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Abst rac t  We report the tagging of a powdery mildew [Le- 
veillula taurica (L6v.) Arnaud.] resistance gene (Lv) in to- 
mato using RAPD and RFLP markers. DNA from a resist- 
ant (cv Laurica) and a susceptible cultivar were screened 
with 300 random primers that were used to amplify DNA 
of resistant and susceptible plants. Four primers yielded 
fragments that were unique to the resistant line and linked 
to the resistance gene in an F 2 population. One of these am- 
plified fragments, OP248, with a molecular weight of 0.7 
kb, was subsequently mapped to chromosome 12, 1 cM 
away from CT134. Using RFLP markers located on chro- 
mosome 12, it was shown that approximately one half of 
chromosome 12 (about 42 cM), in the resistant variety is 
comprised of foreign DNA, presumably introgressed with 
the resistance gene from the wild species L. chilense. Fur- 
ther analysis of a backcross population revealed that the 
Lv gene lies in the 5.5-cM interval between RFLP mark- 
ers, CT211 and CT219. As a prelude to map-based clon- 
ing of the Lv gene, we are currently enriching the density 
of markers in this region by a combination of RAPD prim- 
ers and other techniques. 
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Introduction 

Powdery mildew in tomato [Leveillula taurica (L6v.) Ar- 
naud.] has become a serious problem to tomato growers 
and breeders around the world. This air-borne fungus 
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causes yellow necrotic lesions and the death of both young 
and old leaves, resulting in a loss of yield and the quality 
of produce (Jones and Thompson 1987; Correll et al. 1988). 
The powdery mildew fungus has a wide host range includ- 
ing crops such as potato, pepper, onion, and artichoke as 
well as some weed species (Palti 1971, 1974; Correll 1986). 
Damage caused by this fungus is serious in many of the 
major tomato-growing regions of the world, especially in 
hot and dry areas (Kontaxis and Van Maren 1978; Correll 
et al. 1987). Moreover, the fungicide triadimefon (Bayle- 
ton), which is the best means of controlling this disease, 
has been banned in recent years, increasing the need for 
resistant varieties (Anonymous 1992). 

A group of researchers from Bulgaria introgressed sin- 
gle gene resistance to powdery mildew from the wild to- 
mato, L. chilense, (Accession No. LA1969) into the culti- 
vated tomato. This resistance gene, Lv, acts as a single dom- 
inant gene (Yordanov et al. 1975; Stamova and Yordanov 
1987; Hernandes and Stamova 1990; Stamova and Yorda- 
nov 1990). Laurica, an introgression line containing the re- 
sistance for powdery mildew, is currently the sole source 
of resistance to this pathogen. 

One of the disadvantages of using wild germplasm in 
breeding programs is linkage drag. Problems of poor hor- 
ticultural quality, probably due to linkage drag, have been 
encountered in attempts to use Laurica in breeding pro- 
grams. Even after many generations of backcross and se- 
lection, acceptable lines are still difficult to recover; there- 
fore, currently, no commercial variety exists with this re- 
sistance. 

In this paper we report the chromosomal localization 
and molecular tagging of the powdery mildew resistance 
gene (Lv) using random amplified polymorphic DNA 
(RAPD) primers and RFLP markers. We have also deter- 
mined that the resistance gene is contained in a large re- 
gion of foreign DNA (half of chromosome 12) which may 
account for difficulties in using this resistance in breeding 
programs. Use of the molecular marker information should 
allow the linkage drag associated with Lv to be broken and 
may ultimately lead to the isolation of this gene via map- 
based cloning. 



Materials and methods 

Three hundred decanucleotide primers were obtained from Operon 
Technologies Inc., Calif., and used to amplify DNA from Laurica 
(R) and JH195(S). The reactions were prepared as described by Mar- 
tin et al. (1991) and were amplified with either a Perkin-Elmer/Ce- 
tus DNA thermal cycler or an MJ Research PTC 100 Programmable 
Thermal Controller. Amplified products were resolved on 2% Nu- 
sieve GTG agarose (FMC) and 1% agarose electrophoresis gels for 
15 h (1.2 V/cm). The four primers described in this paper have the 
following nucleotide sequences: OP 57, 6' d[GACGTGGTGA]3', 
OP58, 5' d[GTGGAGTCAG]3', OP217, 5' d[AGCGGAAGTG]3' 
and OP248, 5' d[AAGCCCCCCA]3'. Selected amplified products 
were excised from the gel and purified by a glass-milk-based meth- 
od (Geneclean, BIO/101, Calif.). Purified products were then P32-1a- 
beled using the random hexamer method (Sambrook et al. 1989) and 
used to probe Hybond-N + filters (Amersham) carrying tomato DNA 
digested with five different enzymes: EcoRI, EcoRV, DraI, HindIII, 
and HaeIII. Southern hybridization and washing conditions were as 
described by Bernatzky and Tanksley (1986). 

Three populations were used to determine the map position of Lv 
relative to RAPD and RFLP markers. The first population (referred 
to as LXE) consisted of 161 plants from an F2 population generated 
from a cross between Laurica (a line containing the introgressed Lv 
gene) and a powdery-mildew-susceptible commercial cultivar, 
JH195. The resulting F 2 progeny were screened for both response to 
the powdery mildew pathogen and the segregation of selected mo- 
lecular markers. Seedlings (or, in some instances, cuttings) were in- 
oculated with an isolate of L. taurica collected from an infested to- 
mato field in California as described by Correll (1986). Disease se- 
verity was scored 2-3 weeks after the initial inoculation. DNA for 
RAPD analysis was isolated from the source using the method of 
Bernatzky and Tanksley (1986). Association between the RAPD 
markers and the disease phenotype was determined by a Z 2 test for 
independence using Statview 512 + for Macintosh. 

A second population (EXP) was used in this laboratory to create 
a high-density molecular linkage map and consists of 67 F 2 plants 
from a cross between L. esculentum and L. pennellii (Tanksley et al. 
1992). This population was used to locate the precise map position 
of the DNA fragments obtained from RAPD isoline analysis and 
shown from the previous population to be linked to Lv. RAPD mark- 
ers were located on the tomato linkage map using the computer pro- 
gram MAPMAKER (Lander et al. 1987). 

To identify the position of the introgression piece from L. chi- 
lense, isoline filters were prepared by digesting DNA of Laurica and 
three tomato cultivars: San Marseno, Moneymaker, and E6203, with 
four different enzymes: EcoRI, EcoRV, XbaI and BstNI. These fil- 
ters were hybridized as described above with selected RFLP mark- 
ers from chromosome 12 of tomato in order to determine the size of 
the introgressed piece from L. chilense. 

Finally a population of 167-BC~ plants from a cross of Laurica 
and the susceptible line E6203 (LXE) was used to fine map Lv rela- 
tive to RFLP markers on chromosome 12. 
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hybridized to tomato genomic DNA.  PCR products f rom 
OP57, OP58 and OP217 were found to contain repeated 
D N A  sequences. However  OP248 yielded a 700-bp single- 
copy fragment which mapped to chromosome 12 approx- 
imately 1 cM away f rom RFLP marker CT134 in the EXP 
population (Fig. 2). 

Recombinat ion suppression and linkage drag 

To determine the size of  the introgressed chromosomal  seg- 
ment f rom L. chilense in Laurica, D N A  from Laurica and 
three susceptible cultivated tomato varieties were digested 
with four restriction enzymes and probed with selected 
RFLP markers f rom chromosome 12. Laurica was found 
to contain alleles not normally present in L. esculentum 
within the region of  chromosome 12 that spans TG180 to 
CT134, a distance of  at least 42 cM (Fig. 2). 

This introgressed region was found to exhibit reduced 
recombinat ion (as measured in the LXE population) com- 
pared to the EXP population which does not contain the Lv 
gene. The distance from the top to the end of  the intro- 
gressed piece (from TG180 to CT134) is about 42 cM in 
the EXP but only 28.5 cM in the LXE population (Fig. 2). 
The reduction in map distance is pronounced in two re- 
gions: between TG 180 and TG68, 13.8 cM in EXP but only 
4.3 cM in LXE (68% reduction), and between TG68 and 
CT211, 18.7 cM in the first population but 10.4 cM in the 
latter (43% reduction). However ,  the recombinat ion fre- 
quency increased toward the middle of  the chromosome 
and appeared to be as high, or higher, in the LXE popula- 
tion than in the mapping population. 

Recombinat ion suppression is known to be caused by 
abnormalities in chromosome structure such as inversion 
or translocation (Burnham 1991). However,  this is not 
likely to be the cause in this instance because the single- 
copy markers mapped in this region retained the same or- 
der in both populations. Rick (1969) found that the recom- 
bination frequency in the interspecific tomato c ross  was 
reduced. This suggests that there might be a certain degree 
of  recombinat ion suppression where chromosome seg- 
ments f rom remote species pair and that the degree of  sup- 
pression might vary as seen in the LXE and EXP popula- 
tions. 

Results and discussion 

RAPD analysis and chromosome localization of  Lv 

Of the 300 random primers used to amplify DNA from 
Laurica (R) and JH195 (S), four, OP 57, OP58, OP 217 and 
OP248,  revealed polymorphisms.  One primer, OP57, am- 
plified codominant  bands. The other three primers yielded 
presence/absence polymorphisms.  All polymorphic  bands 
were shown to be linked to resistance in the LXE popula- 
tion (P< 0.001, Fig. 1). The polymorphic  D N A  fragments 
amplified by each primer were purified, radiolabeled and 

Fine mapping of  the Lv locus 

The LXE population was used to fine map Lv on chromo- 
some 12. D N A  from 16%BC 1 plants was extracted, di- 
gested with EcoRV, and hybridized with TG180 and 
CT134, markers that flank the introgressed segment 
(Fig. 2). Forty recombinants  were selected and tested for 
their disease resistance reaction. In addition, these recom- 
binants were tested with additional RFLP markers located 
within the introgressed piece. From the disease screening 
and marker survey results, the Lv gene can be posit ioned 
midway between the RFLP markers CT211 and CT219, 
which are 5.5 cM apart (Fig. 2). The markers that flank the 
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Fig. 1 RAPD markers that am- 
plified polymorphic fragments 
between resistant and suscepti- 
ble lines. P and F2 stand for 
parents, Laurica (R), HJN (S), 
JHI50 (S), and JH195 (S), and 
the F2 segregating population. 
R and S represent resistance 
and susceptibility based on dis- 
ease scoring. M is a 1-kb lad- 
der, molecular weight 
marker 

Lv gene, CT211 and CT219, are likely to be physically far 
apart, as on average 5.5 cM corresponds to 4-5 Mb (Tank- 
sley et al. 1992). Therefore, we are now in the process of 
focusing on this region to obtain more molecular markers 
through a combination of RAPD analysis and other tech- 
niques. 

Applications and future work 

The decrease in meiotic recombination in the L. chilense 
segment may have contributed to the retention of the large 
L. chilense chromosome segment during the original intro- 
gression of the gene into L. esculentum. The large segment 
of L. chilense DNA probably carries many genes in addi- 
tion to the resistance gene, and these genes might account 
for the horticultural problems encountered in breeding for 
powdery mildew resistance. Using conventional breeding 
methods to significantly reduce the linkage drag associated 
with Lv would require many additional generations. How- 
ever, the use of linked molecular markers in the region of 
Lv would allow the selection of rare beneficial crossovers 
and the rapid reduction of linkage drag (Tanksley et al., 
1989). Moreover, having the gene tagged with tightly- 
linked molecular markers, will facilitate selection for re- 
sistant genotypes in breeding programs. 

Finally, molecular mapping of the Lv gene is the first 
step towards isolation of this gene via map-based cloning. 
This strategy has proven successful in the cloning of many 
genes with unknown products, such as genetic diseases in 
humans (Rommens et al. 1989; Del-Castillo et al. 1993; 
Gregory et al. 1993) and a disease resistance gene in to- 
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Fig. 2 Reduction in recombination frequency can be observed as 
depicted in the figure. EXP and LXE represent chromosome 12 in the 
L. esculentum X L. pennellii and the Laurica X L. esculentum pop- 
ulations respectively. Distances between markers are displayed in 
Kosambi cM units. The solid area on the short arm of the LXE chro- 
mosome shows the introgressed region from L. chilense 



mato (Martin et al. 1993). The Pto  gene that confers resis- 
tance to bacterial speck in tomato was cloned via a map- 
based strategy and was found to be a member  of the se- 
r ine/ threonine protein-kinase family involved in signal 
transduction.  Cloning of the Lv  gene will be one key step 
toward elucidating the mechanism of plant  defense against  
fungi  which may shed addit ional light on the molecular  
mechanism of that defense. Results from this work are 
likely to have application not only in tomato but  also in 
other crops that host this fungal  pathogen. 

Acknowledgements We thank E. Galinato and E. Yglesias for ex- 
cellent technical assistance, Amy Frary for comments on the manu- 
script, and the Peto Seed Co. for full collaboration in disease screen- 
ing and DNA extraction. This research was supported by grants from 
USDA/NRI 91-37300-6565 and the Binational Agricultural Re- 
search and Development fund to S.D.T.J.C. was supported by a pre- 
doctoral fellowship from the Rockefeller Foundation. 

References 

Anonymous (1992) California EPA grants emergency one-year ex- 
emption for use of Bayleton to treat powdery mildew in toma- 
toes. The California tomato grower Sept:6 

Bernatzky R, Tanksley SD (1986) Methods for the detection of sin- 
gle or low-copy sequences in tomato on Southern blots. Plant Mol 
Biol Rep 4:37-41 

Burnham CR (1991) Discussion in cytogenetics. Burgess Publishing 
Co./Alpha editions Minneapolis, Minnesota 

Correll JC (1986) The epidemiology of tomato powdery mildew (Le- 
veillula taurica) in relation to host growth and development. PhD 
dissertation, University of California, Berkeley 

Correll JC, Gordon TR, Elliott VJ (1987) Host range, specificity, and 
biometrical measurements of Leveillula taurica in California. 
Plant Disease 71:248-251 

Correll JC, Gordon TR, Elliott VJ (1988) Powdery mildew of toma- 
to: The effect of planting date and triadimefon on disease onset, 
progress, incidence and severity. Phytopathology 78:512-519 

Del-Castillo I, Cohen-Salmon M, Petit C (1993) Molecular analysis 
of inherited diseases by positional cloning isolation and charac- 
terization of the gene responsible for the X chromosome-linked 
Kallmann syndrome. Methods Mol Cell Biol 4:87-92 

Gregory PE, Gutmann DH, Mitchell A, Park S, Boguski M, Jacks T, 
Wood DL, Jove R, Collins FS (1993) Neurofibromatosis type-1 
gene product neurofibromin associates with microtubules. So- 
matic Cell Mol Genet 19:265-274 

79 

Hernandes RL, Stamova L (1990) Resistance to Leveillula taurica 
in tomato lines from Costa Rica. TGC Report 40:15 

Jones WB, Thompson SV (1987) Source of inoculum, yield, and 
quality of tomato as affected by Leveillula taurica. Plant Disease 
71:266-268 

Kontaxis DG, Van Maren AF (1978) Powdery mildew on tomato. A 
new disease in the United States. Plant Dis Rep 62:892-893 

Lander ES, Green P, Abrahamson J, Barlow A, Daly MJ, Lincoln SE, 
Newburg L (1987) MAPMAKER: an interactive computer pack- 
age for constructing primary genetic linkage maps of experimen- 
tal and natural populations. Genomics 1 : 174-181 

Martin GB, Williams JKG, Tanksley SD (1991) Rapid identification 
of markers linked to a Pseudomonas resistance gene in tomato 
by using random primers and near-isogenic lines. Proc Natl Ac- 
ad Sci USA 88:2336-2340 

Martin GB, Brommonschenkel SH, Chunwongse J, Frary A, Ganal 
MW, Spivey R, Wu T, Earle ED, Tanksley SD (1993) Map-based 
cloning of a protein kinase gene conferring disease resistance in 
tomato. Science 262:1432-1436 

Palti J (1971) Biological characteristics, distribution and control of 
Leveillula taurica (L6v.) Arn. Phytopath Medit 10:139-153 

Palti J (1974) Striking divergences in the distribution of LeveilIula 
taurica (L6v.) Arn. on some major crop hosts. Phytopath Medit 
13:17-22 

Rick CM (1969) Controlled introgression of chromosomes of Sola- 
num pennellii into Lycopersicon esculentum: segregation and re- 
combination. Genetics 62:753-768 

Rommens JM, Iannuzzi MC, Kerem B, Drumm ML, Melmer G, Dean 
M, Rozmahel R, Cole JL, Kennedy D, Hidaka N, Zhiga M, Buch- 
wald M, Riordan JR, Tsui L, Collins FS (1989) Identification of 
the cystic fibrosis gene: chromosome walking and jumping. Sci- 
ence 245:1059-1065 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a la- 
boratory manual, 2nd edn. Cold Spring Harbour Laboratory, Cold 
Spring Harbour, New York 

Stamova L, Yordanov M (1987) Resistance to Leveillula taurica 
(Lev.) Arn. TGC Report 37:73 

Stamova L, Yordanov M (1990) Lv-as a symbol of the gene control- 
ling resistance to Leveillula murica. TGC Report 40:36 

Tanksley SD, Young ND, Paterson AH, Bonierbale MW (1989) 
RFLP mapping in plant breeding: New tools for an old science. 
Bio/Technology 7:257-264 

Tanksley SD, Ganal MW, Prince JP, de Vincente MC, Bonierbale 
MW, Broun P, Fulton TM, Giovannoni JJ, Grandillo S, Martin 
GB, Messeguer R, Miller JC, Paterson AH, Pineda O, R6der MS, 
Wing RA, Wu W, Young ND (1992) High-density molecular link- 
age maps of the tomato and potato genomes. Genetics 
132:1141-1160 

Yordanov M, Stamova L, Stoyanova Z (1975) Leveillula taurica re- 
sistance in the tomato. TGC Report 25:24 


