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1. Introduction 

Today, the availability of recombinant DNA techniques together with 
advances in molecular biology and cell culture provides access to a re
fined understanding of the genome. Our present century is moulded by 
the invention of the genome structure and the subsequent use of this 
knowledge in genetics and its applied wing: breeding. Starting with the 
rediscovery of the Mendelian laws, classical segregation analysis and 
cytology formed the basis of scientific breeding strategies. Complete 
DNA sequences of many prokaryotes have been determined, the genome 
of yeast has been sequenced and it is expected that the base pairs of the 
model plant Arabidopsis will be sequenced before the end of this cen
tury. Although such a sequence analysis provides the most complete 
information about the genetic basis, it does not inform about the 
meaning and the functionality of genes. Taking into consideration the 
enormous size of the genome and the fact that a tremendous number of 
the base pairs are silent, it seems recommendable to analyse only those 
parts containing information. 

To find such areas several approaches have been elaborated, making use of phenotypic 
segregations and correlations of such phenotypes to molecular linkage maps. A com
promise is the analysis of DNA fragments generated by restriction enzymes gearing the 
development of this research area. Progress in analysing the higher plants' genomes is 
driven by two goals: (I) finding DNA probes closer and closer linked to a phenotype, and 
(2) making these selection tools so easy that they can be used under applied aspects. 

The increasing amount of information documented in dense gene maps 
together with an excellent bioinformation system allows increasingly 
calculations about the function of genes (Michelmore 1995; Jones 1996). 
Particularly under the aspect of synteny, comparisons will be possible, 
probably elucidating common principles, e.g. in defence mechanisms 
against pests, or in the development of morphological structures. In the 
area of secondary product formation already a wide range of informa
tion about the biochemical pathways exists (Henry et al. 1996) and in
creasingly the corresponding genes are grouped to the responsible en-
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zymes. Two areas are still unclear: (1) the molecular architecture influ
encing plant yield, the morphology or the function of sexual organs, and 
(2) the function of genes responsible for resistances. Since the first topic 
is covered by ThieBen and Saedler (this Vol.), this chapter will focus on 
the advances in mapping and understanding the functionality of genes 
responsible for disease resistance. 

Breeders have used monogenic disease resistance R-genes in their efforts to produce 
resistant varieties. The R -genes enable plants to recognize specific races of pathogens and 
to react with a specific defence response. However, races of pathogens with new viru
lences evolve that can overcome individual R-genes. Since now the structure of increas
ing numbers of such R-genes is elucidated, progress related to a functional understand
ing of the host pathogen interaction is anticipated. Here, the development will be dis
cussed under the aspects of how and where a contribution of the research to the function 
of genes responsible for resistance is growing. 

2. The Technique 

Diversity at the phenotypic level is caused by corresponding differences 
in the DNA sequence. The availability of recombinant DNA techniques 
provides access to a refined analysis of the genome. Point mutations, 
insertions, deletions or inversions cause differences in the nucleotid 
sequence and variability in the length of individual restriction frag
ments. The altered fragment lengths can be detected by gel electropho
resis - or most recently also by optical means (Anantharaman et al. 
1977) - and result in restriction fragment length polymorphisms 
(RFLPs). The procedures used for the genome and gene identification 
include chromosome walking, megabase techniques, as well as tagging 
and c-DNA approaches. 

RFLP probes may be converted into sequence tagged sites (STS; Blake et al. 1996) or 
specifically cleaved amplified regions (SARS; Paran and Michelmore 1993). This allows 
direct visualization of the DNA in the gels without the need of labeling; an important 
advantage in applied work. 

The RFLP method advanced to the very powerful amplified fragment 
length polymorpism (AFLP) technique (Vos et al. 1995), allowing much 
denser maps by identifying very small differences in the genome. An
other approach, the randomly amplified polymorphic DNA sequences 
(RAPD) (Williams et al. 1991), is based on genomic DNA fragments bor
dered by defined primers which are amplified during a polymerase chain 
reaction (peR). 

The RAPD technique can be performed with any conceivable primer sequence compris
ing about ten nucleotides and containing approximately 50% cytosine and guanine resi
dues. While the advantage of this technique is that polymorphisms can be detected di
rectly upon size fractionation on a gel without expensive and time-consuming hybridi-
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zation procedures, the reliability in different genetic backgrounds is only limited. For 
RAPDs the problem appears that dominant markers show repulsion linkage to the resis
tance gene. In those cases the RAPD marker has to be transferred into sequence charac
terized amplified regions (SCARs), e.g. in pea for the Erisiphe pisi resistance (Dirlewanger 
et al. 1994). An exception is the RAPD marker for Vertillicum in tomato: it is codomi
nantly inherited and directly differentiates between the resistant and susceptible allele 
(Kawchuck et al. 1994). 

Additionally, microsatellites, small conserved base sequence patterns 
distributed rather evenly over the genome, can be incorporated in those 
instances where no other polymorphisms are detected (Hearne et al. 
1992). While RFLP, RAPD and AFLP marker systems depend predomi
nantly on anonymous DNA sequences, the microsatellite technique uses 
defined sequence motives of two or four base pairs. In eukaryotic 
genomes micro satellites express a highly dispersed distribution. By peR 
the different sizes of microsatellite loci can be easily detected. Due to 
their high amount of information, they are a useful marker system, es
pecially for species with low genetic diversity, e.g. wheat (Roderer et a1. 
1995). These new marker techniques, particularly the microsatellites and 
AFLPs, have not yet been used for marker-aided selection, but for pro
ducing dense maps aiming at the identification of genes by chromosome 
landing (Tanksleyet al. 1995). 

Since in gene identification the application of molecular markers de
mands the need to know the localization of the marker in the genome, 
genetic linkage maps are an additional prerequisite for the localization 
and the analysis of gene functions. Often for a securer gene identifica
tion, the bulked segregant analysis (BSA), doubled haploids (DHs), 
nearly isogenic lines (NILs) or recombinant inbreed lines (RILs) are 
used as mapping populations. 

3. Presently Mapped Major Resistance Genes 

For the world's most important plant pathogens, the fungi, up till now 
progress in applying molecular procedures has been rather slow. The 
understanding how the host/pathogen interaction works is a prerequi
site in order to start unconventional breeding programmes. The pres
ently possible transformation of genes for the expression of antifungal 
proteins or for an overexpression of phytoalexins is normally not suffi
cient to protect the plant under field conditions (Hain et al. 1993). Thus, 
additional knowledge is needed. 

The techniques to identify and use viral genes, e.g. the viral coat protein gene, the anti
sense RNA for virus resistance, the movement proteins and the replicase mediated resis
tance, as well as the strategies against bacterial pathogens are already summarized by 
Horn et al. (1996) in a previous volume. 
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As a first central step in the direction of identifying resistance genes, 
during recent years a rapidly increasing number of monogenic, race
specific genes showing gene-for-gene interaction have been mapped in 
economically important dicot (Table 1) and monocot (Table 2) species. 
This demands the production of mapping populations and the skills for 
exact phenotypic evaluations. 

For host solidus pathogen interactions with fungi imperfecti, e.g. for beans and Colle
totrichum lindemuthianum, the proof of a gene-for-gene interaction is missing of course. 
Due to the formation of races and the independent inheritance of seven dominant genes 
for resistance against this fungus in beans, Adam-Blondon et al. (1994) grouped a gene 
(Are) to the category of race-specific genes. They even found closely linked markers in 
NILs, which now can be used for marker-aided selection. Sometimes the genes identified 
are not resistance genes against the pathogen itself, but for a vector, e.g. the gene for rice 
tungro virus resistance which does not act against the virus but rather causes insect 
resistance against Tetigonia viridissima, the responsible virus vector (Sebastian et al. 
1996). 

Besides the race-specific genes, an increasing number of quantitatively 
inherited genes, quantitative trait loci, (QTLs) are localized 
(Dirlewanger et al. 1994; Backes et al. 1995, 1997). The identification of 
polygenes for disease resistance is not different from the identification 
of other polygenic traits. For review of the basic principles see Tanksley 
et al. (1995). Some characterizations of polygenic traits are incorporated 
in Table 1 and 2. To find correlations between geno- and phenotype the 
progeny is divided into several subpopulations depending on the allele 
groups of a trait (e.g. parental type, heterozygotes). A linkage between a 
QTL and a genetic marker is given when the phenotypic means of a class 
of markers are significantly different. The most commonly used proce
dure for mapping QTLs is today interval mapping according to Lander 
and Botstein (1989), where chromosome segments flanked by two mark
ers are analysed. For the identification of gene functions, presently only 
the race-specific genes are under investigation. 

4. Genomic Organization of Resistance Genes 

Although the knowledge about the number and genetic localization of 
disease resistance genes is still incomplete, the knowledge on the 
genomic organization of the first genes is rapidly growing. Evidently the 
resistance genes are not evenly distributed along the chromosomes but 
rather tend to form clusters. These are either composed of different 
specificity or of genes that condition resistance against one pathogen. 
The presence of heterospecific clusters has been described for tomato, 
wheat (Ellis et al. 1995) and barley (Graner et al. 1996). Homospecific 
clusters are more common (Mahadevappa et al. 1994). In barley particu
larly the Mla locus represents an extreme example of multiple allelism 
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(Jahoor et a1. 1993). Examples of other complex resistance genes have 
been studied extensively in flax where the L locus confers resistance to 
rust exhibiting multiple allelism. 

The physical analysis of the gene sequence reveales that its 3' region consists of a stretch 
of tandem repeated motives, the repeat number of which differs in the alleles analysed 
(Ellis et al. 1995). It seems that variability in repeat number results in the generation of a 
new allele with altered specificity. Thus, one may speculate that the genetic variability of 
the Mla locus in barley is accounted for by a similar mechanism. Differences may be also 
a result of gene amplification of an ancestral gene by unequal crossover events mediated 
by flanking repetitive elements (Ellis et al. 1995). Such questions may be solved by isolat
ing the gene and subsequently identifying its functions. 

5. Gene Isolation 

After gene mapping, for gene identification, marker-based chromosome 
walking techniques are applied predominantly. Additionally, tagging 
techniques using increasingly transposon induced mutant populations 
(Osborne and Baker 1995) together with cDNA approaches are gaining 
importance under this aspect. For the walking technique high resolution 
maps have been constructed, allowing the saturation of the relevant 
chromosomal region with very closely linked markers. The closest ones 
will be used to select homologous clones from large insert libraries 
which in turn allow the construction of physical maps around the genes. 
An alternative strategy for the isolation of disease resistance genes ex
ploits the observation that many resistance genes isolated in one plant 
species share similar sequences or represent members of comprehensive 
and widespread gene families. 

Thus, isolation and mapping of homologous clones may lead to identification of candi
dates, which have to be further tested by genetic analysis. Particular examples for this 
approach are heterologous probes from plants like Arabidopsis or rice with small 
genomes but a huge amount of information available. 

For resistance genes, common features like genes for enzymes rich in . 
leucine (leucine-rich repeats, LRRs) or enzymes responsible for signal 
transductions are of a very great help. The information available -
though still very limited - allows first speculations on the type of func
tion of the genes identified. 

6. Genes Presently Cloned 

Eighteen genes responsible for disease resistance have been cloned up 
till now (Table 3). All are following the gene-for-gene hypothesis, and 
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can be grouped into four sections according to the possible function of 
the proteins resulting from their DNA sequence. Most of these proteins 
are incorporated within the ligation and/or in the signal transduction 
(De Wit 1995). Fifteen encode an LRR motif. This motif could not only 
explain recognition specificities but also allow their rapid evolution. R
gene products might be explained to have two functions: molecular rec
ognition and activation of plant defence upon recognition. The products 
may fall again into two classes, recognizing either extra- or intracellular 
pathogen derived ligands. It is, however, not yet clear whether the R
gene products interact directly with the avirulence gene (Avr-gene)
coded elicitors, or whether the subcellular localization can be deduced 
for their primary sequence. Furthermore, type and number of additional 
plant genes which are necessary for the signal transduction of the R-gene 
are unknown. It is striking that R-genes for a wide range of pathogens of 
different plant species code for structurally similar proteins. This simi
larity makes probable a high amount of mechanical conservation of the 
signal transduction chains used for the induction of reaction against 
pathogens (Bent 1996). 

a) Intracellular Protein Kinase (Group I) 

A common feature of proteins of group I is the membrane bound serine 
solidus threonine kinase. The first described and dominating example is 
the gene Pto of tomato causing resistance against the bacterium Pseu
domonas. It codes a functional serine solidus threonine kinase (Loh and 
Martin 1995a,b). Subsequently, a second gene of the Pto-gene family, 
linked in a 400-kb region, was isolated causing sensitivity against the 
insectizide fenthion. It is also a serine/threonine kinase (Rommens et al. 
1995). This fenthion sensitivity (Fen) gene expresses at the protein level 
80% identity to Pto. Neither possess a region pointing to an extracellular 
or transmembrane localization but a possible site for membrane asso
ciation in a number of proteins including protein kinase (Grand 1989). 
Consequently, both proteins can act with a postulated membrane bound 
receptor (Loh and Martin 1995a), and express homology to different 
serin/threonin kinases, including the transmembrane protein S-receptor 
kinase (SRK6) from Brassica. This probably codes for a receptor kinase 
coupled together with the S-locus-glycoprotein (SLG), a glycoprotein of 
the cell wall coded by the incompatibility locus S. 

The S-incompatibility is located in the papillar cells of the stigma which detects probably 
specific structures of the pollen surface causing self-incompatibility in Brassica. This 
incompatibility is based on a gene-for-gene reaction like the Pto/avrPto interaction 
(Dickinson 1996). 
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Zhou et al. (1995) isolated using the yeast two hybrid system (Fields and 
Song 1989) the additional serine/theonine kinase, PTO-interacting 
(PTIl) which is phosphorylated by PTO. The authors proposed a hypo
thetical signal transduction chain, in which at fIrst an elicitor produced 
by an avirulent bacterium interacts directly or indirectly with PTO and 
then phosphorylates via PTI transcription factors, which activate dis
ease-relevant genes. By the resulting production of a protein the hyper
sensitive reaction is started. 

Since Pti belongs to a gene family a protein homologous to PTI might exist, which is 
activated by FEN using the same transduction pathway. In the meantime, further PTO
interacting proteins were isolated showing homologies to transcription factors of tobacco 
(Bent 1996). 

These proteins are similar to DNA binding proteins, identifying a con
served sequence at the promotors of pathogen-related (PR) protein 
genes. A PR box binding has been varifIed experimentally, which hints at 
a mechanism for expressing disease-relevant proteins coupling by this 
the detection of an avirulent pathogen with the expression of resistance 
genes. 

b) Intracellular Proteins with a Nucleotide Binding Site (NBS) 
and C-Terminal LRRs (Group II) 

The next three groups have the character LRR in common. LRRs might 
provide a general mechanism for providing both a regular protein 
structure on which to elaborate recognitional specifIcity and a DNA 
structure that because of these LRRs might have the capacity to rapidly 
evolve new specifIcities by unequal crossing over (Jones et al. 1996). 
Furthermore, LRRs are common proteins that interact with other pro
teins. It is not unreasonable to consider their role as analogous to that of 
the antibody variable domain. However, in plant selection for useful 
recognitional specifIcities this is only exercised germinally, unlike so
matic selection exercised on the diversity generated in the mammalian 
system. 

An LRR defines a turnable protein binding domain with 24 to 26 amino acids (Kobe and 
Deisenhofer 1994). They often appear in repeats of 1 to 40 and in functional and evolu
tionary different protein families, all of which are part of a protein-protein interaction 
and normally also part of signal transduction pathways, e.g. the transmembrane kinase 
(TMKl) or the receptor-like kinase (RLKS) in Aradibopsis (Walker 1993) or an LRR 
protein of unknown function detected in tomato with increased concentrations in in
fected plants (Toreno et al. 1996). 

It is assumed that the LRR domain is the recognition and binding site 
perhaps of A vr proteins. The specificity oft the LRRs depends probably 
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less on the conserved repeatedly appearing hydrophobic groups present 
in the inner protein and responsible for tertiary structure but rather 
from the interspersed exposed variable amino acids (Bent 1996). The 
organization of repeated sequences and the appearance of defect mu
tants as a consequence of intragene rearrangements or point mutations 
in R-genes in these domains (Grant et al. 1995; Parker et a1. 1996) are 
hints at how on the molecular level new configurations and in conse
quence new specificity may appear. 

The presence of a nucleotide binding site makes it probable that the 
resistance genes of group 11 need ATP or GTP for their function (Traut 
1994). This hypothesis is backed by preliminary results of directed 
mutagenesis of the NBS-consensus sequence which eliminates the hy
persensitive reaction (HR) induced by RPS2 and N (Bent 1996). The 
function of the NBS domain is still unknown. It is possible, however, that 
an alteration of the interaction of R-proteins with other members of the 
signal transduction chain is responsible. 

The resistance genes Rps2, Rpml and Rpp5 from Arabidopsis, the N
gene from tobacco mosaic virus (TMV)-resistant tobacco, L6 from flax 
and Pr! from tomato against different bacterial, viral and fungal patho
gens; despite these differences, they have in common to code for cyto
plasmic proteins which contain LRRs, and an NBS often called a P-Ioop. 
Within this group of R-genes the genes Rps2, Rpml and Pr! form a sub
group since they have in common a heptameric repetitive sequence mo
tive, the so-called leucine zipper between N-terminus and the NBS and 
LRRdomain. 

This consensus sequence improves the protein-protein interaction and allows the homo
and heterodimerization of eukaryotic proteins (Alber 1992). It is not understood which 
role it has for the function of the R-genes, but experiments using the yeast-two-hybrid 
system (Fields and Song 1989) for the search of interacting compounds for the R-proteins 
are in progress (Bent 1996). The Rpml-gene is active against two independent avirulence 
genes, avrRpml and avrB of Pseudomonas syringae pv. maculicola or pv. glycinea. If 
Rpml codes for a receptor, it should be probable that only one or overlapping binding 
sites are responsible for both avr-gene products, since no mutants of Arabidopsis were 
found separating both specificities. Alternatively, a double specificity by the interaction 
of RPMl with a general avr-receptor might be the reason (Grant et al. 1995). For the gene 
products of the two avirulence genes avrRpml and avrRpt2 from Pseudomonas syringae, 
a common factor is proposed for which both compete. This would also explain the epis
tasy of the two avr-genes (Reuber and Ausubel1996; Ritter and DangI1996). 

Since RPS2 is located in the cytoplasm demonstrated by mutation of a 
responsible membrane domain and RPMl is not transmembrane, the 
responsible factor might be a membrane protein acting between the 
extracellular avr-gene products and the intracellular R-gene products 
(Innes 1996). A possible candidate is the bacterial protein harpin, coded 
by the hrpZ gene secreted from the bacterium. When it is injected to 
tobacco, necrosis is induced (He et a1. 1993; Huang et al. 1995). However, 



Function of Genetic Material Responsible for Disease Resistance in Plants 93 

also the interaction of the bacterial avr-B-protein with the correspond
ing product of the resistant plant within the plant cell explains why at 
least some products of the resistance gene are located in the cytoplasm 
(Gopalan et al. 1996). 

To group lIb belong the proteins N, L2, L6, LlO, RPP5 and RPPI4. 

They have homologies to the cytoplasmic domains of the interleukin-l-receptor (lL-l) of 
mammals and the Toll-transmembrane protein from Drosophila, both inducing a signal 
transduction path resulting in the activation of immune genes in mammals and the 
function of the dorso-ventral polarity in the embryo of Drosophila (DangI1995). Recent 
studies demonstrated that a TolVIL-IR-signal transduction path improves the immune 
response of adult flies after pathogen attack. It results in the transcriptional activation of 
genes for antimicrobial peptides (Lemaite et al. 1996). 

It is possible that the conserved N-terminal part of the resistance genes 
N, L6 and Rpp5 is an effector domain, inducing a Toll-similar signal cas
cade (Parker et a1. 1996). From N, L6 and Rpp5 reduced transcripts can 
be produced by alternative splicing or by the expression of a variant 
gene which consists only of the Toll homologous N-terminal part and 
the NBS. As proposed for truncated N, such transcripts might function 
as dominant regulators of resistance proteins via the stochastic binding 
of nucleotides (Dinesh-Kumar et a1. 1995). The anticipated intracellular 
localization of N is understandable, since the life cycle of TMV happens 
in the cytoplasm of the host cell. In contrast to N, the proteins L2, L6 and 
Ll 0 might be signal peptides secreted by the responsible gene product 
(De Wit 1995; Lawrence et a1. 1995). 

The Rpp5 and Rpp14 genes have high N-terminal homology to the to
bacco N gene and the L genes of flax. This finding supports the hy
pothesis that different specificities have arisen from common ancestral 
genes (Staskawicz et a1. 1995). Also, the similarities between certain 
functional motives suggest that resistance genes recognizing different 
pathogens with strikingly different modes of attack operate through 
similar, if not identical, pathways. Parker et a1. (1996) isolated several 
mutations at the Rpp loci and could identify with this approach the cor
rect open reading frame. 

c) Extracytoplasmic Proteins with a Transmembrane 
Domain (Group Ill) 

The four tomato genes Cf2, Cf-4, Cf5 and Cf9 active against different 
races of the fungus Cladosporium fulvum form a third group to which 
also the resistance gene 12 from tomato active against Fusarium ox
ysporum belongs (De Wit 1995). They are probably transmembrane pro
teins containing a small cytoplasmic and a larger extracytoplasmic, gly
cosilated domain, and consist primarily of 28 extracytoplasmic LRRs 
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attached at the C-terminus to the cell by a transmembrane domain and a 
short cytoplasmic domain. The C-terminal half of the LRR domain of 
several C-f genes shows substantial homology. This conserved domain 
might interact with the extracytoplasmic domain of another protein to 
effect signal transduction. Differences between C-f genes are mostly 
confirmed to the N-terminal half of the LRRs, suggesting that this do
main may play a role in the specific recognition (Jones et al. 1996). 
Comparisons of the sequence of Cf-2 and Cf9 demonstrated homologies 
at the C-terminal end containing the transmembrane domain and a part 
of the extracellular LRR domain responsible for the ligation. 

Dixon et al. (1996) proposed two possible models for these two R
genes: 

1. The avr-protein might bind at the LRR domain and this complex 
might react with a membrane-bound NADPH-oxidase which starts 
the resistance reaction of the plant by producing superoid anions. 

2. A complex of R- and avr-proteins might bind a transmembrane 
kinase which activates in additional reactions that NADPH-oxidase. 

Several examples for receptor protein kinases bound in membranes exist 
in plants, e.g. the RLK5 in Arabidopsis (Walker 1993) or the product of 
the resistance gene Xa21 of rice (Song et al. 1995). 

d) Extracytoplasmic LRRs with a Transmembrane 
Protein Kinase (Group IV) 

In Group IV, the resistance gene Xa21 causing resistance against the 
bacterium Xanthomonas oryzae combines characteristics of groups I and 
III and contains an intracellular protein kinase as well as extracellular 
LRRs, linked via a transmembrane domain. The extracellular part of 
Xa21 has homologies to Cf9 and Cf2, while the kinase domain is similar 
to PTO. These similarities made it probable that for each resistance gene 
containing a kinase domain, additionally an LRR-protein similar to Cf-9 
(protein) is necessary, while for other LRRs containing resistance genes, 
e.g. the genes of group 11, a protein kinase is available (Bent 1996). Along 
this line for the protein kinase PTO an LRR-protein (PRF) was found 
that interacts with PTO and is necessary for the expression of the resis
tance (Salmeron et al. 1996). 

e) The Mlo Powdery Mildew Resistance Gene of Barley (Group V) 

A fifth type of the function in inducing resistance is coupled to the pow
dery mildew resistance gene mlo of barley. Mutation-induced recessive 
alleles (mlo) of the barley Mlo locus confer a leaf lesion phenotype and 
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broad spectrum resistance to Erysiphe graminis (Biischges et a1. 1997). 
Analysis of mutagene-induced mlo alleles revealed mutations leading to 
alterations of the deduced Mlo wild type protein. Susceptible intragenic 
recombinants isolated from mlo heteroallellic crosses show restored Mlo 
wild-type sequences. The deduced amino acid sequence reveals no ho
mologies to any other described plant resistance gene. However, signifi
cant homologous sequences have been found to rice and Arabidopsis 
(Biischges et al. 1997). This strongly suggests that the Mlo protein is 
likely to represent a member of a separate protein family and implies a 
conserved function among plants. 

The large protein segment between predicted transmembrane helices is likely to face the 
cytosol whereas the C-terminal end appears to be located on the extracellular face 
(Hartman et al. 1989). In addition, a putative nuclear localization sequence motive (NLS) 
was found, indicating a possible transport of the protein into the nucleus (Nigg et al. 
1991). It is not yet clear whether the protein is located in the nuclear membrane. An 
anticipated frame shift is predicted to shorten the length of the expressed Mlo protein by 
75%. 

Biischges et al. (1997) assume that this resistance allele represents a 
complete functional inactivation of the protein whereas the alleles might 
encode proteins with residual activity. The results show that resistance 
to Erysiphe is caused by a defective Mlo gene. For the explanation of the 
protein action two alternatives exist: (I) Mlo has a negative control 
function in leaf cell death. It would suppress a default cell suicide pro
gramme in foliar tissue; and (2) Mlo has a specific negative regulatory 
function by down-regulating multiple defence-related function. 

Spontaneous cell death in mlo genotypes represents the end of an ac
cumulating activation of defence responses. It is concluded that a com
plete or partial inactivation of the Mlo protein primes or upregulates the 
responsiveness of the seedling for the onset of pathogen defence 
(Biischges et a1. 1997). 

f) Additional Genes 

Most resistance genes cloned up till now take part in ligand binding 
and/or the signal transduction via phosphorylation cascades. To under
stand the different pathways leading from the identification of the A vr
gene product finally to the resistance reaction of the plant, the different 
components of this system and their interaction have to be elucidated. 
Up till now only very few additional genes the product of which acts 
directly or indirectly with the R-gene products have been found. This 
may be due to two reasons: (1) The signal transduction chains, resulting 
in resistance, contain only few components; and (2) several proteins 
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might be involved, which are not yet found by tagging or their absence is 
lethal. 

Table 4 summarizes genes identified by mutagenesis which are neces
sary for the function of specific R-genes. In tomato, several genes re
quired for Cladosporium resistance (Rcr) were identified in mutageniced 
homozygous Cf9 or Cf2 plants. In these mutants, the ct gene function 
is partially or completely inhibited but there is no linkage (Hammond
Kosack et al. 1994). Another locus, Ndrl, the non-race-specific disease 
resistance against Pseudomonas, was detected on chromosome 3 of 
Arabidopsis. This makes it possible that reactions against fungi and bac
teria may rely on identical genes (Century et al. 1995). 

Additional loci required for disease resistance of Arabidopsis are niml and Edsl, infhi
encing resistance against Peronospora parasitica (Delaney et al. 1995; Parker et al. 1996). 
In barley, loci were identified necessary for the function of powdery mildew resistances. 
Mutation in Rarl and Rar2 required for Mla resistance originally named Narl and Nar2 
reduce the HR production and the induction of disease-relevant gene Mlat-12, but not in 
combination with MIg (Freialdenhoven et al. 1994). The two other loci Rorl and Ror2, 
required for mlo resistance, inhibit the horizontal mlo resistance and the production of 
papillae (Freialdenhoven et al. 1996). This makes it probable that in barley the resistance 
against different powdery mildew isolates, based on specific resistance genes, relies on 
different mechanisms. 

Cell death caused by the HR has several similarities with the pro
grammed cell death, apoptosis, observed in mammals and insects 
(Greenberg et al. 1994). Mutants for cell death have been identified in 
maize, rice, tomato, barley and Arabidopsis. Probably the wild-type 
genes code for several components of the signal transduction chain re
sulting in a normal resistance (Jones and Dangl 1996). It is, however, 
also possible that the mutants cause unspecific disturbances of the bio
chemical pathway (Dietrich et al. 1994). 

7. Use of Knowledge Deduced from Genome Analysis in Breeding 

The fact that most durable resistances are not coded by a single gene but 
rather by oligo- or polygenic ones is a reason that under applied aspects 
marker assisted selection (MAS) is opening up faster success than the 
transfer of isolated or even monogenic genes, the function of which is 
known. The analysis of QTLs is under rapid development. The whole 
character will often depend on some major alleles, some of which can be 
identified. The use of selectable markers will allow a more efficient ma
nipulation of resistance genes during the breeding process. Thus, traits 
with low heritability can be selected more efficiently. Regarding the re
alization of gene pyramiding concepts, MAS can replace extensive viru
lence tests (Graner et a1. 1995). The use of molecular markers will facili
tate the combination of resistance genes which due to the lack of appro-
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gene function and gene transfer, together with overlap molecular genetics and breeding 
steps 

priate virulences, cannot be differentiated based on their phenotype. 
Undoubtedly, molecular markers represent a useful tool for the breeder; 
their introgression into the breeding process will require, however, a 
revision of existing selection concepts. Figure 1 combines the MAS with 
the techniques necessary for gene identification and gene transfer. The 
dual purpose of this technique - for direct use in selection and for 
helping in gene isolation - is obvious. Fortunately, nature is rather con
servative, visible by the high amount of similarity of R-gene sequences. 
Due to this synteny, it will not be necessary to start gene isolation and 
function analysis always right from the beginning but to make use of 
heterologous probes. The mlo-gene shows, however, that surprises can 
be expected. 

8. Conclusions 

The first phase of genome analysis was mainly characterized by joint 
efforts to construct comprehensive maps. During the next phase re-
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search activities focused on the utilization of these maps for genetic lo
calization of agronomic traits, e.g. by MAS, and for elucidating the func
tion of the responsible genes. With respect to disease resistance, about 
150 alleles of major genes and QTLs have been identified. There is pre
liminary evidence that some QTLs might represent less effective alleles 
of major genes because (1) many QTLs coincide with the genetic posi
tion of major genes, and (2) a series of QTL studies revealed one major 
QTL accounting for most of the genetic variability. 

The physical isolation of resistance genes is a prerequisite for the functional analysis of 
the corresponding genes. Together with verification experiments by transformation, this 
elucidation will be a central research field. Although presently the most efficient gain of 
molecular technique is based in the area of MAS, the future will strengthen the transfer 
approaches. As soon as the gene function is understood, a third development will start, 
allowing the construction of resistance genes according to their specific needs. Presently 
only a few data exist on the verification of an anticipated gene function by gene transfer. 
In most cases, these examples come from the transfer of viral, phagous or bacterial genes. 
Transferring genes of one higher plant to another higher plant is still rare. 

It can be expected that the speed of identifying resistance genes will in
crease significantly. One possible new strategy is their identification by 
using the homology in the gene structure for its identification. Leister et 
a1. (1997) and Gebhardt et a1. (1997) report on the production of R-gene 
homologues by a peR approach that uses degenerate primers of con
served domains of NBR- and LRR-type resistance genes. Several primer 
sets were applied in peR reactions with templates from rice or barley, 
genomic DNA or cDNA and tobacco or Arabidopsis, respectively. The 
peR products were cloned and in both instances clones exhibiting sig
nificant homology were isolated. With this new approach genome-wide 
mapping data of the rice R-gene homologues revealed several correla
tions to mapped resistance traits and lesion mimic loci as well as coseg
regants of potato R-genes. 

Other approaches make use of the synteny, expecting that the conserved genomes have 
similar motives active in resistance (e.g. Killian et al. 1995). In most cases, such R-gene 
candidates have been found since their number was in most cases more than five. The 
proof which one of the five will be the correct one needs transformation techniques; since 
this is still difficult to routinely transfer numerous constructs, the answer is still missing. 
Progress will depend upon the genetic definition of the target gene. Particularly, induced 
and spontaneous mutants, as well as variants and mapping populations, will be of critical 
importance. 

Uncovering R-genes and their function relies also on good classical ge
netics and phenotypic characterizations. A fruitful cooperation between 
classical and molecular genetics is the way to go. All successful crop va
rieties are selected for disease resistance, but up till now without know
ing their exact molecular function. Since this strategy has already been 
quite successful, it can be expected that after understanding the R-gene 
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functions, man has for the first time the chance to be more efficient in 
plant protection than the concurring trial and error approach of patho
gens. 

References 

Adam-Blondon AF, Sevignac M, Bannerot H, Dron M (1994) SCAR, RAPD and RFLP 
markers linked to a dominant gene (Are) conferring resistance to anthracnose in 
common bean. Theor Appl Genet 88:865-870 

Albert T (1992) Structure of the leucin zipper. Curr Opin Genet Dev 2:205-210 
Anantharaman T, Clarke V, Damo S, Dlobette S, Dimalanta E, Edington J, Giacalone J, 

Hiort C, Hu X, HuffE, Irvin B, Jing J, Lai J, Lee E, Mishra B, Murti JR, Porter B, Qi R, 
Rabbah R, Ramanathan A, Reed J, Samad A, Shenker A, Skiadas Y, Tankboyeva K, 
Wang W, Wolf son E, Schwarz DC (1997) Single molecular approaches to genomic 
analysis. Plant Anim Genome V:17 

Backes G, Foroughi-Wehr B, Graner A, Fischbeck G, Wenzel G, Jahoor A (1995) Localiza
tion of quantitative trait loci (QTL) for agronomic important characters by the use of 
a RFLP map in barley (Hordeum vulgare L.). Theor Appl Genet 90:294-302 

Backes G, Schwarz G, Wenzel G, Jahoor A (1997) Comparison between QTL analyses of 
powdery mildew resistance in barley based on detached primary leaves and on field 
data. Plant Breeding (in press) 

Ballvora A, Hesselbach J, Niew6hner J, Leister 0, Salamini F, Gebhardt C (1995) marker 
enrichment and high-resolution map of the segment of potato chromosome VIII 
habouring the nematode resistance Grol. Mol Gen Genet 249:82-90 

Barzen E, Mechelke W, Ritter E, Schulte-Kappert E, Salamini F (1995) An extended map 
of the sugar beet genome containing RFLP and RAPD loci. Theor Appl Genet 90: 189-
195 

Bent AF (1996) Plant disease resistance genes: function meets structure. Plant Cell 
8:1757-1771 

Bentolila S, Guitton C, Bouvet N, Sailland A, Nykaza S, Freyssinet G (1991) Identification 
of an RFLP marker tightly linked to the Htl gene in maize. Theor Appl Genet 82:393-
398 

Blake TK, Kadyrzhanova 0, Shepherd KW, Islam RKML, Langridge PL, McDonald CL, 
Erpelding J, Larson S, Blake NK, Talbert LE (1996) STS-PCR markers appropriate for 
wheat-barley introgression. Theor Appl Genet 93:826-832 

Brigneti G, Garcia-Mas J, Baulcombe DC (1997) Molecular mapping of the potato virus Y 
resistance gene (Ry ... ). Theor Appl Genet 94:198-203 

Bubeck OM, Goodman MM, Beavis WO, Grant 0 (1993) Quantitative trait loci control
ling resistance to gray leaf spot in maize. Crop Sci 33:838-847 

Biischges R, Hollricher K, Panstruga R, Simons G, Wolter M, Frijters A, vanDaelen R, 
vandeLee T, Groenendijk J, T6psch S, Vos P, Salamini F, Schulze-Lefert P (1997) The 
barley Mlo gene: a novel control element of plant pathogen resistance. Cell 88:695-
705 

Century KS, Holub EB, Staskawicz BJ (1995) NDR, a locus of Arabidopsis thalinana that is 
required for disease resistance to both a bacterial and a fungal pathogen. Proc Natl 
Acad Sci USA 92:6597-6601 

Chen FQ, Prehn 0, Hayes PM, Mulrooney 0, Corey A, Vivar H (1994) Mapping genes for 
resistance to barley stripe rust (Puccinia striiformis f. sp. hordei). Theor Appl Genet 
88:215-219 

Chunwongse J, Bunn TB, Crossman C, Jiang J, Tanksley SA (1994) Chromosomal local
ization and molecular tagging of the powdery mildew resistance gene (Lv) in tomato. 
Theor Appl Genet 89:76-79 



Function of Genetic Material Responsible for Disease Resistance in Plants 101 

Collins NC, Paltridge NG, Ford CM, Symons RH (1996) The Yd2 gene for barley yellow 
dwarf virus resistance maps close to the centromere on the long arm of barley chro
mosome 3. Theor Appl Genet 92:858-864 

Dangl JL (1995) Novel classes of plant disease resistance genes. Cell 80:363-366 
Delaney TP, Friedrich L, Ryals JA (1995) Targeted mapping of rye chromatin in wheat by 

representational difference analysis. Proc Natl Acad Sci USA 92:6602-6606 
DeWit PJGM (1995) Molecular biology of disease resistance genes in plants. Mol Breed 

1:203-206 
Dickinson HG (1996) Plant signaling comes of age: identification of self-pollen in Bras

sica involves a transmembrane receptor kinase. Trend Plant Sci 1:136-138 
Diers BW, Mansu L, Imsande J, Shoemaker RC (1992) Mapping Phytophthora resistance 

loci in soybean with restriction fragment length polymorphism markers. Crop Sci 
32:377-383 

Dietrich Ra, Delaney TP, Uknes SJ, Ward ER, Ryals JA, Dangl JL (1994) Arabidopsis mu
tants simulating disease resistance response. Cell 77:565-578 

Dinesh-Kumar SP, Whitman S, Choi D, Hehl R, Corr C, Baker B (1995) Transposon tag
ging of tobacco mosaic virus resistance gene N: its possible role in the TMV-N
mediated signal transduction pathway. Proc Natl Acad Sci USA 92:4175-4180 

Dirlewanger E, Isaac PG, Ranade S, Belajouza M, Cousin r, de Vienne D (1994) Restric
tion fragment length polymorphism analysis of loci associated with disease resistance 
genes and developmental traits in Pisum sativum L. Theor Appl Genet 88:17-27 

Dixon MS, Jones DA, Keddie JS, Thomas CM, Harrison K, Jones JDG (1996) The tomato 
Cf-2 disease resistance locus comprises two functional genes encoding leucine-rich 
repeat proteins. Cell 84:451-459 

Dweikat I, Ohm H, Patterson F, Cambron S (1997) Identification ofRAPD markers for 11 
Hessian fly resistance genes. Theor Appl Genet 94:419-423 

Eastwood RF, Lagudah ES, Appels R (1994) A direct search for DNA sequences tightly 
linked to cereal cyst nematode resistance genes in Triticum tauschii. Genome 37:311-
319 

Edwards MC, Steffenson BJ (1995) Mapping of the seed transmission determinants of 
barley stripe mosaic virus. Mol Plant Microbe Interact 8:906-915 

EI-Karbotly A, Palomino-Sanchez C, Salamini F, Jacobsen E, Gebhardt C (1996) R6 and 
R7 alleles of potato conferring race-specific resistance to Phytophthora infestans 
(Mont.) de Bary identified genetic loci clustering with the R3 locus on chromosome 
XI. Theor Appl Genet 92:880-884 

Ellis JG, Lawrence GJ, Finnegan EJ, Anderson PA (1995) Contrasting complexity of two 
rust resistance loci in flax. Proc Natl Acad Sci USA 92:4185-4188 

Feuillet C, Messmer M, Schachermayr G, Keller B (1995) Genetic and physical characteri
zation of the LR1 leaf rust resistance locus in wheat (Triticum aestivum L.). Mol Gen 
genet 248:553-562 

Fields S, Song OK (1989) A novel genetic system to detect protein-protein interactions. 
Nature 340:245-246 

Freialdenhoven A, Scherag B, Hollricher K, Collinge DB, Thordal-Christensen H, 
Schulze-Lefert P (1994) Nar-l and Nar-2, two loci required for Mla12-specified race
specific resistance to powdery mildew in barley. Plant Cell 6:983-994 

Freialdenhoven A, Peterhiinsel C, Kurth J, Kreuzaler F, Schulze-Lefert P (1996) Identifi
cation of genes required for the function of non-race-specific mlo resistance to pow
dery mildew in barley. Plant Cell 8:5-14 

Gebhardt C. Schaefer-Pregl R, Leister D, Ballvora A, Meksem K, Salamini F (1997) Ge
netic analysis of quantitative and qualitative traits in potato. Plant Anim Genome 
V:43 

Gopalan RN, Bauer DW, Alfano JR, Loniello AO, He SY, Collmer A (1996) Expression of 
the Pseudomonas syringae avirulence protein AvrB in plant cell alleviates its depend-



102 Genetics 

ence on the hypersensitive response and pathogenicity (Hrp) secretion system in 
eliciting genotype. Plant Cell 8:1095-1105 

Grand RJA (1989) Acylation of viral and eukaryotic proteins. Biochem J 258:625-638 
Graner A (1996) Molecular mapping of genes conferring disease resistance: the present 

state and future aspects. Int Barley Genet Symp VII: 157-166 
Graner A, Tekauz A (1996) RFLP mapping in barley of dominant gene conferring resis

tance to scald (Rhynchosporium secalis). Theor Appl Genet 93:421-425 
Graner A, Kellermann A, Wenzel G (1995) Markergestutzte Kombination von Resisten

zen bei Gerste: molekulare Kartierung verschiedener Pilzresistenzen. Ber Arbeitstag 
Gumpenstein 46:189-192 

Graner A, Bauer E, Chojecki J, Tekauz A, Kellermann A, Proeseler G, Michel M, Valkov 
V, Wenzel G, Ordon F (1996a) Molecular mapping of genes for disease resistance in 
barley. Plant Genome IV:47-49 

Graner A, Foroughi-Wehr B, Tekauz A (1996b) RFLP mapping of a gene in barley confer
ing resistance to net blotch (Pyrenophora teres). Euphytica 91:229-234 

Graner A, Bauer E, Streng S, Lahayet T, Schulze-Lefert P, Sasaki T (1997) High resolution 
mapping and rice synteny around the Ym4 virus resistance locus in barley. Plant 
Anim Genome V:93 

Grant MR, Godiard L, Straube E, Ashfield T, Lewald J, Sattler A, Innes RW, Dangl JL 
(1995) Structure of the Arabidopsis RPMl gene enabling dual specificity disease resis
tance. Science 269:843-846 

Greenberg JT, Guo A, Klessig OF, Ausuble FM (1994) Programmed cell death in plants: a 
pathogen-triggered response activated coordinately with multiple defence functions. 
Cell 77:551-563 

Hiimiiliiinen JH, Watanabe KN, Valkonen JPT, Arihara A, Plaisted RL, Pehu E, Miller L, 
Slacks SA (1997) Mapping and marker-assisted selection for a gene for extreme resis
tance to potato virus Y. Theor Appl Genet 94:192-197 

Hain R, Reif HJ, Krause K, Langebartels R, Kind! H, Vornam B, Wiese W, Schmelzer E, 
Schreier PH, Stacker RH, Stenzel K (1993) Disease resistance results from foreign 
phytoalexin expression in a novel plant. Nature 361:153-156 

Haley SO, Afanador L, Kelly JD (1994) Identification and application of a random ampli
fied polymorphic DNA marker for the I gene (potyvirus resistance) in common bean. 
Phytopathology 84:157-160 

Hammond-Kosack KE, Jones DA, Jones JOG (1994) Identification of two genes required 
in tomato for full Cf-9-dependent resistance to Cladosporium fulvum. Plant Cell 
6:361-374 

Hammond-Kosack KE, Jones JOG (1996) Resistance gene-dependent plant defence re
sponse. Plant Cell 8:1773-1791 

Hartl L, Weiss H, Stephan U, Zeller FJ, Jahoor A (1995) Molecular identification of pow
dery mildew resistance genes in common wheat (Triticum aestivum). Theor Appl 
Genet 90:601-606 

Hartmann E, Rapoport TA, Lodish HF (1989) Predicting the orientation of eucaryotic 
membrane-spanning proteins. Proc Natl Acad Sci USA 86:5786-5790 

He SY, Huang HC, Collmer A (1993) Pseudomonas syringae pv. syringae harpinPss: a 
protein that is secreted via the hrp pathway and elicits the hypersensitive response in 
plants. Cell 73:1255-1266 

Hearne CM, Ghosh S, Todd JA (1992) Microsatellites for linkage analysis of genetic traits. 
Trends Genet 8:288-293 

Henry RJ, Weining S, Inkermann PA (1996) Marker assisted selection for quality in bar
ley and oat. Int Barley Genet Symp VII:167-173 

Horn R, Brahm L, Friedt W (1996) Recombination: novel gene and genome combinations 
for resistance breeding by interspecific hybridization and genetic transformation. 
Progr Bot 57:178-196 



Function of Genetic Material Responsible for Disease Resistance in Plants 103 

Huang HC, Lin RH, Chang CJ, Collmer A, Deng WL (1995) The complete hrp gene cluster 
of Pseudomonas syringae pv. syringae 61 includes two blocks of genes required for 
harpinPss secretion that are arranged colinearily with Yrersinea yse homologs. Mol 
Plant Microbe Interact 8:733-746 

Hulbert SH, Benetzen JL (1991) Recombination at the Rpllocus of maize. Mol Gen Genet 
226:377-382 

Innes RW (1996) Plant-pathogen interactions: unexpected findings on signal input and 
output. Plant Cell 8:133-136 

Jahoor A, Jacobi A, Schiiller ME, Fischbeck G (1993) Genetical and RFLP studies in the 
Mla locus conferring mildew resistance in barley. Theor Appl Genet 84:713-718 

Johnson E, Miklas PN, Stavely JR, Martinez-Cruzado JC (1995) Coupling and repulsion 
phase RAPDs for marker-assisted selection of the PI 181996 rust resistance in com
mon bean. Theor Appl Genet 90:659-664 

Jones AM, Dangl JL (1996) Logjam at the Styx: programmed cell death in plants. Trends 
Plant Sci 1:114-119 

Jones JDG (1996) Plant disease resistance genes: structure function and evolution. Curr 
Opin Biotechnol 7:155-160 

Jones JDG, Kosack KH, Jones D, Thomas C, Dixon M, Coleman M, Parker J, Harrison K, 
Parniske M, Grant M, Tang S, Botella M (1996 ) Structure, function and evolution of 
plant disease resistance genes. John Innes Centre Annu Rep 1995/6:43-44 

Jung M, Weldekidan T, Schaff D, Paterson A, Tingey S, Hawk J (1994) Generation means 
analysis and quantitative trait loci mapping of anthracnose stalk rot genes in maize. 
Theor Appl Genet 89:413-418 

Kaloshian I, Lange WH, Williamson VM (1995) An aphid-resistance locus is tightly 
linked to the nematode resistance gene, Mi, in tomato. Proc Natl Acad Sci USA 
92:622-625 

Kawchuk LM, Lynch DR, Hachey J, Basins PS, Kulcsar F (1994) Identification of a 
codominant amplified polymorphic DNA marker linked to the verticillium wilt resis
tance gene in tomato. Theor Appl Genet 89:661-664 

Kennard WC, Poetter K, Dijkhuizen A, Meglic V, Staub JE, Havey MJ (1994) Linkages 
among RFLP, RAPD, isozyme, disease-resistance, and morphological markers in nar
row and wide crosses of cucumber. Theor Appl Genet 89:42-48 

Kesseli RV, Paran I, Michelmore RW (1994) Analysis of detailed genetic linkage map of 
Laetuea sativa (lettuce) constructed from RFLP and RAPD markers. Genetics 
136:1435-1446 

Kilian A, Kudrna DA, Kleinhofs A, Yano M, Kurata N, Stefferson B, Sasaki T (1995) Rice
barley synteny and its application to saturation of the barley Rpgl region. Nucleic 
Acids Res 23:2729-2733 

Kobe B, Deisenhofer J (1994) The leucin-rich repeat: a versatile binding motif. Trends 
Biochem 19:415-421 

Lander ES, Botstein D (1989) Mapping Mendelian factors underlying quantitative traits 
using RFLP linkage maps. Genetics 121:185-199 

Lawrence GJ, Finnegan EJ, Ayliffe MA, Ellis JG (1995) The L6 gene for flax rust resistance 
is related to the Arabidopsis bacterial resistance gene RPS2 and the tobacco viral resis
tance gene N. Plant Cell 7:1195-1206 

Leister DM, Kurth J, Yano M, Sasaki T, Laurie D, Devos K, Schulze-Lefert P (1997) R-gene 
homologues as candidates for cereal resistance genes. Plant Anim Genome V:37 

Lemaite B, Nicolas E, Michaut L, Reichart JM, Hoffman JA (1996) The dorsoventral 
regulatory gene cassette spatzle/Tollleaetus controls the potent antifungal response in 
Drosophila adults. Cell 86:973-983 

Leonards-Schippers C, Gieffers W, Schiifer-Pregl R, Ritter E, Knapp SJ, Salamini F, 
Gebhardt C (1994) the RI gene conferring race-specific resistance to Phytophthora 
infestans in potato is located on potato chromosome V. Genetics 137:67-77 



104 Genetics 

Loh YT, Martin GB (1995a) The disease resistance gene Pto and the fenthion-sensitivity 
gene Fen encode closely related functional protein kinase. Proc Natl Acad Sci USA 
92:4181-4184 

Loh YT, Martin GB (1995b) The Pto bacterial resistance gene and the Fen insecticide 
sensitivity gene encode functional protein kinases with serine/theronine specificity. 
Plant Physioll08:1735-1739 

Mahadevappa M, DeScenzo RA, Wise RP (1994) Recombination of alleles conferring 
specific resistance to powdery mildew at the Mla locus in barley. Genome 37:460-468 

Martin GB, de Vincente C, Tanksley SD (1993) High-resolution linkage analysis and 
physical characterization of the Pto bacterial resistance locus in tomato. Mol Plant
Microbe Interact 1:26-34 

Michelmore RW (1995) Isolation of disease resistance genes from crop plants. Curr Opin 
Biotechnol 6: 145-1 52 

Mindrinos M, Katagiri F, Yu GL, Ausubel FM (1994) The A. thalinana disease resistance 
gene RPS2 encodes a protein containing a nucleotide-binding site and leucine-rich 
repeats. Cell 78:1089-1099 

Ming R, Brewbaker JL, Pratt RC, Musket TA, McMullen MD (1997) Molecular mapping of 
a major gene conferring resistance to maize masaic virus. Theor Appl Genet (in press) 

Miyamoto M, Ando I, Rybka K, Kodama 0, Kawasaki S (1996) High resolution mapping 
of the Indica-derived rice blast resistance genes. I. Mol Plant-Microbe Interact 9:6-13 

Mohan M, Nair S, Bentur JS, Rao UP. Benett J (1994) RFLP and RAPD mapping of the rice 
Gm2 gene that confers resistance to biotype I of gall midge (Orseolia oryzae). Theor 
Appl Genet 87:782-788 

Nigg EA, Bauerle PA, Luhrmann R (1991) Nuclear import-export: in search of signals and 
mechanisms. Cell 66:15-22 

Oh BJ, Frederiksen RA, Magill G (1994) Identification of molecular markers linked to 
head smut resistance gene (Shs) in Sorghum by RFLP and RAPD analysis. Phytopa
thology 84:830-833 

Osborne BI, Baker B (1995) Movers and shakers: maize transposons as tools for analyz
ing other plant genomes. Curr Opin Cell Bioi 7:406-413 

Paran I, Michelmore RW (1993) Development of reliable PCR-based markers linked to 
downy mildew resistance genes in letuce. Theor Appl Genet 85:985-933 

Parker JE, Holub EB, Frost LM, Falk A, Gunn ND, Daniels MJ (1996) Characterization of 
edsl, a mutation in Arabidopsis suppressing resistance to Peronospora parasitica 
specified by several different RPP genes. Plant Cell 8:985-993 

Paull JG, Pallotta MA, Langridge P The T (1994) RFLP marker associated with Sr22 and 
recombination between chromosome 7A of bread wheat and the diploid species Triti
cum boeoticum. Theor Appl Genet 89:1039-1045 

Pecchioni N, Faccioli P, Toubia-Rahme H, Vali G, Terzi V (1996) Quantitative resistance 
to barley leaf stripe (Pyrenophora graminea) is dominated by one major locus. Theor 
Appl Genet 93:97-101 

Penner GA, Chong J, Wight CP, Molnar SJ, Fedak G (1993a) Identification of a RAPD 
marker for crown rust resistance gene pc68 in oats. Genome 36:818-820 

Penner GA, Chong J, Levesque-Lemay M, Molnar SJ, Fedak G (1993b) Identification of a 
RAPD marker linked to stem rust gene Pg3. Theor Appl Genet 85:702-705 

Poulsen DME, Henry RJ, Johnston RP, Irwin JAG, Rees RG (1995) The use of bulk seg
regant analysis to identify a RAPD marker linked to leaf rust resistance in barley. 
Theor Appl Genet 91:270-272 

Reuber TL, Ausubel FM (1996) Isolation of Arabidopsis genes that differentiate between 
resistance responses mediated by the Rps2 and Rpml disease resistance genes. Plant 
Cell 8:241-249 

Ritter C, Dangl JL (1996) Interference between two specific pathogen recognition events 
mediated by distinct plant disease resistance genes. Plant Cell 8:251-257 



Function of Genetic Material Responsible for Disease Resistance in Plants 105 

Ritter E, Debener T; Barone A, Salamini F; Gebhardt C (1991) RFLP mapping on potato 
chromosomes of two genes controlling extreme resistance to potato virus X (PVX). 
Mol Gen Genet 227:81-85 

Robbins MA, Witsenboer H, Michelmore RW, Laliberte JF, Fortin MG (1994) Genetic 
mapping of turnip virus resistance in Lactuca sativa. Theor Appl Genet 89:583-589 

ROder MS, Plaschke J, Konig SU, Borner A, Sorrells ME, Tanksley SD, Ganal MW (1995) 
Abundance, variability and chromosomal location of microsatellites in wheat. Mol 
Gen Genet 246:327-333 

Rommens CM, Salmeron J; Baulcombe DC, Staskawicz BJ (1995) Use of a gene expression 
system based on a potato virus X to rapidly identify and characterize a tomato Pto 
homolog that controls fenthion sensitivity. Plant Cell 7:249-257 

Salentijn EMJ, Arens-De-Reuver MJB, Lange W, De Bock TSM, Stiekema WJ, Klein
Lankhorst RM (1995) Isolation and characterization of RAPD-based markers linked 
to the beet cyst nematode resistance locus (Hslpat-l) on chromosome 1 of B. patel
laris. Theor Appl Genet 90:885-891 

Salmeron JM, Oldroyd GED, Rommens CMT, Scofield SR, Kim HS, Vavelle DT, Dahlbeck 
D, Staskawicz BJ (1996) Tomato Pr! is a member of the leucine-rich repeat class of 
plant disease resistance genes and lies embedded within the Pto kinase gene cluster. 
Cell 86:123-133 

Sarfatti M, Abu-Abied M, Katon J, Zamir D (1991) RFLP mapping of 11, a new locus in 
tomato conferring resistance against Fusarium oxysporum F.sp. lycopersici race 1. 
Theor Appl Genet 82:22-26 

Scholten OE, Klein-Lankhorst RM, Esselink DG, DeBock TSM, Lange W (1997) Identifi
cation and mapping of random amplified polymorphic DNA (RAPD) markers linked 
to resistance against beet necrotic yellow vein virus (BNYVV) in Beta accessions. 
Theor Appl Genet 94:123-130 

SchOnfeld M, Ragni A, Fischbeck G, Jahoor A (1996) RFLP-mapping ofthe three new loci 
for resistance to powdery mildew (Erysiphe graminis f. sp. hordei) in barley. Theor 
Appl Genet 93:48-56 

Sebastian LS, Ijkeda R, Huang N, Imbe T, Cofman WR, McCouch SR (1996) Molecular 
mapping of resistance to rice spherical virus and green leaf hopper. Phytopathology 
86:25-30 

Simonich M, Innes R (1995) A disease resistance gene in Arabidopsis thaliana with speci
ficity for the avrpph 3 gene of Pseudomonas syringae pv. phaseolicola. Mol Plant
Microbe Interact 8:637-640 

Song WY, Wang GL, Chen LL, Kim H, Pi LY, Holsten T, Gardner J, Wang B, Zhai WX, 
Zhu LH, Fauquet C, Ronald P (1995) A receptor kinase-like protein encoded by the 
rice disease resistance gene, Xa21. Science 270:661-667 

Staskawicz BJ, Ausubel FM, Baker BJ, Ellis JG, Jones JDG (1995) Molecular genetics of 
plant disease resistance. Science 268:661-667 

Steffenson BJ, Hayes PM, Kleinhofs A (1996) Genetics of seedlings and adult plant resis
tance to net blotch (Pyrenophora teres f. teres) and spot blotch (Cochliobolus sativus) 
in barley. Theor Appl Genet 92:552-557 

Stevens MR, Lamb EM, Rhoads DD (1995) Mapping the Sw-5 locus for tomato spotted 
wilt virus resistance in tomatoes using RAPD and RFLP analysis. Theor Appl Genet 
90:451-456 

Talbert LE, Bruckner PL, Smith LY, Sears R, Martin TJ (1996) Development ofPCR mark
ers linked to resistance to wheat streak mosaic virus in wheat. Theor Appl Genet 
93:463-467 

Tanksley SD, Ganal MW, Martin GB (1995) Chromosome landing: a paradigm for map
based gene cloning in plants with large genomes. Trend Genet 11:63-68 

Tanksley SD, Ganal MW, Prince JP, deVincente MC, Bornierbale MW, Broun P, Fulton 
TM, Giovannono H, Randillo S, Martin GB, Messeguer R; Miller Je, Miller L, Paterson 



106 Genetics 

AH, Pineda 0, Roder MS, Wing RA, Wu W (1992) High density molecular linkage 
maps of the tomato and potato genomes. Genetics 132:1141-1160 

Thomas CM, Vos P, Zabeau M, Jones DA, Norcott KA, Chadwick BP, Jones JDG (1995) 
Identification of amplified restriction fragment polymorphism (AFLP) markers 
tightly linked to the tomato Cf-9 gene for resistance to Cladosporium fulvum. Plant J 
8:785-794 

Timmerman GM, FrewTJ, Miler AL, Weeden NF, Jermyn WA (1993) Linkage mapping of 
sbm-1, a gene conferring resistance to pea seed-borne mosaic virus, using molecular 
markers in Pisum sativum. Theor Appl Genet 85:609-615 

Tor M, Holub EB, Bose E, Musker R, Gunn N, Can C, Crute IR, Beynon JL (1994) Map 
positions of three loci in Arabidopsis thaliana associated with isolate-specific recog
nition of Peronospora parasitica (downy mildew). Mol Plant-Microbe Interact 7:214-
222 

Toreno P, Mayda E, Gomez MD, Canas L, Conejero V, Vera P (1996) Characterization of 
LRP, a leucin-rich repeat (LRR) protein from tomato plants that is processed during 
pathogenesis. plant J 10:315-330 

Traut TW (1994) The functions and consensus motifs of nine types of peptide segments 
that form different types of nucleotide-binding sites. Eur J Biochem 222:9-19 

Van der Beek JG, Pet G, Lindhout P (1994) Resistance to powdery mildew (Oidium Iy
copersicon) in Lycopersicon hirsutum is controlled by an incomplete-dominant gene 
01-1 on chromosome 6. Theor Appl Genet 89:467-473 

Voorrips RE, Jongerius MC, Kanne HJ (1997) Mapping of two genes for resistance to 
club root (Plasmodiophora brassicae) in a population of doubled haploid lines of 
Brassica oleracea by means of RFLP and AFLP markers. Theor Appl Genet 94:75-82 

Vos P, Hogers R, Bleeker M, Reijans M, van der Lee T, Homes M, Frijters A, Pot J, Pele
man J, Kuiper M, Zabeau M (1995) AFLP: a new technique for DNA fingerprinting. 
Nucleic Acids Res 23:4407-4414 

Walker JC (1993) Receptor-like protein kinase genes of Arabidopsis thatliana. Plant J 
3:451-456. 

Webb DM, Baltazar BM, Rao-Arelli AP, Schupp J, Clayton K, Keim P, Beavis WD (1995) 
Genetic mapping of soybean cyst nematode race-3 resistance loci in the soybean PI 
437.654. Theor Appl Genet 19:574-581 

Whitham SD, Dinesh-Kumar SP, Choi D, Hehl R, Corr C, Baker B (1994) The product of 
the tobacco mosaic virus resistance gene N: similarity to Toll and the interleukin-l re
ceptor. Cell 78:1101-1115 

Williams CE, Wang B, Holsten TE, Scambray J, de Assis Goes da Silva F, Ronald PC 
(1996) Markers for selection of rice Xa 21 disease resistance gene. Theor Appl Genet 
93:1119-1122 

Williams JGK, Kubilek AR, Livak KJ, Rafalski AJ, Tingey SV (1990) DV polymorphisms 
amplified by arbitrary primers are useful genetic markers. Nucleic Acids Res 18:6531-
6535 

Yaghoobi J, Kalsoshian I, Wen Y, Williamson VM (1995) Mapping a new nematode resis
tance locus in Lycoperiscon peruvianum. Theor Appl Genet 91:457-464 

Yu YG, Saghai-Maroof MA, Buss GR (1996a) Divergence and allelomorphic relationship 
of soybean virus resistance gene based on tightly linked DNA microsatellite and RFLP 
markers. Theor Appl Genet 92:64-69 

Yu ZH, Mackill DJ, Bonman JM, McCouch SR, Guideroni E, Notteghem JL, Tanksley SD 
(1996b) Molecular mapping of genes for resistance to rice blast (Pyricularia grisea 
Sacc.). Theor Appl Genet 93:859-863 

Zaitlin D, DeMars S, Ma Y (1993) Linkage of rh m a recessive gene for resistance to south
ern corn leaf blight, to RFLP marker loci in maize (Zea mays) seedlings. Genome 
36:555-564 



Function of Genetic Material Responsible for Disease Resistance in Plants 107 

Zamir D, Ekstein-Michelson I, Zakay Y, Navot N, Zeidan M, Sarfati M, Eshed Y, Harel E, 
Pleban T, VanOss H, Kedar N, Rabinowitch HD, Czosnek H (1994) Mapping and in
trogression of a tomato yellow leaf curl virus tolerance gene, Ty-l. Theor Appl Genet 
88:141-146 

Zhou J, Loh Yt, Bressan RA, Martin GB (1995) The tomato gene Ptil encodes a ser
ine/threonine kinase that is phosphorylated by Pto and is involved in the hypersensi
tive response. Cell 83:925-935 

Edited by 
K. Esser 

Professor Dr. Gerhard Wenzel 
Technische Universitat Miinchen 
Lehrstuhl fiir Pflanzenbau 
und Pflanzenziichtung 
D-85350 Freising-Weihenstephan 
Germany 


