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Abstract A set of NBS-containing sequences was iso-
lated from genomic DNA of two grape species (Vitis
amurensis and Vitis riparia) and characterised in a panel
of Vitis genotypes carrying different levels of resistance
against downy mildew and other diseases. A PCR-medi-
ated approach made use of degenerate primers designed
on conserved regions encoding known R-genes, and pro-
vided the source for cloning grape analogous sequences.
Cloned sequences were digested with ten endonucleases
and 29 out of 71 putative recombinant clones, which
showed unique restriction patterns, were sequenced. Us-
ing a threshold value of 40% identity, at least 12 grape
NBS-sequences had a high overall similarity with known
R-genes, such as the Arabidopsis gene RPS5 and the to-
bacco gene N. The presence of internal conserved motifs
provided evidence that sequences isolated from grape
may belong to the NBS-LRR gene family. A cluster
analysis based on the deduced amino acid sequence and
carried out on grape NBS-sequences, together with sev-
eral analogous domains of known R-genes, classified
grape sequences into three major groups. A grape se-
quence of each group was used as a probe on Southern
blots with digested genomic DNA from resistant and
susceptible grapes. One of the NBS-containing probes
showed a clear-cut separation between resistant species
and susceptible varieties. This evidence makes the probe
a candidate marker for disease resistance genes in Vitis
germplasm.
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Introduction

In recent years, several molecular approaches have been
used to investigate resistance against biotic diseases in
grape, and these have provided some insight on the mech-
anisms involved in host-pathogen interactions. These
studies concerned harmful fungal diseases such as downy
mildew, caused by Plasmopara viticola, powdery mil-
dew, caused by Oidium tuckeri, and grey mold, caused by
Botrytis cinerea.

De novo synthesised physical barriers, erected in tis-
sues surrounding the infection site, are thought to con-
tribute to resistance, only after infections have taken
place. Callose deposit only appears 5 days after experi-
mental inoculation and could be found in tolerant as well
as in susceptible genotypes (Kortekamp et al. 1997). The
presence of lignin and suberin in strengthened cell walls
appears as a defence shield only at a late stage of infec-
tion (Dai et al. 1995). A broad spectrum of elicited chem-
icals are synthesised early in fungal infection, including
some pathogenesis-related (PR) proteins and phytoalex-
ins (Renault et al. 1996). Even earlier expression and in-
creased activity of chitinases (Busam et al. 1997), B-1,3-
glucanases (Reuveni 1998; Renault et al. 2000) and per-
oxidases (Kortekamp et al. 1998) were observed in non-
compatible interactions that led to a hypersensitive re-
sponse to P. viticola and B. cinerea. Jacobs et al. (1999)
isolated cDNA clones encoding different PR proteins, in-
cluding chitinases, B-1,3-glucanases and thaumatin-like
proteins, in grapevine infected by O. tuckeri. Chitinase
and B-1,3-glucanase genes have already been transferred
to some genetically engineered cultivars of Vitis vinifera,
such as Chardonnay, Merlot, Neo Muscat and Riesling
(Harst et al. 2000; Kikkert et al. 2000; Yamamoto et al.
2000). Beside the production of these PR proteins that
are also commonly found in other plant pathosystems,
the infected grapes produce a group of secondary metab-
olites with antifungal activities known as phytoalexins
and are chemically classified as low-molecular-weight
phenolic or stilbenic compounds: i.e. trans- and cis-res-
veratrol (3,5,4’-thihydroxystibene), resveratrol glycosides
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(piceid, piceatannol or astringin, polydatin), resveratrol
trimers and tetramers (viniferins) and pterostilbene
(Langcake 1981; Dercks and Creasy 1989). The genes
encoding phytoalexins are widespread among Vitis spe-
cies and varieties, even in the susceptible V. vinifera, but
disease-resistant genotypes have greater speed and mag-
nitude of expression of this defence machinery when
compared to susceptible ones. Some genes encoding the
key enzymes of stilbenes biosynthesis, including phenyl-
alanine ammonia-lyase (pal), chalcone synthase (chs)
and stilbene synthase (stsy), have been cloned from
grapevine DNA (Sparvoli et al. 1994). Wiese et al.
(1994) demonstrated that two types of stsy genes are in-
volved in resistance, the first one accounting for a quick
response, the other for a delayed but more stable re-
sponse. Two full-size stsy genes (Vst/ and Vst2) showed
high identity in their coding regions, but substantial dif-
ferences in promoter regions, likely to be responsible for
different expression patterns (Melchior and Kindl 1991).
The transfer of grape stsy genes in tobacco, rice, barley
and wheat increased resistance to the pathogens of those
species (reviewed in Bavaresco and Fregoni 2001).

In spite of many studies on post-invasion physiologi-
cal mechanisms involved in the defence responses, infor-
mation is still lacking about the early recognition of the
invading pathogens that act as a trigger for the cascade
of reactions involved in the defence system.

A gene-for-gene mechanism is postulated to occur in
specific recognition of the invading haustoria of P. viti-
cola. Resistant Vitis genotypes can recognise specific
elicitors released by the pathogen which initially activate
the plant defence mechanisms (Langcake 1981). Other
fungal pathogens, such as O. tuckeri and B. cinerea, may
elicit a defence system that could resemble such a model.

A particular class of proteins was demonstrated to
play a crucial role in host-pathogen interaction for many
plant pathosystems (Ellis et al. 2000). These proteins
contain functional domains, such as a nucleotide binding
site (NBS), a leucine-rich repeat region (LRR), either a
Drosophila Toll/mammalian Interleukin-1 receptor (TIR)
or a leucine-zipper/coiled-coil motif (cc) and several ki-
nase domains, which allow a specific recognition of the
pathogen through a protein-protein interaction. This is
thought to initiate the signal transduction for the activa-
tion of the defence mechanisms (Hammond-Kosack and
Jones 1997).

NBS-LRR resistance genes have been cloned from dif-
ferent species, such as tobacco (Whitham et al. 1994),
Arabidopsis (Bent et al. 1994; Parker et al. 1997), flax
(Lawrence et al. 1995) and tomato (Milligan et al. 1998).
In such species, these genes confer resistance to a wide range
of diseases caused by viruses, bacteria, fungi and nema-
todes. Since some domains are widely conserved, degener-
ate PCR-primers have been designed in previous studies to
amplify analogous sequences in other plant species. NBS-
sequences were obtained by a PCR-mediated approach and
provided candidate resistance genes (or Resistance Gene
Analogs, RGAs) in several crops such as soybean (Kanazin
et al. 1996; Yu et al. 1996), potato (Leister et al. 1996),
maize (Collins et al. 1998), lettuce (Shen et al. 1998),
Brassica (Joyeux et al. 1999) and Citrus (Deng et al.
2000). In these species, genetic analysis demonstrated that
RGAs are abundantly repeated through the genome in high
copy number, organised in clusters and closely linked to
known resistance loci. Some 200 NBS-coding genes were
estimated to be present in the Arabidopsis thaliana ge-
nome, representing nearly 1% of all coding genes. Data on
physical mapping demonstrated that NBS-coding sequenc-
es are clustered, ranging from 2 to 18 adjacent sequences,
with an average of 4.9 sequences per cluster (Meyers et al.
1999). In Arabidopsis, genetic mapping provided evidence
that the positions of RGAs correspond to 21 known disease
resistance loci (Speulman et al. 1998) and they co-segre-
gate with fungal disease-linked markers (Aarts et al. 1998).

Since NBS-LRR sequences are linked to, or possibly
part of, the resistance genes and are well conserved in
the plant kingdom, they provide a molecular tool for ge-
netic mapping and positional cloning of resistance genes
in grape. The aims of this work were the characterisation
of RGAs in grape and the development of a set of mark-
ers based on NBS-sequences suitable for discriminating
resistant and susceptible genotypes.

Materials and methods

Plant material and DNA extraction

Leaf samples of the Vitis genotypes reported in Table 1 were col-
lected from the germplasm repository held at the Experimental
Farm of the University of Udine, Italy.

Genomic DNAs were extracted from 1 g of young leaves using
a cetyltrimethylammonium bromide (CTAB) method (Doyle and

Table 1 Vitis genotypes used for cloning grape NBS-sequences and for RFLP analysis with NBS-based probes

Genotype Type of accession

Origin Type of response to fungal diseases

V. amurensis

V. riparia

V. cinerea

V. vinifera cv Cabernet Sauvignon
V. vinifera cv Chardonnay

V. vinifera cv Merlot

Wild species
Wild species
Wild species
Cultivated grapevine
Cultivated grapevine
Cultivated grapevine

Vitis hybrid cv Regent Complex hybrid
Vitis hybrid cv Seyval Complex hybrid
Vitis hybrid cv Bianca Complex hybrid

East Asia
North America
North America
South Europe

Resistant to downy mildew

Resistant to downy mildew

Resistant to downy and powdery mildew
Susceptible to several fungal diseases

South Europe Susceptible to several fungal diseases
South Europe Susceptible to several fungal diseases
Breeding Tolerant/resistant to downy mildew
Breeding Tolerant/resistant to downy mildew
Breeding Tolerant/resistant to downy mildew




Doyle 1990) with the following modifications: 2.5% CTAB, 1 mM
of Tris-HCI1 (pH = 8.0) and 1% polyvinylpolypyrrolidone were
mixed in the extraction buffer, and purification from polysaccha-
rides was performed by means of a selective precipitation with 2-
butoxyethanol. Genomic DNAs of Vitis amurensis and Vitis rip-
aria were used as a template for PCR-based cloning of grape
NBS-sequences. Genomic DNAs of all Vitis genotypes listed in
Table 1 were used in Southern blots for RFLP analysis.

Amplification and cloning of NBS-like sequences
from genomic DNA using degenerate primers

The following four pairs of degenerate primers were based on the
results of previous studies in order to amplify DNA sequences
spanning the most conserved domains of the nucleotide binding
site: NBS-FI/NBS-RI (Yu et al. 1996), RGI/RG2 (Aarts et al.
1998), LM637/LM638 (Kanazin et al. 1996) and primers from
Shen et al. (1998) with some modifications (P-loop: 5’GAATTC-
GGNGTNGGNAARACNAC; GLPL: 5GTCGACARNGCNAR-
NGGNARHCO).

All primer pairs were tested for the amplification of DNA from
V. vinifera cv Merlot, following the PCR conditions reported in the
original experiments.

The primer pair RGI/RG2 was retained as the oligonucleotides
of choice for NBS priming in grape on the basis of the clearest,
size-specific amplified band produced from grape genomic DNA.

PCR-amplifications for cloning were performed in a 50-pl re-
action volume containing 200 uM of each dNTP, 0.5 uM of each
RGI1/RG2 primer, 2.5 U of Expand High Fidelity polymerase
(Roche) with the buffer solution supplied by the manufacturer,
2.5 mM of MgCl, and 50 ng of template DNA. The PCR tem-
plates were genomic DNAs of V. amurensis and V. riparia. The
initial denaturation step was 95 °C for 5 min, followed by 30 ther-
mal cycles of 95 °C for 1 min, 50 °C for 1 min, 72 °C for 2 min,
with the final extension step increased to 10 min. PCR products
were electrophoresed on a 2% agarose gel and the target 530-bp
band was selectively recovered onto a DEAE cellulose membrane
(Schleicher and Schuell, NA-45), eluted and purified by means of
ethanol precipitation. Samples were cloned in TOPO-TA vector
(Invitrogen) and transformed in competent Escherichia coli, fol-
lowing the manufacturer's instructions. A total of 71 putative re-
combinant colonies were obtained, 57 from V. amurensis (individ-
ually named as rgVamuxxx) and 14 from V. riparia (individually
named as rg Vripxxx, where xxx is the number of the clone).

Screening and sequencing a multigene NBS family

Each recombinant colony was amplified by streaking a sub-culture
onto selective solid medium. A small amount of sub-cultured bac-
teria was re-suspended in 200 ul of dH,O, boiled for 2 min and
centrifuged at 13,000 g for 1 min. Ten microliters of the superna-
tant containing the released plasmid DNA were used as a template
for PCR amplification in a 100-pl reaction volume containing
10 mM of Tris—HCI (pH = 9.0), 50 mM of KCl, 1.5 mM of MgCl,,
200 uM of each dNTP, 0.2 uM each of forward and reverse M13
universal primers and 2.5 U of Tag polymerase (Pharmacia). The
initial denaturation step was 95 °C for 5 min, followed by 25 ther-
mal cycles of 95 °C for 50 s, 56 °C for 50 s and 72 °C for 1 min,
with the final extension step increased to 7 min.

A 12.5-ul aliquot of the PCR products was electrophoresed on
a 2% high resolution agarose gel (MetaPhor, FMC Bioproducts)
and stained with ethidium bromide at 0.5 pug/ml in order to verify
the length of the cloned fragment. The remaining 90 ul were sub-
mitted to RFLP analysis with the aim of selecting unique, non-re-
dundant clones. Seven aliquots containing 12.5 pl each of the
PCR-amplified fragment from each clone were digested overnight
with 0.5 U of the endonucleases Tagl, Sau3Al, Tsp5S091 (Biolabs),
Alul, Msel/Mspl, Sall/Pvull and Haell/HindIll (Pharmacia) at the
temperature recommended by the manufacturer's instructions. The
restriction fragments were separated on a 2% MetaPhor gel.
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All cloned fragments that revealed a unique restriction pattern
were retained and the corresponding sub-cultured colonies were
processed for sequencing of the recombinant plasmid DNA.

Sequence analysis

A total of 24 out of 29 sequenced clones gave DNA sequence in-
formation with a high level of accuracy and were submitted to se-
quence analysis. Nucleotide sequences were translated and the
corresponding amino acid sequences were aligned with CLUS-
TALX software (Thompson et al. 1997). Amino acid sequences
from resistance genes cloned from other plant species (gene N
from tobacco, genes M and L6 from flax, genes RPS2, RPS4,
RPPS5 tfrom Arabidopsis) were added to the set of NBS-sequences
isolated from grape. Cluster analysis was carried out by the
CLUSTALX package based on the Neighbor-joining method
(Saitou and Nei 1987) and drawn by TREEVIEW (Page 1996).
Searches of amino acid sequence similarities with GenBank acces-
sions were performed by BLASTP software. Pairwise compari-
sons of grape NBS-sequences to each other were performed using
the FASTA algorithm (GCG Wisconsin package) with a gap cre-
ation penalty = 12 and a gap extension penalty = 2.

RFLP markers generated by RGA probes tested on resistant
and susceptible grape genotypes

Three downy mildew resistant species (V. amurensis, V. riparia
and Vitis cinerea), three susceptible V. vinifera cultivars (Cabernet
Sauvignon, Chardonnay and Merlot) and three inter-specific hy-
brids classified as tolerant/resistant to the disease (Seyval, Regent
and Bianca) were screened with RGA-based probes. A set of com-
plete digestions was performed using 7 pg of each genomic DNA
and 0.5-1.0 U/ug of the following endonucleases: Tagl and Ddel
at 65 °C and 37 °C, respectively. Digested DNAs were electropho-
resed on a 0.8% agarose 22 cm-long gel for at least 6 h at
3.5 V/em and blotted onto uncharged nylon membranes. The
membranes were hybridised at 68 °C with the following RGA-
based probes labelled with digoxygenin: rgVamu012, rgVamu026
and rgVrip064. The stringency wash was 0.2 X SSC, 0.1% SDS at
60 °C for 20 min repeated twice. Chemi-luminescent detection
was performed using Anti-Digoxygenin-AP, Fab fragments and
CSPD (Roche) according to the manufacturer's instructions.

Results and discussion
Isolation and characterisation of grape NBS-sequences

Three out of four primer pairs produced a major band of
the expected size according to the source species from
which the primers were designed and other species re-
ported in the literature (Fig. 1). In each pair, forward
primers were designed to anneal to the sequence encod-
ing the kinase-1a or P-loop domain that is thought to in-
teract with the y-phosphate of ATP or GTP in some
phosphorylation reactions. Reverse primers were de-
signed in the antisense direction corresponding to the
coding sequences of an amino acid domain, known as
GLPL or domain 5 region (Lawrence et al. 1995), which
in the Arabidopsis RPS2 protein is postulated to reside in
the trans-membrane region (LM637, RG2) or to a
‘SSIIITTR’ coding sequence laid closely downstream to
a kinase-3a domain (NBS-R1).

The NBS-FI/NBS-RI primers amplified two further
strong bands, 900 and 1000-bp long, respectively, beside
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Fig. 1A, B Model of the NBS-
LRR type of R-genes with ei-
ther a TIR or a coiled coil (cc)
N-terminal domain and heterol-
ogous amplification in grape.
A Relative positions of (a)
putative functional features

of NBS-LRR resistance pro-
teins, (b) the most conserved
domains within the NBS, and (c)
degenerate primers obtained

TIR/cc

P-loop, LM&38, RG1

—>

NBS LRR region

500-540 bp GLPL, LM&37, RG2

from previous studies (see text
for details). B PCR products
amplified with four pairs of de-

(c)

NBS-F1

—»

<

340 bp NBES-R1

generate primers from template
DNA of V. vinifera cv Merlot.
The primer pairs used for PCR
and the expected size of the am-
plified bands are respectively:
lanel NBS-FI1/NBS-R1, 340 bp;
lane2 LM637/LM638, 500 bp;
lane3 RG1/RG2, 530 bp; lane4
P-Loop/GLPL, 540 bp. The
100-bp marker was loaded

in the external lanes

the 340-bp target fragment, so that the resulting pattern
was similar to that already shown in soybean (Yu et al.
1996). LM637/LM638 primers produced at least five
scorable bands of unexpected size in a slight smear, thus
making the target fragments hard to be cloned. P-
loop/GLPL primers modified from the original work of
Shen et al. (1998) produced a smear, most likely due to a
too high level of degeneracy in the oligonucleotides
used. RGI/RG2 primers amplified a clear, unique and
size-specific major band. The length of the amplified
band was about 530-bp long in both V. amurensis and V.
riparia (data not shown), a size similar to that observed
in tobacco, flax and Arabidopsis. An additional, very
faint 800-bp long band, almost unscorable when stained
with ethidium bromide, was recovered among the cloned
fragments, and its length was similar to that reported in
Arabidopsis by Aarts et al. (1998). The primer pair
RGI1/RG2 was retained as the oligonucleotides of choice
for NBS priming in grape and used to generate the PCR-
products to be cloned.

A total of 60 size-specific fragments were identified
from 71 putative recombinant clones, 53 of which were
530-bp long and the remaining seven about 800-bp.
Since the longer fragments isolated in Arabidopsis con-
tained introns (Aarts et al. 1998), only the 530-bp-long
sequences were further characterised. As expected for a
multi-sequence family, the 530-bp inserts resulted in a
pool of electromorphs of the same size but different in
nucleotide sequences. Based on the restriction pattern,

—

ladder 1 2 3 4 ladder

— 2072 bp
— 1500 bp

— 600 bp

— 100 bp

29 out of the 53 clones showed unique patterns (data not
shown) and were sequenced. This high number of unique
inserts recovered from a limited number of clones
screened could be considered as indirect evidence for the
high number of NBS-containing sequences spread along
the grape genome.

A single endonuclease with a 4-bp recognition site,
such as Sau3Al, discriminated at least 14 classes of in-
serts on the agarose gel. Among other endonucleases,
Tsp5091, Tagl and a combination of Haell/HindlIlIl al-
lowed us to discriminate 13, 9 and 9 classes of frag-
ments, respectively, while lower levels of polymorphism
were detected with the remaining endonucleases (Alul,
Msel/Mspl, Sall/Pvull). The high number of RFLP pat-
terns identified in the restriction experiment suggests a
very high polymorphism for these fragments at the nu-
cleotide sequence level.

Relationships between grape NBS-like sequences
and other plant disease resistance genes

Several NBS-sequences identified in grape matched the
amino acid sequences of comparable regions of disease-
resistance genes published in GenBank (Table 2). Only
grape NBS-like sequences showing more than 30% identi-
ty with other plant R-genes, and supported by a E value
lower that 95, are being discussed here. The expected (E)
value refers to the number of matches expected by chance
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Table 2 Results of the search for similarity between grape NBS-sequences and GenBank accessions carried out using the BLASTP

algorithm
Grape NBS ~ GenBank protein accession %o? E valueb Other GenBank protein accessions %*  E valueb
showing highest similarity showing high similarity
rgVrip003 T1F9.21, Arabidopsis thaliana 49 4e-46 Similar to RPS2 disease resistance 50 9e-46
protein, Arabidopsis thaliana
rgVrip004 TMV resistance protein N, 63 le-04
Arabidopsis thaliana
rgVamu006  unknown, Cicer arietinum 44 2e-29 Resistance protein LM6, Glycine max 41 2e-28
rgVamu010¢  Resistance-like protein KNBS3, 44 4e-10 Flax rust resistance protein L6, 37 6e-05
Glycine max Linum usitatissimum
rgVamuOI12¢  Putative resistance gene homologue, 45 5e-36 TMV resistance protein N, 46 2e-30
Cucumis melo Nicotiana glutinosa
rgVamuO14¢  NBS-kinase protein Z2, 43 3e-15 Flax rust resistance protein M, 31 3e-12
Solanum tuberosum Linum usitatissimum
rgVamu018¢  TI1F9.21, Arabidopsis thaliana 53 le-48 Resistance to Pseudomonas syringae 51 3e-43
protein 5, Arabidopsis thaliana
rgVamu025  Putative resistance gene homologue, 41 7e-29 Resistance protein LM6, Glycine max 41 8e-28
Cucumis melo
rgVamu026¢  T1F9.21 Arabidopsis thaliana 48 Se-45 Resistance to Pseudomonas syringae 46 3e-40
protein 5, Arabidopsis thaliana
rgVamu028  unknown, Cicer arietinum 45 6e-33
rgVamu029¢  Contains similarity to NBS/LRR 51 3e-41 Resistance to Pseudomonas syringae 45 le-35
disease resistance protein, protein 5, Arabidopsis thaliana
Arabidopsis thaliana
rgVamu031  ACO018721 hypothetical protein, 28 9.1
Arabidopsis thaliana
rgVamu032  Putative resistance gene homologue, 41 2e-32
Cucumis melo
rgVamu035¢  Contains similarity to NBS/LRR 51 4e-47 Resistance to Pseudomonas syringae 51 Te-47
disease resistance protein, protein 5, Arabidopsis thaliana
Arabidopsis thaliana
rgVamu037¢  Disease resistance-like protein, 68 Se-10 Flax rust resistance protein L6, 54 3e-08
Glycine max Linum usitatissimum
rgVamu038¢  Putative resistance gene homologue, 43 8e-33 TMV resistance protein N, 41 3e-27
Cucumis melo Nicotiana glutinosa
rgVamu044 ~ NBS-kinase protein Z2, 43 3e-13 Putative disease resistance protein SBS5, 43 2e-11
Solanum tuberosum Phaseolus vulgaris
rgVamu045  Disease resistance-like protein, 70 le-05
Glycine max
rgVamu050¢  unknown, Cicer arietinum 44 4e-30 TMV resistance protein N, 43 3e-25
Nicotiana glutinosa
rgVamu053¢  Resistance protein LM6, Glycine max 42 Te-34 TMYV resistance protein N, 44 7e-31
Nicotiana glutinosa
rgVamu058 A sunflower resistance gene homolog, 46 2e-30 Avr9/Ct-9 rapidly elicited protein 4, 44 2e-24
Helianthus annuus Nicotiana tabacum
rg Vrip064¢ A sunflower resistance gene homolog, 44 2e-29 TMYV resistance protein N, 41 4e-25
Helianthus annuus Nicotiana glutinosa
rgVrip068 NBS/LRR disease resistance protein, 64 0.059
Arabidopsis thaliana
rgVrip070 A sunflower resistance gene homolog, 44 2e-28 Resistance protein LM6, Glycine max 39 5e-26

Helianthus annuus

a Percentage of amino acid identity

b The expected (E) value refers to the number of matches expected
by chance alone. The lower the E value, the more strongly support-
ed the match is

alone. The lower the E value, the more strongly supported
the match is. When adopting these criteria, the highest
level of the most strongly supported identity was found
between clones rgVamu018, rgVamu035 and the gene

¢ Only grape NBS-like sequences showing high similarities to other
plant R-genes supported by a E value lower than e05 were dis-
cussed in the text

RPS5 of Arabidopsis (51% identity, E value 3e#3 and
7e7, respectively). Among the others, clone rgVamu012
shared lower identity with tobacco gene N (46%, E value
2e-30), followed by clones rgVamu053 (44%, E value
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P-loop kinase-2 _kinase-3a
rgVamuQl8 1 GMGGVGKTTLLKKINNDFLT----- TSSDFDVVIWVVVSE----PSNIEKIQEVIWNKLOIPRDIWEFRSSKEEKAVEILRVLETKKFVLLLDDIW- ERLDLLEMGVPRPDARNK-—-SK 107
raVamu03s 1 GMGGVGKTTLLTRINNELLK- - - ~TRLEFDAVIWVTVSR- - - - PANVEKVORVLENKVET PODKWEGRS - EDERAEE TFNVLETRKFVLLLODIN- ERLDLSKVGT PPLNPQDK-~-LK 106
rgVamul2é 1 GMGGVGKTTLLRKINNEYFG- =KSNDFDVVIWIVVSK=-==PISIEKIQEVILEKLSTPEHNWKSSS-KEERTAEIFKLLKAKNFVILLDDMW - ERLDLLEVGI PDLESPOTK=-==8R 106
rgVamu029 1 GMGGVGKETTLLRKINNEYFA- =KRNDFDVVIWIVVSK==-~=PISIEKIQEVILEKLSTPEHNWKSSS- KEEKTAETFELLKAKNFVILLDDTW - ERLDLLEVGI PDLSDQTK===8R 106
rgVrip0os 1 GMGGVGKTTLLREINNEYFG- -KRNDFDVVIWIVVSE----PINIGNIQDVILNKLPTPEHKWENRS-KEEKAAEICKLLKAKNFVILLDDMW- ERLDLFEVGIPHLGDOTK-~--SK 106
rgVamu00é 1 GMGGVGKTTIAKAVYNDIS-- -¥YQFDGSSFLNNVRERS - - - KDNALOLOQELLHG ILKGKS - - LEVSNMDEGIQMIKRSLSSKRVLVVFOEVD - DLMO I ENLAEEHSWFGPR-~-CX 105
rgVamu053 1 GMGGVGKTTIAKAVYNDIS------YQFDGSSFLNNVRERS- - - KDNALOLOQELLHGILKGKS- - LKVSNMDEGIQMIKRSLSSKRVLVVEDDVD-DLMOT ENLAEEHSWEGER---SR 105
rgvamu025 1 GMGGVGKTTIAKAVYNDIS------YQFDGSSFLNNVRERS- - - KDNALOLQQELLHGIZKGKS- - PKVSNMDEGIQMIKRSLSSKRVLVVEDDVD-DLMOT ENLAEEHSWFGER---SR 105
rgVamu03z2 1 GMGGVGKETTIAKAVYNDIS-- =¥QFDGSSFLNNVRERS = = - KDNALQLQOELLHGILEGEKS - - PKVSNMDEGIQMIKRSLS SKRVLVVFDDVD-DLMO TENLAEEHSWFGET=~==8R 105
rgVamu0s8 1 GMGGVGKTTIAKAVYNDIS-- =¥YQFDGSSFLNNVRERS - == KDNALQLOOELLHGILKGK S - - LKVENMDEGIQMIKRSLS SKRVLVVFDDVD - DLMO TENLAEEHSWFGPR=-==8R 105
rgVripisd 1 GMGGVGKTTIAKAVYNDIS-- -YRFDGSSFLNNVRERS ---KDNALQLOQELLHGSLKGK S- - LEVSNMDEGIQNIKRSLSSKRVLVVFODVD - DLMOLENLAEERSWFGPR-~--SR 105
rgVrip0?0 1 GMGGVGKTTIAKAVYNDIS-- -YRFDGSSFLNNVRERS---KDNALQLOQELLHGSLRGK S - - LKVSNMDEGIQMIKRSLSSKRVLVVFDDVD-DLMOLENLAEEHSWFGPR---SR 105
rgVamu038 1 GMGGVGKTTIAKAVYNDIS------ YLFDGSSFLNNVRERS - - -KDNALQLOQELLHGILKGKS - - LEVSNMDEGIQMIKRSLCSKRVLVVFDDVD - DLMOLENLAEEHSWFGPR---SR 105
rglamulsg 1 GMGGVGKTTIAKAVYNDIS-====x YQFDGSSFLNNVRERP- - - KDNALQLOQELLHGTLKGKS - - LKVSNMDEGIQMI KRS LCSKRVIVVFDDVD - DLMOLENLAEER. PR---SR 105
rgVamu028 1 GMGGVGKTTIAKAVYNDIS-- =¥QFDGSSFLNNVRERS - = - KDNALQLOOELLHGTLRKGK S - - LKVSNMDEGIQMIKRSLC SKRVLVVFDDVD - DLMOLENLAEE SR 105
rgVamulld 1 GMGGVGKTTIAKAVYNDIS-- -¥YQFDGSSFLNNVIERS-- - KDNALQLOQELLHGSLKGKS - - LEVSNMDEGIQNIKRSYCSTRVLVVFYDVD - CLMOLENLAEEHSCLVQE-~-VG 105
rgVamuddd 1 GMGGVGKTTIAKAVYNDIS-- -YQFDGSSFLNNVIERS---KDNALOLOOELLHGSLKGKS - - LEVSNMDEGIQMIKRSYC STRVLVVFYDVD -DLMOLENLAEEHSCLVQE-~--VG 105
rgVamudl2 1 GMGGVGKTTIARAVYEQIA----——- KOFKACCFLSNVREDSE- - KRGLVELOEELLSRLLEEGK--ISISTVDIGLAFIKTRLCFEKRVLIVLDDVD-KPOOLEYLAGKHDWFGPG---SR 106
TOBACCO gene N 1 GMGGVGKTTIARAIFDTLLGRMDSSYQFDGACFLKDIKEN- - - - KRGMHSLONALLSELLRE-K--ANYNNEEDGKHOMASRLRSKKVLIVLDDIDNKDHYLEYLAGDLDWFGNG---SR 110
FLAX gens M 1 GMGGIGKTTTAKAVYNKIS-=-=-=== SHFDRCCFVDNVRAMOE-QKDGIFILOKKLVSEILEMDS - - VGFTNDSGGREMIKERVEKSKILVVLDDVD - EKFEFEDILGC PEDFDSG-~-TR 107
FLAX gene L& 1 GMGGIGKTTTAKAVYNKIS-~- =5CFDCCCFIDNIRETQE- - KDGVVVLOKKLVSEILRIDSGSVGFNNDSGGRETIKERVSRFKILVVLDDVD - EKFEFEDMLGSPKDFISQ--=8R 108
ARABIDOPSIS genea RPS2 1 GPGGVGKTTLMOSINNELIT----- KGHOYDVLIWVQMSE - - - - EFGECTIQDAVGARLGLSWD - - E-KETGENRALKI YRALRQKRFLLLLDDVW- EEIDLEKTGVPRPDRENE---CK 104
ARABIDOPSIS gene RPPS 1 GOSGIGKSTIGRALFSQLS----—-- SOFHHRAFLTYKSTSGSDVSGMKLSWOKELLSEILGOKD - ————— IKIEHFGVVEQRLNHKKVLILLDDVD-NLEFLETLVGKAEWFGSG-~--SR 104
ARABIDOPSIS gene RPS{ 1 GMPGIGKTTLLKELYKTWO-- -GKFSRHALIDQIRVES--KHLELDRLPOMLLGELSKLNH------ PHVDNLKDPYSQLHERKVLVVLDDVS-KREQIDALREILDWIKEGKEGSR 107
raVamu010 1 GMGGVGKTTIAKIVYNEIQ-- - - - -YQFTGASFLODVRETEN- - KGYQLOLOOQLLHDTVGN-DV- -KFSNINEGVNT IKSRHFAQKRFLLZLMMW TGO SHZSQWLEVLNGLVQE---VQ 106
rglamu03i7? 1 GMGGVGKTTIARAVYEQIA=-- =KQFKACCFLENVRKDSE=- - KRGLVELQEEFFLGNWRKGKZ - - ~AZALSILDLLLERQGCALKGFLLFLMML I SHNNZNTZLESMIGLVQE-~-VE 106
rgVamu0il 1 GMGGVGR-PLSPRLFIMIS-- =HINLMVVVFLTMLEKDP - - - KTMHFNYNENYFMVSZREKV - - -QKZATWMKEFRZZRGV SALKGFLLFLMTWMI ZCKZKTWOKSIVGLVQE=--=-VG 106
rgVamu045 1 GMGGVGKTTIARAIYEQIY------TQFEGFYFLANVREGSO--KTWPGSFTSGTSLENIEGWKS-KCRNFOYENZFYKGETPLZEGSYCSZZCGELGTVGIFSREPRLVWFREZ - = 106
rgVripood 1 TTITKYICNEIS----—~ YEFESISFLENVREKSK--LLLFASITGTTSZOCSKAEEZNK IEQY SZRNQYDKEZGRLKKSSYCSZZCRLFTPIKCLEWKLZLVWFGEZ - = 107
rgVrip0s8 1 GMGGWENYPFEQDOQZVPQIQG-WVZRSDLGDCVOTSKCR----EGSASSFRZIGD OLGRZ----KZ-GRKERSNIQCLEDEENCRLIR ~-ASZSLCSGE CNZWKZ---V0Q 105

GLPL-hydrophobic domain §

rgVamu0ls 108 IVFTTRSQDVCHOMKA--HESIEVACLSSEAAWTLFQKEVGEETLS---HPHILRLAKTVAEECKGFPFAFEVLG 178
rgvamu0is 107 MVLTTRSKDVCQDMEV--TESIEVNCLPWEDAFALFQTKVGADTINS --HPDIPKLAEMVAKECCGFPLALEVLG 178
rgVamu02é 107 VVLTTRSERVCDEMEV--HKRMRVECLTPDEAFSLFCDEVGENILNS--HPDIKRLAKIVVEECNGLPLAFEVLG 178
raVamu029 107 IVLTTRSERVCDEMEV--HKRMRVECLTPGEAFSLFCDKVGENILXS-~HPDINLLAQIVVEECCZLELPLKVLG 178
rgVripool 107 VILTTRSERVCDEMEV--HKRMRVEKCLTPDEAFSLFRDKVGENILNS-~-HPEIKRLAKIVVEECKGLPLALKVL- 177
rgVamu006 106 IIITTRHEHFLTQYGV--KESYEVPELHDAEAIELFSWWAFKQNLP=---NEIYENLSYQVVDYAKGLPLALEV -~ 174
rgVamu053 106 IIITTRHEHFLTQYGV--KESYEVPELHDAEAIELFSWWAFKQNLP---NEIYENLSYQVVDYAKGLPLALEVLG 176
rgVamud2s 106 IIITTRHEMFLTQYGV--KESYEVPILHDAEAIELFSWWAFKONLP---NEIYENLSYQVVDYAKGLPLA-——-- 171
rgVamudi2 106 IIIXTRHEKHFLTOYGV--KESYEVPILHDAEAIELFSWWAFKONLP---XEIYKNLSYQVVDYAKGLPLA-———- 171
ravVamu0s8 106 IIITTRHKHFLTQYGV--KESYEVPKLHDAEATELFSWWAFKONLE---NEIYKNLSYQVVDYAKGLELALKVLG 176
rgVrip064d 106 IIITTRHEHFLTQYGV--QESYEVPELHDAEAIELFSWWAFKQNLP=--NEIYENLEYQAVDYAKGLPLALEVLG 176
rgVrip07o 106 IIITTRHEHFLTQYGV-=-QESYEVPELHDAEATELFSWWAFKQNLP-==-NEIYKNLSYQAVDY AKGLPLA= ===~ 171
rgVamu03g 106 IIITTRHERFLTQYGV--KESYEVQKLHDEEAIELFSLWAFPONLP---SEIYENLSYRVVDYARGLEFALKVLG 176 . &
rgVamud50 106 IIITTRHEKRFLTOYGV--KESYEVQKLHDEEAIELFSLWAFPONLP---SEIYENLSYRVVDYAKGLPFALEVLG 176 my domains ln.tObaoco gena N:
rgVamu028 106 IIITTRHKRFLTQYGV--KESYEVOKLHDEEAIELFSLWAFPQNLP---SEIVKNLSYRVVDYATGEELALKVLG 176 P-loop: N-terminal aa position 1-0 GMGGVGKTT
rgVamu0id 106 SSZQLDINVFZENMES--KNHMKFKNCMMKKLLSCLVCGLFHKIFL---AKFIKISPTGZZIMLEVSPSPSRSS- 175  Kil 2: aa position 82-89 LIVLDDID
rgVamu0dd 106 SSZQLDINVFZPNMES--KNHMKFKNCMMKKLLSCLVCGLFHKIFL- - -AKFIKISPTGZZIMLEVSPSPSRSS- 175 kinase-3a: aa position 105-110 FGNGSR
rgVamuQlz 107 IIITTRDVHLLNEVGV--NGVYEVVHLNNXDAITLFSRHAFKEDHP---TEDYIELSNYAVXYAKGLPLALKVLG 177 N ar H it -
TOBACCO gene N 111 IIITTRDKHLIEKN----DIIYEVTALPDHESIQLFKQHAFGKEVP---NENFEKLSLEVVNYAKGLPLALEVWG 179 GLPL: C-terminal aa p05|l|0n 170-177 GLPLALKV
FLAX gene M 108 FIITSRNONVLSRLNENQCKLYEVGSMSEQHSLELFSKHAFKKNTP---PSDYETLANDIVSTTGGLPLTLEVTG 180

FLAX gene L&
ARABIDOPSIS gene RPS2
ARABIDOPSIS gene RPPS

109
105
105

181
178
177

FIITSRSMRVLGTLNENQCKLYEVGEMSKPRSLELFSKHAFKKNTP- - - PSYYETLANDVVSTTGGLPLTLEVTG
VMFTTRS IALCNNMGA- - EYKLRVEFLEKKHAWELFCSKVIWRKDLLE - - SSSIRRLAEI IVSKOGGLPLALITLG
IIVITQDROLLEAHET - -DLVYEVELPSQGLALKMI SOYAFGKDSP- - - EDDFKELAFEVAELVGELPLGLSVLG

ARABIDOPSIS gene RPS4 108 VVIATSDMSLTNGLV---DDTYMVQNLNHRDSLOLFHYHAFIDDOANPOKKDFMKLSEGFVHYARGHPLALEVLG 180
rgVamu010 107 LSLQPETNICWLSMEZ----- LYHIRLQDY IMRKLFNSSANMPLNKTFLRK IMZTSQIAWFNMLKVSPSPSKSS- 176
rgVamu037 107 SLZOQEMCICLIKLES----- MEYMKLCIZITTMLLRSLVDMPLKRTIPQKIIZSSPXMUFLMORVSPSPSRSS- 176
rgVamu031 107 SSZQLDTHIFZPNMES----- KNHMKFRNYMMOKLLSCLVGGLSNK IFLMKF IKISPTGZZ IMLKVSPSPSRS-- 175
rgVamu(4s 107 NYYNKQRKAFAYYTWS~-QHYLZSZGIRGZZSFSTLSSVCLETQPP- -~ WRRLYAAMLOINTLZQRSPLRPQSPR 177
rgVrip004 108 NHHNHERZACTMCASS--TCITRGQGIEKQRSKSTLZLECLZNKSP- - -NKKLCISLRTCSWLZKVSPSPSKSS- 177
rgVrip068 106 GGIYNPIFNCRPRYGS---ZGHZSEVLSMGGSICSVSDICRRRRZYS--HPHIPKLAEIAAKECDGLPLALKY-~ 174

Fig. 2 ClustalX multiple alignment of deduced amino acid se-
quences of grape NBS-sequences and analogous domains in known
R-genes. The conserved domains are shaded as well as the refer-
ence gene N of tobacco for which the amino acid position
of the key domains is reported

7e31), rgVamu050 (43%, E value 3e25), rgVamu038
(41%, E value 3e-98) and rgVrip064 (41% E, value 4e-25).
Clones rgVamu037 and clone rgVamuOIl0 were 54% (E
value 3e-98) and 37% (E value 6e-0), respectively, identi-
cal to flax gene L6. Clone rgVamu0O14 was 31% (E value
3e-12) identical to flax gene M. Even if the level of amino
acid identity is considered moderate, at least in principle,
the extent of identity at the NBS-region between genes N
and L6 (38.0%), N and RPP5 (41.1%), L6 and RPS2
(26.9%) provides a comparison that could account for the
values found for grape NBS-sequences and other plant
disease-resistance genes (Table 3). Moreover, PCR-de-
rived NBS-sequences identified in other plant species with
a similar approach showed a comparable range of identi-
ties with published disease-resistance genes: 30-45% in
Phaseolus vulgaris (Rivkin et al. 1999), 31-56% in Bras-

sica oleracea (Vicente and King 2001), 30-39% in soy-
bean (Graham et al. 2000), 18-48% in Citrus (Deng et al.
2000) and 19—44% in lettuce (Shen et al. 1998).

When using a more stringent threshold value of 40%
identity, irrespective of the E value, at least 12 grape
NBS-sequences showed a high similarity with known R-
genes, and the presence of internal conserved motifs pro-
vided further evidence that these grape sequences may
belong to the NBS-LRR resistance gene family.

Multiple sequence alignment of the deduced amino
acid sequences of grape NBS and the NBS-domains of
other plant R-genes (Fig. 2) showed a very high conser-
vation of the key domains. The sites of the P-loop, ki-
nase-2, kinase-3a and GLPL are present in almost all se-
quences isolated from grape.

The phenetic analysis of the sequences based on the
N-J method (Fig. 3) led us to identify at least two well-
defined groups of related sequences. A group of 18 grape
sequences formed a major cluster with the N, L6 and M
genes, and a further six grape sequences were grouped
with the RPS2, RPS4 and RPP5 genes in a second major
cluster.
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tobaceo gene N

rgVamu31

rgVamu0os
rgVamu0s3
rgVamu0s8

grape-NBS1

o

rgVamu4s

rgVrip0od

flax gene L&

| ravamuo2s

| rgVamu029
rgVripD68
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Arabidopsis gene RPS2

Arabidopsis gene RPS4

]

Arabidopsis gene RPP5

0.1

Fig. 3 Phenetic tree based on the Neighbor-joining method
of the deduced amino acid sequences of grape-NBS and analogous
domains in known resistance genes. The three main groups of grape
NBS-like sequences, identified as described in the text, are shown
in shaded boxes. The sequences used as probes for RFLP-analysis
are underlined. The R-genes coming from other plants are report-
ed in a black background. The scale bar in the bottom left corner
displays a distance corresponding to 0.1 amino acid substitutions
per site

Among the sequences of the first major cluster, two
main sub-groups were identified. The first (grape-
NBSI), included ten sequences which share more than
90% identity and at least 45% identity with the gene N;
the second group (grape-NBS2), encompassing three se-
quences with a high level of sequence heterogeneity re-
lated to genes L6 and M. Within the second major cluster
(grape-NBS3), five sequences showed inter-sequence
identities ranging from 55% to 87% and one of those se-
quences shared 40% identity with the gene RPS2.

Development of RFLP markers
for disease-resistance genes

Three grape NBS-sequences, each one representative of
the major groups identified above, were used as probes for
the detection of candidate RFLP-markers of disease resis-
tance genes in Vitis. The probes were based on the rgV-
rip064 sequence for the group grape-NBS1, rgVamu012 for
the group grape-NBS2 and rgVamu026 for the group
grape-NBS3. The pool of Vitis genotypes screened includ-
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Fig. 4 Chemi-luminescent detection with the rgVrip064 probe
of Southern blots of genomic DNAs digested with the restriction en-
zyme Tagl. Lanes 1 to 9 were loaded with V. amurensis, V. riparia,
V. cinerea, V. vinifera cv Cabernet Sauvignon, V. vinifera cv Char-
donnay, V. vinifera cv Merlot, V. hybrid cv Seyval, V. hybrid cv Re-
gent, V. hybrid cv Bianca; external lanes were loaded with a 100-bp
marker. The arrow points to a 650-bp polymorphic band that
is present in resistant species as well as in tolerant/resistant hybrids
and absent in susceptible cultivars of V. vinifera



ed three wild species known for their resistance to downy
mildew (Staudt and Kassermeyer 1995). Of these, V. cine-
rea also carries resistance to powdery mildew (Staudt
1997). The panel also included three V. vinifera cultivars
susceptible to both diseases, and three inter-specific hybrids
Seyval (with blood of V. vinifera 50%, Vitis rupestris 37%,
Vitis lincecumii 13%), Regent (V. vinifera 80.06%, Vitis lab-
rusca 1.76%, V. rupestris 14.32%, Vitis berlandieri 1.56%,
V. riparia 0.98%, V. lincecumii 1.32%) and Bianca (V. vinif-
era 78.09%, V. labrusca 1.56%, V. rupestris 14.58%, V. be-
rlandieri 3.13%, V. lincecumii 2.64%).

A pair of restriction enzymes (Zagl and Ddel) in com-
bination with the probe rgVrip064 showed a clear poly-
morphism between the three classes of Vitis accessions.
The rgVrip064 probe detected a 650-bp long band in
Tagl-digested DNAs (Fig. 4) and a 2000-bp long band in
Ddel-digested DNAs (data not shown) that were found
in all resistant wild species as well as in all the putative
tolerant hybrids and absent in all the susceptible culti-
vars of V. vinifera.

Conclusions

Our results demonstrate that conserved domains of resis-
tance genes cloned from a wide range of plant faxa can
be used to isolate analogous sequences in grape.

These RGAs isolated in grape appear to be part of a
multi-gene family, since 29 out of the 60 size-specific
clones isolated from two species (V. amurensis and V.
riparia) showed unique restriction patterns. Although we
have no evidence from genetic mapping that these se-
quences are linked to disease resistance genes, we have
shown that probes obtained from grape NBS-sequences,
when blotted to genomic DNA of different species and
genotypes, gave a hybridisation signal only in disease-
resistant species and tolerant/resistant hybrids. The sig-
nal was lacking in susceptible varieties of the cultivated
European grapevine. This evidence makes RGAs isolat-
ed in Vitis the candidate markers of disease resistance
genes in grape and related faxa. The screening of a sig-
nificant number of Vitis genotypes and/or the analysis of
the hybridisation signal in a population segregating for
resistance traits will be the next task of this research.
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