistance. Breeders are actively 
trying to incorporate various molecular markers into their 
programs.

RGAs should have very good potential for use as 
molecular markers for disease resistance traits because 
of their known associations with disease resistance in 
plants. We have shown that RGA sequences derived from 
three downy mildew resistant genotypes have a high de-
gree of similarity with RGAs cloned from V. amurensis 
and V. riparia, two species that harbor downy mildew 
resistance. There is a possibility that the RGA sequences 
characterized in the present work may confer functional 
resistance to downy mildew, but that will require further 
work to confirm. The precise linkage map locations of 
the most promising markers identified from V. cinerea, 
V. rupestris, and Horizon will need to be identif ied in 
future work. Indications at this time are that some of the 
RGAs we have identified are located on linkage groups 
already known to be associated with resistance loci.
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