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RESEARCH ARTICLE 

A Disease Resistance Gene in Arabidopsis with Specificity 
for Two Different Pathogen Avirulence Genes 

Sherryl R. Bisgrove, Michael T. Simonich, Nadine M. Smith, Airlie Sattler, and Roger W. lnnes ‘ 
Department of Biology, Indiana University, Bloomington, Indiana 47405 

The RPSS and RPMl disease resistance loci of Arabidopsis confer resistance to Pseudomonas syringae strains that 
carry the avirulence genes avrB and avrRpm7, respectively. We have previously shown that RPS3 and RPMl are closely 
llnked genetically. Here, we show that RPSS and RPMl are in fact the same gene. We screened a mutagenized Arabldop- 
sls population wlth a R syringae strain carrying avrB and found 12 susceptible mutants. AI112 mutants were also susceptible 
to an lsogenic strain carrying avrRpml, indlcating a loss of both RPS3 and RPMl functions. No mutants were recovered 
that lost only RPS3 function. Genetic analysis of four lndependent mutants revealed that the lesions were in RPS3. Thus, 
a single gene in Arabidopsis confers resistance that is specific to two distinct pathogen avirulence genes-a gene-for- 
genes interaction. This observation suggests that the RPS3IRPMl gene product can bind multiple pathogen ligands, 
or alternatively, that lt does not function as a receptor. 

INTRODUCTION 

The interaction of plants with specific pathogens is often 
characterized by a gene-for-gene relationship (Flor, 1971). In 
such gene-for-gene interactions, resistance of a plant to a given 
pathogen requires a specific resistance gene in the plant and 
a matching avirulence gene in the pathogen. Absence or in- 
activation of either member of this gene pair results in loss 
of resistance. The mechanism underlying this genetic relation- 
ship is unknown. It is often assumed, however, that a plant 
resistance gene interacts with one and only one pathogen aviru- 
lence gene (Ellingboe, 1982). This assumption stems largely 
from usage of the term “gene-for-gene“ to describe plant-patho- 
gen interactions (Flor, 1955), which implies that a single 
pathogen avirulence gene interacts with a single plant resis- 
tance gene. 

The genetic data upon which the gene-for-gene model is 
based, however, does not directly address whether a single 
plant resistance gene can confer resistance that is specific 
to more than one avirulence gene. Indeed, it has only become 
possible to answer this question with the isolation and molec- 
ular characterization of pathogen avirulence genes (see Keen, 
1992 for a review of pathogen avirulence genes). Prior to this, 
it was not possible to determine whether a plant resistance 
gene interacted with identical or different avirulence genes 
when resistance to two different pathogen strains was 
observed. 

Current models of how gene-for-gene disease resistance is 
mediated generally invoke a receptor-ligand interaction in 
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which the plant disease resistance gene encodes a receptor 
that is specific to a pathogen-derived ligand (usually called 
an “elicitor”; Gabriel and Rolfe, 1990; Lamb, 1994). Produc- 
tion of this elicitor by the pathogen would be mediated by a 
specific pathogen avirulence gene. Binding of elicitor to recep- 
tor would then be followed by a complex response in the plant 
that results in limitation of pathogen growth and spread. The 
molecular evidence in support of this model is limited, however. 

The role of pathogen avirulence genes in production of 
extracellular elicitors has been established for only two patho- 
gens, Cladosporium fulvum, a fungus (Van Kan et al., 1991), 
and Pseudomonas syringae, a bacterium (Keen et ai., 1990; 
Smith et al., 1993). In the case of C. fulvum, the avirulence 
gene avr9 encodes a protein that is cleaved to produce a 
28-amino acid peptide elicitor (Van den Ackerveken et al., 
1993). This elicitor induces host cell necrosis specifically on 
cultivars of tomato that contain the 0 - 9  resistance gene. In 
contrast, the avirulence gene avrD of i? syringae does not en- 
code an elicitor, but instead mediates production of a family 
of C-glycosyl lipid elicitors termed syringolides (Smith et ai., 
1993; Yucel et al., 1994), which induce necrosis specifically 
on cultivars of soybean that contain the RPG4 resistance gene 
(Keen and Buzzel, 1991). Thus, for the two known examples, 
the role of the avirulence gene product in production of the 
putative ligand is quite different. 

In addition to the above examples, the coat proteins of some 
viruses appear to act as host-specific elicitors. For example, 
some strains of tobacco mosaic virus (TMV) elicit an active 
resistance response on tobacco cultivars that contain the N’ 
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resistance gene. This resistance can be overcome by single 
amino acid changes in the coat protein (Knorr and Dawson, 
1988). In addition, transgenic expression of TMV coat protein 
in a plant containing N' leads to formation of necrotic lesions 
in the absence of TMV infection (Culver and Dawson, 1991). 
These results suggest that the coat protein is functioning as 
an elicitor that interacts in some way with the N' gene. 

The data on plant resistance gene structure and function 
is even more limited. Only one resistance gene of the gene- 
for-gene class has been isolated and characterized, the f f o  
gene of tomato (Martin et al., 1993), which confers resistance 
to I? syringae strains that contain the avirulence gene avrffo. 
The deduced amino acid sequence of f fo  contains no obvi- 
ous receptor or membrane spanning domains. However, it does 
have significant similarity to serinehhreonine kinases, suggest- 
ing that Pto may be functioning in signal transduction. Recently, 
Salmeron et al. (1994) reported that a second gene, which they 
designated Prf, is required for Pto function. Prfis closely linked 
to Pto in the tomato genome, but its structure has not yet been 
determined. Interestingly, Prf is also present in tomato culti- 
vars that lack Pto and, thus, was not identified in crosses 
between cultivars containing and lacking Pto. In a similar study, 
Hammond-ffisack et al. (1994) recently demonstrated that 
Cf-9-dependent resistance in tomato is also dependent on two 
additional genes. Thus, it is becoming clear that plant resis- 
tance genes require the function of other plant genes to confer 
disease resistance. 

We have been analyzing the disease resistance loci RPS3 
and RPMl in Arabidopsis (Innes et al., 1993). These loci con- 
fer resistance to I? syringae strains that carry the avirulence 
genes avrB and avrRpml, respectively (Debener et al., 1991; 
lnnes et al., 1993). The proteins encoded by these avirulence 
genes contain no significant sequence similarity (Tamaki et 
al., 1988; Dangl et al., 1992). Both proteins are hydrophilic, 
and neither contains a recognizable N-terminal signal peptide 
that would direct secretion by a sec gene-dependent mecha- 
nism (Salmond and Reeves, 1993). It is not known whether 
avrB and avrRpml mediate production of a non-protein elici- 
tor, analogous to avrD, or if the protein products are recognized 
directly, analogous to avr9. The soybean cultivars Flambeau 
and Merit can differentiate avrB and avrRpml &e., Flambeau 
is resistant to I? s. pv glycinea race 4 strains that contain 
avrRpml but is susceptible to race 4 strains that contain avrB, 
whereas Merit displays the reverse pattern; R. Innes, unpub- 
lished data); thus, the elicitors produced by these avirulence 
genes must be different. Therefore, we expected that RPS3 
and RPMl would be distinct genes, given the presumed spec- 
ificity of plant resistance genes. However, we have been unable 
to separate these loci genetically using a cross between two 
naturally occurring ecotypes of Arabidopsis (Innes et al., 1993), 
which led us to ask whether RPS3 and RPMl are in fact the 
same gene. Here, we present a mutational analysis of RPS3, 
which indicates that RPS3 and RPMl are encoded by a single 
gene. 

RESULTS 

Isolation of rps3 Mutants 

To determine whether RPS3 and RPMl are one or two genes, 
we screened four populations of Arabidopsis, each treated with 
a different mutagen, for loss of RPS3 function and then as- 
sayed these mutants for loss of RPMl function. We expected 
that if RPS3 and RPM7 were different genes, we would be able 
to isolate mutants that lost RPS3 function but retained RPMl 
function. Alternatively, if RPS3 and RPMl represented a sin- 
gle gene, then mutants that lost RPS3 function also would lose 
RPMl function. To screen for rps3 mutants, we assayed the 
mutagenized plants for resistance to infection by I? s. pv tomato 
DC3000 carrying avrB. Table 1 summarizes the results of this 
mutant screen. We recovered 12 susceptible mutants from four 
mutagenized seed lots of ecotype Columbia (Co1-0). Six of 
these mutants were isolated from asingle lot of ethyl methane- 
sulfonate (EMS)-mutagenized M2 seed, and thus could be 
sibs. We believe that the majority of these mutants represent 
different alleles, however, because this M2 population was de- 
rived from a very large pool of M1 plants (Table l), making 
isolation of the same mutant twice improbable. A single mu- 
tant was selected from each seed lot for detailed analysis; we 
designated them fps3-1, rps3-2, rps3-3, and rps34 (represent- 
ing seed lots 1 through 4 in Table 1). Disease symptoms on 
mutant rps3-7 are shown in Figure 1. 

To confirm that disease symptoms reflected increased growth 
of the pathogen, we monitored growth of strain DC3000(avrB) 
in rosette leaves in self-progeny of mutants rps3-7 and rps3-2. 
The growth of DC3000(avrB) in mutant rps3-1 is shown in Fig- 
ure 2, along with growth in the parent. Within 2 days of 

* 

Table 1. lsolation of rps3 Mutants of Arabidopsis 

Number of 
Plants Number 
Screened 

Seed M2 Plants Mutants 
Lot Parent Mutagen (M1 Parents)a Recoveredb 

of rps3 

1 Col-O;gllc Fast neutrons 4800 (-7,000) 2 
2 COM Diepoxybutane 1700(-1,000) 1 
3 Col-O Ethylnitrosourea 7280 (~60 ,000)  3 
4 Col-0 Ethyl methane- 

sulfonate 5340 (~20 ,000)  6 

a M2 populations were derived from pooled self-progeny of the indi- 
cated number of mutagenized parents (M1 generation). 
b Approximately 75% of phenotypically susceptible M2 plants sur- 
vived to produce progeny. All mutants were confirmed by testing self- 
progeny (M3 generation). Mutants isolated from a single seed lot 
could be siblings (ia, they could carry the Same mutant allele). 
C g/7 is a recessive genetic marker that results in a glabrous pheno- 
type (lack of trichomes). 
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locus. To confirm that the lesions were in fact in RPS3, we 
performed a genetic complementation analysis, which is sum- 
marized in Table 2. We crossed the four selected rpsd mutants 
back to wild-type COLO to determine whether the mutations 
were dominant or recessive. AI1 F1 plants from these back- 
crosses were resistant to I? s. tomato DC3000(avrB) and 
DC3000(avrRpm7), indicating that the mutations are reces- 
sive. To test for allelism of the rps3 mutations to RPS3, we 
crossed the rps3 mutants to the naturally occurring suscepti- 
ble ecotype Blanes (Bla-2), which lacks RPS3 function (Innes 
et al., 1993). All F1 plants from these crosses were suscepti- 
ble to DC3OOO(avrB). We also inoculated seven F1 plants from 
the Bla-2 x rps3-7 cross with DC3000(avrRpm7); all seven 
plants were susceptible (data not shown). These results indi- 
cate that the mutations are allelic to RPS3, because the mutant 
phenotype was not complemented. We also inoculated F1 
plants from crosses between the four rps3 mutants to deter- 
mine if the four p 3  mutations are allelic, as would be predicted 

Table 2. Genetic Complementation Analysis of rpsd Mutants 

Grossa Generation Phenotypeb 

COLO 
Ler 
Ela-2 
rps3- llrps3- 1 
rps3-2lrps3-2 
rps3-3lrps3-3 
rps3-4lrps3-4 
Col-O x rps3- llrps3- 1 
Ler x rps3-llrps3-1 
Ela-2 x rps3-llrps3-1 
rps3-2lrps3-2 

x rps3-llrps3-7 
rps3-3lrps3-3 

x rps3- ltrps3- 1 
rps3-4lrps3-4 

x rps3- llrps3- 1 
Col-O x rps3-2lrps3-2 
Ela-2 x rps3-2lrps3-2 
Col-O x rps3-3lrps3-3 
Ela-2 x rps3-3lrps3-3 
COLO x rps3-4lrps3-4 
Ela-2 x rps3-4lrps3-4 

Parent 
Parent 
Parent 
Parent 
Parent 
Parent 
Parent 
Fi 
FI 
Fi 
FI 

Fi 

R 
R 
S 
S 
S 
S 
S 
R 
R 
S 
S 

S 

S 

* For all crosses, parents were homozygous for specific alleles of 
RPS3 as indicated. Ela-2 is a naturally occurring ecotype of Arabidop- 
sis that is susceptible to infection by P. s. tomato DC3000(avr6) (Innes 
et al., 1993). F, plants derived from a cross between ecotypes Col-O 
and Bla-2 are resistant to DC3000(avr6) (Innes et al., 1993). 
b A  minimum of 10 F1 plants from each cross were scored for 
resistance to P. s. tomato DC3000(avrB) using the dip inoculation 
method. For each cross, F1 plants from reciproca1 crosses were test- 
ed and found to behave identically. Plants were scored as resistant 
(R) or susceptible (S) based on absence or presence of water-soaked 
pits 4 days afIer inoculation (Figure 1). 

by the previous result. All F1 plants from these crosses were 
susceptible to DC3000(avrS), indicating that the mutations are 
indeed allelic. Thus, all four rps3 mutations are recessive and 
are in the RPS3 resistance gene. 

To confirm that the susceptible phenotype was caused by 
a single mutation, we analyzed an F2 population derived from 
a cross between rps3-7 and ecotype Landsberg erecta (Ler), 
which contains a functional RPS3 gene (Innes et al., 1993). 
We scored the F2 population from this cross for resistance to 
strain DC3000(evrB). The ratio of resistant-to-susceptible plants 
was -3:l (331:96; x2 value for 3:l ratio = 1.4, P > O.l), indi- 
cating that loss of RPS3 function was induced by a single 
mutation. 

If the rps3 mutations are in RPS3, then they should map 
to chromosome 3 of Arabidopsis, near restriction fragment 
length polymorphism marker M583 (Innes et al., 1993). To con- 
firm this prediction, we scored F2 plants derived from the 
cross between rps3-7 and Ler for cosegregation of rps3-7 with 
physical markers known to be linked to RPS3. For this analy- 
sis, we used microsatellite markers nga126 and nga172, which 
flank restriction fragment length polymorphism marker M583 
(Bell and Ecker, 1994). Figure 3 summarizes the data obtained 
from 34 susceptible @e., homozygous rps3-7) F2 plants. The 
rps3-7 mutation is located between markers nga126 and 
nga172, and thus maps to the same chromosomal position 
as RPS3. 

DISCUSSION 

Our results demonstrate that the RPS3 disease resistance lo- 
cus of Arabidopsis has a dual specificity. This locus was 
originally defined as conferring resistance to I? syringae strains 
that carry the avirulence gene avrB (Innes et al., 1993). In this 
study, we isolated a minimum of four and as many as 12 inde- 
pendent mutations in the RPS3 Iocus. These mutations abolish 
resistance to I? syringae strains that carry avrB. They also abol- 
ish resistance to strains that carry avrRpm7, an unrelated 
avirulence gene. Resistance specific to avrRpm7 is conferred 
by a gene designated RPMl (Debener et al., 1991); thus, the 
rps3 mutations also abolished RPMl function. Two of the mu- 
tant populations analyzed were generated using mutagens that 
induce primarily point mutations (ethylnitrosourea and ethyl 
methanesulfonate); therefore, it is unlikely that the mutations 
obtained represent deletions of adjacent genes. In addition, 
we failed to isolate any mutations that abolished only RPS3 
function. Taken together, these results strongly suggest that 
RPS3 and RPMl are the same gene and that the product of 
this gene confers resistance specific to two different aviru- 
lence genes. 

As mentioned in the Introduction, it is often speculated that 
disease resistance genes encode receptors for pathogen- 
produced ligands (Gabriel and Rolfe, 1990). If the RPS3IRPM7 
gene product is a receptor, then it must be binding two differ- 
ent ligands. Because we do not know the structure of the 
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Figure 3. Genetic Map Position of rps3-7. 

Numbers above the horizontal bar indicate map distance in centimor- 
gans between rps3-7 and the microsatellite markers nga126 and nga172. 

elicitors produced by avrB and avrRpm7, we cannot predict 
whether this is likely. It is possible that these elicitors share 
qommon structural features. We have observed visible differ- 
ences in the necrotic response of Arabidopsis to isogenic 
bacterial strains carrying avrB versus avrRpm7 (R. Innes, un- 
published data), suggesting that host responses are not 
induced equally by these two avirulence genes. This could 
be indicative of differing binding affinities of the two putative 
ligands. 

There are at least two other examples of plant resistance 
genes that may interact with more than one pathogen elicitor. 
The B7 resistance locus of cotton appears to confer resistance 
to three different avirulence genes of Xanthomonas campes- 
tfis pv malvacearum (De Feyter et al., 1993). However, in this 
study it was not determined whether B7 represents a single 
gene or a group of closely linked genes because no mutagen- 
esis of the locus was conducted. The second example involves 
the Vb locus of oats, which confers sensitivity to the host- 
specific toxin victorin produced by the necrotrophic fungus 
Cochliobolus victoriae (Pringle and Scheffer, 1964). This lo- 
cus also appears to confer resistance to an unrelated biotrophic 
fungus, Puccinia coronata. Mutants selected for loss of sensi- 
tivity to victorin toxin usually became susceptible to F! coronata 
(Wallace et al., 1967), suggesting that a single gene mediates 
interactions with both fungi. The basis of avirulence in F! cor- 
onata has not been determined, but presumably F! coronata 
does not produce victorin toxin. The mechanistic relationship 
between sensitivity to toxin and resistance to a biotrophic 
fungus is not clear, but in both cases host cell death occurs. 

The above discussion has been based on the assumption 
that plant resistance genes encode a receptor of some kind. 
An alternate model, however, is that plant resistance genes 
encode components of a signal transduction pathway between 
receptors and defense responses. In this model, small groups 
of receptors would interact with the same resistance gene prod- 
uct. Thus in our system, there would be different receptors 
specific for avrB and avrRpm7, but these receptors would in- 
teract with the same signal transduction component encoded 
by RPS3IRPM7. Mutations in RPS3IRPM7 would thus block 
the response to both avrB and avrRpm7. This model is consis- 
tent with the structure of the Pto resistance gene recently 
isolated from tomato (Martin et ai., 1993), which is specific to 
the avrPto avirulence gene of F! s. tomato. The predicted product 
of Pto contains a well-conserved serine/threonine protein ki- 
nase domain but no obvious receptor domain (Martin et al., 

1993). Protein kinases are well-established components of sig- 
na1 transduction systems in both eukaryotes and prokaryotes. 

If the second model is correct and RPS3IRPM7 does not 
encode a receptor, it raises the question of why our mutant 
screen failed to isolate mutations in the receptor that binds 
the avrB ligand. This failure could result from the presence 
of functionally redundant copies of the avrB receptor gene; 
a mutation in any one copy would have no phenotype. The 
fact that we did not isolate mutations in genes other than RPS3 
also suggests that the putative signal transduction components 
downstream of RPS3 may be encoded by redundant genes. 
Alternatively, such signal transduction components could be 
essential for viability, and mutations would be lethal. Thus, in 
the context of gene-for-gene interactions, disease resistance 
genes need not be at the top of a signal transduction pathway, 
as often depicted, but simply at a bottleneck. 

METHODS 

Bacterial Strains and Media 

Pseudomonas syringae pv tomato DC3000 was obtained from D. 
Cuppels (Agricultura1 Canada-Research Center, London, Ontario, 
Canada) and was cultured at 30% on either King's medium B (King 
et al., 1954) or trypticase soy agar (TSA; Becton Dickinson, Cockeys- 
ville, MD). Escherichia coli DH5a (Bethesda Research Laboratories) 
was grown at 37% on Luria-Bertani medium (Maniatis et ai., 1982). 
Antibiotics (Sigma) were used for selection at the following concen- 
trations: tetracyclin, 18 mglL; rifampicin and rifamycin, 100 mglL; 
spectinomycin, 40 mglL; streptomycin, 50 mglL; kanamycin, 50 mglL. 

Plasmid Constructions and Wiparental Matings 

AI1 avirulence gene clones described in this paper were carried on 
the broad host range vector pVSP6l (a gift from W. Tucker, DNA Plant 
Technology, Inc., Oakland, CA). This vector contains an origin of repli- 
cation from plasmid pVSl of I? aeruginosa that functions in P syringae 
(Itoh et al., 1984) and a second origin from pACYC184 for replication 
in E. coli. Construction of the avrB, avr13::Q and avrRpt2 clones has 
been described previously (Innes et ai., 1993). To construct a clone 
containing avrRpm7, a 944-bp EcoRI-EcoRV fragment from clone pKW8 
(Debener et al., 1991) was inserted into pVSP6l between the EcoRl 
and Hindlll sites. All avr clones were transferred from E. coli DH5a 
to I? syringae strains using triparental mating as described previously 
(Figurski and Helinski, 1979; Dittaet al., 1980; Staskawicz et al., 1984). 

Sources of Arabldopsis Seed 

Arabidopsis thaliana ecotypes Columbia (Cola), Landsberg emta (Ler), 
and Blanes (Bla-2) were obtained from B.J. Staskawicz (University of 
California, Berkeley). The glabrous-7 (gl7) mutant of Col-0 was obtained 
from Lehle Seeds (Lucson, AZ). Mutagenized seed (M2 generation) 
was obtained from Lehle Seeds (fast-neutron-mutagenized seed), M. 
Estelle (Indiana University, Bloomington; diepoxybutane- and ethyl 
methanesulfonate [EMSI-mutagenized seed), and J. Mulligan (Stan- 
ford University, Paio Alto, CA; ethylnitrosourea-mutagenized seed). In 
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all cases, mutagenesis was performed on seeds (M, generation) and 
the M1 plants allowed to self. Seeds from M, plants were pooled to 
generate a bulk M2 population as indicated in Table 1. 

Growth of Arabidopsis, Arabidopsis Inoculations, and in Vivo 
Growth Curves 

Arabidopsis seeds were sown in 4-inch-round plastic pots filled with 
Metro Mix 360 commercial potting mix (Grace Sierra, Milpitas, CA). 
Pots were covered with 1 . 3 ”  nylon mesh (standard window screen), 
and plants were allowed to grow up through the screen. Plants were 
grown in growth rooms under a 10-hr photoperiod (100 to 150 pE m-2 
s8c-l of light) at 24OC and inoculated between 4 and 6 weeks after 
sowing. 

Arabidopsis plants were inoculated by dipping whole rosettes in a 
suspension of ~2 x 108 colony-forming units of I? s. tomato per mL 
as described previously (Innes et al., 1993). Plants were scored for 
presence of water-soaked pits (Figure 1) 4 days after inoculation. 

To monitor bacterial growth in Arabidopsis leaves, we inoculated 
plants by vacuum infiltration of a 5 x 105 colony-forming units per mL 
suspension of I? s. tomato as described by Whalen et al. (1991). At 
specific time points, samples were removed from rosette leaves using 
a No. 2 cork borer (three discs per sample) and macerated in a 1.5-mL 
microcentrifuge tube containing 200 pL of 10 mM MgCI2. Dilutions 
were made in 10 mM MgC12 and plated on selective medium (TSA 
containing 100 pg/mL rifamycin). Colonies were counted 48 hr later. 

lsolatlon of Arabidopsis DNA and Scoring of Microsatellite 
Genotypea 

DNA was isolated from either F2 plant tissue (0.05 to 0.2 g of flower 
heads) or from 10 to 20 F3 seedlings (I-week-old) derived from in- 
dividual F2 plants. Seedlings were grown on moist filter paper (3 MM; 
Whatman) in a Petri dish. DNA was prepared using a modification of 
the method described by Rogers and Bendich (1988). Briefly, tissue 
was frozen in liquid nitrogen and ground with a plastic pestle in a 1.5- 
mL microcentrifuge tube, then 200 pL of CTAB extraction buffer (2% 
[whr] hexadecyltrimethylammonium bromide [CTAB], 100 mM Tris, pH 
8.0, 20 mM EDlA, 1.4 M NaCI, and 1% [whr] polyvinylpolypyrrolidone 
[average molecular weight of 40,0001) was added. Samples were in- 
cubated at 65OC for 5 to 10 min and then extracted once with an equal 
volume of chloroform. The aqueous phase was precipitated by addi- 
tion Of 5 pg of yeast tRNAand three volumes of ethanol, and the pellet 
was resuspended in 100 pL of TE (10 mM Tris, 1 mM EDTA, pH 8). 
One microliter of the resuspended DNA was used for polymerase chain 
reaction (PCR) amplification of microsatellite markers. PCR reactions 
(50 mM KCI, 10 mM Tris, pH 8.0, 2 mM MgCI2, 0.2 mM deoxynucleo- 
tide triphosphates, 2 nM each primer, 0.05% (v/v) Nonidet P-40) were 
run as follows: 99OC for 5 min and then 30 cycles of 92% for 1 min, 
53OC for 45 sec, and 72% for 1 min. Ta9 polymerase (1 unit per 50-1L 
reaction) was added after the 5-min denaturation step. Primers for 
microsatellite markers nga126 and nga172 (Bell and Ecker, 1994) were 
purchased from Research Genetics (Huntsville, AL) and from the In- 
stitute of Cellular and Molecular Biology (Indiana University, 
Bloomington). PCR products were resolved on a 3% MetaPhor agarose 
gel (FMC, Rockland, ME). 

Genetic Analyses 

Arabidopsis crosses were performed as described by lnnes et al. (1993). 
F1, F2, and F3 plants were scored for disease resistance phenotypes 

using the dip assay (Whalen et al., 1991). Susceptible F2 plants were 
selected for generation of F3 families, which were used for isolation 
of DNA (see above) and to confirm disease phenotypes of the F2 par- 
ent. Microsatellite markers nga126 and nga172 behave as codominant 
markers (Bell and Ecker, 1994), allowing heterozygotes to be distin- 
guished from either homozygote. Genetic map distances were 
calculated as described by lnnes et al. (1993). 
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