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The Arabidopsis Downy Mildew Resistance Gene RPP5
Shares Similarity to the Toll and Interleukin-1 Receptors
with N and L6
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Plant disease resistance genes operate at the earliest steps of pathogen perception. The Arabidopsis RPP5 gene spec-
ifying resistance to the downy mildew pathogen Peronospora parasitica was positionally cloned. It encodes a protein
that possesses a putative nucleotide binding site and leucine-rich repeats, and its product exhibits striking structural
similarity to the plant resistance gene products N and L6. Like N and L6, the RPP5 N-terminal domain resembles the cy-
toplasmic domains of the Drosophila Toll and mammalian interleukin-1 transmembrane receptors. In contrast to N and
L6, which produce predicted truncated products by alternative splicing, RPP5 appears to express only a single transcript
corresponding to the full-length protein. However, a truncated form structurally similar to those of N and L6 is encoded
by one or more other members of the RPP5 gene family that are tightly clustered on chromosome 4. The organization of
repeated units within the leucine-rich repeats encoded by the wild-type RPP5 gene and an RPP5 mutant allele provides
molecular evidence for the heightened capacity of this domain to evolve novel configurations and potentially new dis-

ease resistance specificities.

INTRODUCTION

In plants, resistance to disease caused by specialized patho-
gens often depends on the presence of complementary pairs
of genes in the host plant and the pathogen. These are re-
ferred to, respectively, as resistance (R) genes and aviru-
lence (avr) genes, and their expression leads to efficient
containment of the pathogen at the site of attempted infec-
tion (Flor, 1971; Pryor and Ellis, 1993). The specificity of
these interactions suggests that the R and avr gene products
participate in a recognition event that then triggers down-
stream signaling processes, resulting in the activation of plant
defense mechanisms. This is commonly manifested as a local
necrotic plant cell reaction called the hypersensitive re-
sponse. Plant defense—related responses associated with the
hypersensitive response include the accumulation of salicylic
acid, an oxidative burst, cell wall reinforcements, and the lo-
cal and systemic induction of genes encoding pathogene-
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sis-related proteins (Ryals et al., 1994; Hammond-Kosack
and Jones, 1996). However, the precise role of these pro-
cesses in limiting pathogen growth is unclear.

R genes conferring race-specific resistance have recently
been cloned from several crop plant species (Staskawicz et
al., 1995; Jones and Jones, 1996; Kunke!, 1996). Analysis of
the predicted protein sequences places these genes in dis-
tinct classes. The tobacco N gene (Whitham et al., 1994},
the flax L6 gene (Lawrence et al., 1995), and the Arabidopsis
RPS2 (Bent et al., 1994; Mindrinos et al., 1994) and RPM1
(Grant et al., 1995) genes encode proteins containing a nu-
cleotide binding site (NBS) and leucine-rich repeats (LRRSs).
They mediate resistance, respectively, to viral, fungal, and
bacterial pathogens and are all probably localized in the cy-
toplasm. The tomato Cf-9 (Jones et al., 1994) and Cf-2
(Dixon et al., 1996) gene products, specifying resistance to a
fungal pathogen, also contain LRRs but are predicted to be
predominantly extracytoplasmic with a C-terminal mem-
brane anchor. In contrast, the tomato Pto gene (Martin et al.,
1993), controlling resistance to a bacterial pathogen, en-
codes a serine/threonine protein kinase and is therefore
quite distinct from the other two classes. However, for its
function, it is now known to require an LRR-containing pro-
tein, Prf, that has sequence similarities with the NBS LRR
class of cytoplasmic R proteins (Salmeron et al., 1996). A
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fourth class is represented by the rice Xa21 gene for bacterial
resistance (Song et al., 1995). This gene encodes a protein
that possesses predicted extracellular LRRs, a membrane-
spanning domain, and an intracellular serine/threonine protein
kinase domain, thus possibly coupling a role in both cell sur-
face recognition and intracellular signaling.

The predicted structural motifs implicate both protein-
protein binding, conferred by the LRR domain (Kobe and
Deisenhofer, 1994; Jones and Jones 1996), and protein
phosphorylation, mediated by a kinase domain (Zhou et al.,
1995), in pathogen recognition and activation of defense
signals. Also, the limited number of motifs shared among
these proteins reinforces the notion that disease resistance
in a diverse range of plant species to different pathogen
types may operate through similar pathways. A major task in
plant pathology now is to understand the precise nature of
the R gene—-mediated recognition events and consequent
signaling processes involved.

The interaction between the model crucifer Arabidopsis
and the biotrophic oomycete pathogen Peronospora para-
sitica is proving to be a particularly attractive system to ex-
amine the molecular mechanisms determining disease
resistance in plants (Dangl, 1993; Holub and Beynon, 1997).
P. parasitica is exclusively parasitic on members of the Cru-
ciferae on which it causes downy mildew. It exists in several
host-adapted forms, each being specialized to infect a par-
ticular plant species or genus (Sherriff and Lucas, 1990;
Crute et al., 1994). Characteristic of plant host species that
have coevolved naturally with their obligate parasites is an
extensive genetic variation between different Arabidopsis
ecotypes and P. parasitica isolates (Holub et al., 1994;
Holub and Beynon, 1997). Genetic analyses of these inter-
actions predict the existence of at least 20 different resis-
tance (RPP) genes in Arabidopsis (Holub and Beynon, 1996).
Mapping of several RPP loci (Parker et al., 1993; Tér et al.,
1994; Holub and Beynon, 1997; Reignault et al., 19%6) lends
support to the hypothesis that many are clustered in the
Arabidopsis genome and are likely to have evolved in a
manner similar to clustered R gene specificities that have
been characterized genetically in several crop plants (Hulbert
and Michelmore, 1985; Hulbert and Bennetzen, 1991; Jones
et al., 1993; Ellis et al., 1995). Arabidopsis thus provides an
opportunity to isolate naturally polymorphic R genes and a
system to dissect genetically other components of disease
resistance signaling pathways. In particular, examination of
the Arabidopsis—P. parasitica interaction should facilitate
analysis of the molecular organization and evolution of R
genes within potentially complex loci.

We previously characterized the interaction between the
P. parasitica isolate Noco2 and the resistant Arabidopsis
ecotype Landsberg erecta (Ler-0) (Parker et al., 1993). Ge-
netic analysis of segregating populations derived from a
cross between Ler-0 and the susceptible ecotype Columbia
(Col-0) showed that resistance was conferred by a single lo-
cus, designated RPP5, which mapped to a 1.2-centimorgan
{cM) interval on chromosome 4.

In this study, we describe the positional cloning and char-
acterization of the RPP5 géne. Sequence analysis showed
that it belongs to the class of R genes encoding cytoplasmic
proteins that possess an NBS and LRRs. The RPP5 protein
exhibits particularly striking N-terminal similarity to the to-
bacco N and the flax L6 resistance gene products in a re-
gion that also resembles the cytoplasmic domains of the
Drosophila Toll and the mammalian interleukin-1 (IL-1R) re-
ceptor proteins (Whitham et al., 1994; Dinesh-Kumar et al.,
1995). Examination of the amino acid sequences comprising
the LRR regions encoded by RPP5 and an RPP5 mutant al-
lele revealed possible mechanisms by which such R gene
specificities have evolved. Two transcripts are known to be
derived from both N and L6 by alternative splicing, giving rise
to a predicted full-length and truncated form of each protein.
We found no evidence of alternative splicing with RPPS5.
However, we show that a transcript that encodes a protein
similar to the N and L6 truncated products is expressed by
another member of the RPP5 gene family, thereby possibly
fulfilling a similar but as yet unknown function.

RESULTS

High-Resolution Mapping of RPP5

RPP5 was mapped previously using Ler-0 X Col-0 recombi-
nant inbred lines (Rls). It mapped to a 1.2-cM interval be-
tween the restriction fragment length polymorphism markers
m226 (0.9 cM; centromeric with respect to RPP5) and g4539
(0.34 cM; telomeric with respect to RPP5) on chromosome 4
(Parker et al., 1993). Further definition of recombination
events in the RI plants placed RPP5 telomeric to the restric-
tion fragment length polymorphism marker g13683 (data not
shown). A dominant randomly amplified polymorphic DNA
(RAPD) marker, OPC18, exhibited complete linkage with
RPP5 in 300 RI plants examined (Parker et al., 1993). The
OPC18 primers amplified a 570-bp band from Col-0 DNA
but not from Ler-0 DNA, and this amplification product was
cloned to create a probe, hereafter referred to as C18. C18
was used as an anchor marker to generate a contig of yeast
artificial chromosome (YAC) clones spanning the region be-
tween the markers g13683 and g4539, as shown in Figure
1A. This defined a physical interval of 280 kb of Col-0 DNA
that contained the Col-0 rpp5 allele. Further recombination
events were identified in this region by using a polymerase
chain reaction (PCR)-based strategy with two sets of prim-
ers amplifying polymorphic fragments of the locus SC5
{(centromeric to RPP5) and g4539 (telomeric to RPP5) (see
Methods), thus targeting recombinants in a 2-cM interval
around RPP5. Crossover events between g13683 and g4539
were then positioned in the contig by using a combination of
polymorphic YAC end probes and cosmid clones (see Figure
1A). Analysis of crossover events among 1571 F, plants nar-
rowed the interval containing RPP5 to a maximum of 100 kb
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Figure 1. High-Resolution Mapping of RPP5 on Chromosome 4.

(A) Alignment of YAC clones relative to genetic markers near RPP5.
Individual YAC clones were positioned by hybridization with the
cosmid DNA probes indicated and with the RAPD marker C18 and
by cross-hybridization between whole YACs and YAC end probes
(black ovals) generated by inverse PCR. YACs were isolated from
four libraries (see Methods). Their sizes are drawn to scale. The bold
strike-through lines in YACs YUP8F7 and EG15E1 indicate chime-
rism. Recombination events in selected Ler-0 x Col-0 F, individuals
were placed relative to RPP5 by probing restriction enzyme—
digested genomic DNA with YAC end probes and cosmid markers.
The broken lines connect the number of recombinants relative to
RPP5 with the respective probe used. RPP5 is placed within a 100-
kb region contained on YAC clone EW16B10 and cosegregates with
C18.
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and showed the Col-0 allele of the locus to be totally con-
tained within the YAC clone EW16B10 (Figure 1A). Partial di-
gestion of EW16B10 with rare cutting restriction enzymes
and subsequent probing with YAC end probes revealed that
RPP5 was almost certainly contained within a second smaller
YAC, EW9F3 (Figure 1A), because three recombinants were
positioned to the telomeric sides of the S64H10 and YUP8F7
YAC ends. These were found to be no more than 14 kb from
the EW9F3 centromeric end (data not shown). The analysis
demonstrated an uneven distribution of crossover events
over the 280 kb of genome examined (Figure 1A). Recombi-
nation events were surprisingly rare in the 100-kb region con-
taining RPP5.

Analysis of a Small Gene Family Revealed by
C18 Hybridization

In all recombinant F, plants examined, OPC18 cosegregated
with RPP5 (<0.03 cM) and was physically contained on the
100-kb region defined above (Figure 1A). DNA gel blot analy-
sis of Hindlll-digested Col-0 and Ler-0 DNA probed with C18
revealed a small polymorphic gene family, as shown in Figure
1B. C18 probing of DNA from all plants that had crossovers
within the g13683-g4539 interval (Figure 1A) showed that all
polymorphic C18 family members cosegregated with their re-
spective parental RPP5 genotypes (data not shown). In addi-
tion, a comparison of the restriction enzyme—digested YAC
clones EW16B10 and EW9F3 with Col-0 genomic DNA
probed with C18 confirmed that all members in Col-0 were
represented on EW16B10 and EWSF3 in a region spanning
no more than 50 kb (data not shown). It was considered
likely that the gene family occupied a similar interval in the
P. parasitica Noco2-resistant ecotype, Ler-0, although a
suitable YAC clone derived from Ler-0 genomic DNA was
not available to confirm this. Because C18-hybridizing DNA
represented up to half of the interval of DNA containing

(B) The C18 gene family in Ler-0 and Col-0. Hindlll-digested ge-
nomic DNA probed with the Col-0 C18 marker reveals a small, highly
polymorphic gene family. The positions and sizes (in kilobases) of
DNA molecular weight markers are indicated at left and right.

(C) Sequence features of Ler-0 insert DNA in binary cosmid clone
pCLD29L17. A contiguous sequence of 14.3 kb revealed an open
reading frame from nucleotide 4966 (ATG) to nucleotide 10054 (TGA)
encoding an NBS/LRR protein. This was shown to be the RPP5
gene by transformation analysis with a 6.3-kb Bglll-Pstl subclone of
pCLD29L17, designated pRPP5-2. pRPP5-2 encodes an RPP5 pro-
tein lacking the 26 amino acids of exon 8. The RPP5 coding se-
quence is expanded, showing the positions and sizes (in
nucleotides) of seven introns predicted by reverse transcriptase—
PCR (see Figure 3 for further details) and the region with homology
to C18. The positions of the motifs comprising the predicted NBS
and LRRs are also shown.
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RPP5, we selected Ler-0 binary cosmid clones hybridizing
to C18 and transformed representative clones into the
Noco2-susceptible Arabidopsis ecotype Nossen (No-0) as a
primary screen for RPP5-containing DNA.

Isolation of the RPP5 Gene

Seven Ler-0 genomic DNA clones in the binary cosmid vector
pCLD04541 (see Methods) were identified that hybridized
with C18. Stable transformants (T; plants) of ecotype No-0
were obtained initially with two cosmid clones, pCLD29L17
and pCLD27E2. Self (T,) progeny of three independent trans-
formants for pCLD29L17 and two for pCLD27E2 were inocu-
lated with Noco2 and individually tested for kanamycin
resistance by using the neomycin phosphotransferase assay.
Transformation with pCLD27E2 produced only Noco2-sus-
ceptible plants. In contrast, all three pCLD29L17 transformants
gave rise to Noco2-resistant T, progeny. Cosegregation be-
tween the Noco?2 resistance phenotype and kanamycin resis-
tance in T, and T3 progeny demonstrated that the RPP5 gene
was contained on pCLD29L17 (data not shown).
Subsequently, two independent transformants of the
Noco2-susceptible ecotype Col-0 were obtained with a 6.3-kb
Bglll-Pstl subclone of pCLD29L17 (denoted pRPP5-2 and
shown in Figure 1C) that contained only the putative RPP5
gene (see below for sequence details). T, and T3 progeny de-
rived from both transformants cosegregated for resistance to
Noco2 and the presence of the T-DNA (data not shown).
Resistance to Noco2 conferred by pRPP5-2 in Col-0 was
examined in more detail in T, transformant lines T-32-4 and
T-32-9, which are homozygous for the RPP5 transgene.
Noco2-inoculated seedlings exhibited the same degree of
resistance to the pathogen (shown in Figure 2A) as did the
natural RPP5-expressing ecotype, Ler-0 (Figure 2B). This
can be compared with the fully susceptible response of Col-0
seedlings, on which systemic pathogen growth and profuse
asexual sporulation occur (Figure 2C). Microscopic examina-
tion of the inoculated material showed that the extent of ne-
crosis at sites of attempted pathogen penetration was the
same in Col-0/T-32 transformant seedlings and in wild-type
Ler-0 (data not shown). We concluded from these experiments
that the gene on pRPP5-2 is both necessary and sufficient to
confer resistance in Col-0 to P. parasitica isolate Noco2.

Structure of the RPP5 Gene

As a first step toward identifying the RPP5 gene, the nucle-
otide sequence of the 18-kb Ler-0 DNA insert of cosmid
pCLD29L17 was determined. A shotgun cloning strategy in
combination with sequence readings from specific, gap-fill-
ing primers were used to obtain 14.3 kb of a double-
stranded nucleotide sequence. A candidate RPP5 gene, en-
coding a polypeptide with structural features similar to those

Figure 2. Phenotypes of Different Arabidopsis Lines Inoculated with
Noco2.

Nine-day-old seedlings were spray inoculated with a suspension of
conidiosporangia. The phenotypes illustrated are of primary leaves 7
days after inoculation.

(A) T-32-9, a Col-0 transformant seedling exhibiting complete resis-
tance to Noco2. This plant is homozygous for the T-DNA and was
derived from a Col-0 (T,) plant that was transformed with the binary
cosmid clone pRPP5-2.

(B) Ler-0, the Noco2-resistant wild-type control. Resistance is con-
ferred by RPP5.

(C) Col-0, the Noco2-susceptible wild-type control permitting pro-
fuse Noco2 asexual sporulation and exhibiting typical leaf curling.
Susceptibility is the result of lack of RPP5.

encoded by several previously characterized plant R genes,
was identified within the 14.3-kb sequence and was demon-
strated by transformation (see above) to be sufficient to con-
fer resistance to Noco2 (Figure 1C). Attempts to isolate a
full-length RPP5 cDNA clone from two Ler-0 cDNA libraries
were unsuccessful. Therefore, reverse transcriptase-PCR



was used to confirm the occurrence of eight exons and
seven introns spanning 5088 bp of genomic DNA. Amplifica-
tion products that unambiguously identified the 3’ end of the
transcript were not obtained. The derived RPP5 gene struc-
ture is shown in Figure 1C. A sequence with 97% identity to
the OPC18 RAPD amplification product forms part of the
RPP5 gene (nuclectides 1520 to 2110 in Figure 3), extending
from the end of exon 2, through intron 2, and into part of
exon 3 (Figures 1C and 3). Interestingly, subcione pRPP5-2,
which was shown to confer full disease resistance on the
susceptible ecotype, Col-0 (see above), encodes a protein
that is truncated by 26 amino acids, with the clone terminat-
ing 3 bp before the start of exon 8 (Figure 3).

The complete RPP5 nucleotide sequence and derived
amino acid sequence are shown in Figure 3. The predicted
polypeptide contains 1361 amino acids and has a molecular
mass of 154 kD. The sequence was examined for a potential
signal sequence and for membrane-spanning regions with
the GCG motifs and hydropathy analysis computer pro-
grams (Kyte and Doolittle, 1982). The absence of either fea-
ture indicated that the protein is probably cytoplasmic. The
protein contains a predicted NBS: the sequence GQS-
‘GIGKST (beginning at amino acid residue 216) conforms to
the kinase-1a (P loop) consensus; the sequences LILLD (be-
ginning at residue 292) and FGSGSR (beginning at residue
314) correspond, respectively, to the kinase-2 and kinase-3a
consensus motifs (Traut, 1994). The spacing between these
three motifs is consistent with that found in known ATP and
GTP binding proteins (Traut, 1994).

The C-terminal region of the RPP5 protein is composed
principally of 21 imperfect LRRs, beginning at amino acid
residue 576 (Figure 3). These vary in length from 21 to 24
amino acids and contain two regions that have little or no
similarity to an LRR consensus. The primary structure of the
LRR-containing domain is illustrated in Figure 4A. Figure 4A
also shows the two predicted regions of deviation, loop outs
1 and 2, from the canonical LRR sequence. The LRR domain
contains regions in which series of amino acids are re-
peated. For example, LRRs 1, 2, 3, and 4, preceded by part
of the non-LRR sequence, are very similar, respectively, to
LRRs 5, 6, 7, and 8, preceded by part of loop out 1 (pair 1 in
Figure 4A). Three other reiterated sequences are also appar-
ent (Figure 4A). It is notable that the splice junctions of in-
trons 3, 4, and 5 (see Figure 1C) are found at coincident
positions in the sequences encoding LRRs 2, 6, and 11
(shown in Figure 4A).

A fragment of RPP5 genomic DNA that contains all of the
coding region with the exception of the last 570 nucleotides
was used to probe a gel blot of EcoRI-digested DNA extracted
from several different Arabidopsis ecotypes and from the re-
lated crucifer crop species Brassica oleracea (cabbage), B. na-
pus (rape), and B. campestris (turnip). The analysis revealed a
highly polymorphic family of related genes in the Noco2-resis-
tant ecotypes Ler-0 (containing RPP5), Wasitewskija (Ws-0),
Praunheim (Pr-0), and Oystese (Oy-0) and in the susceptible
ecotypes Col-0 and Neidersenz (Nd-0) (Figure 5A). This re-
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sult is consistent with the high degree of polymorphism ex-
hibited by the C18-hybridizing sequences present in Ler-0
and Col-0, demonstrated earlier (see Figure 1B). Weak hy-
bridization signals were also detected in the Brassica lines
by using moderately stringent conditions (Figure 5A), indi-
cating some conservation of RPP5 sequence in these culti-
vated species. In contrast, DNA from less-related crop
species such as tomato, potato, tobacco, pepper, pea,
wheat, barley, and rice did not show any significant hybrid-
ization signals with RPP5 under the same conditions (data
not shown).

A Mutant Allele of RPP5 Contains an Intragenic
Duplication of Four LRRs

During the course of this study, Ler-0 seedlings derived from
various mutagenized seed stocks were inoculated with
Noco2 and screened for mutations leading to a change from
disease resistance to susceptibility. One mutant, designated
FL-387, was identified from fast neutron-bombarded Ler-0
seeds that had a partial loss of resistance. Ten cleaved, am-
plified polymorphic DNA sequence (CAPS; Konieczny and
Ausubel, 1993) or microsatellite (Bell and Ecker, 1994) mark-
ers representing the five Arabidopsis chromosomes were
used to confirm that FL-387 was not a seed contaminant
{results not shown). Genetic analysis revealed that FL-387
contains two unlinked mutations that were separated subse-
quently by backcrossing to wild-type Ler-0 (J. Parker, un-
published data). The first mutation, FL-387a, which is
described here, contains a structurally altered allele of RPP5
that was identified by probing FL-387a genomic DNA with
an RPP5 probe (see below). This mutation causes no appar-
ent impairment of the resistance phenotype. The second
mutation, FL-387b, confers partial susceptibility to Noco2
and is being analyzed further (J. Parker, unpublished data).
Gel blot analysis of restriction enzyme-digested FL-387a
genomic DNA, probed with cosmid pCLD29L17, showed an
expansion of the RPP5 C-terminal region containing the LRRs.
The apparent insertion caused the disappearance of a 1.2-kb
Hindlll fragment and gave rise to a novel 1.5-kb fragment, as
shown in Figure 5B. Primers were designed to amplify DNA
from FL-387a across the region containing the insertion (nu-
cleotides 4041 to 5170 in the wild-type Ler-0 RPP5 sequencs;
Figure 3), and two independently generated 1.3-kb amplifi-
cation products were cloned and sequenced. This analysis
revealed the presence of an in-frame intragenic duplication
of 270 bp encoding 90 amino acids, giving rise to four addi-
tional LRRs in the open reading frame, as shown in Figure
4B. The duplication is consistent with an unequal crossover
event between two regions of 84-bp identity that encodes amino
acids in LRRs 13/14 and 17/18 (highlighted in Figures 4A and
4B) of the wild-type RPP5 protein. Both the gel blot and DNA
sequence analysis of FL-387a established that the mutant al-
lele is derived from RPP5 and not from a seed contaminant.
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S VP S W S S RECTQGTIVYF PR K
ctcaaaagtgtattgtggactaattgtccattgaagegtttgecttetaattttaagget
L K 8 VL WTNUCUPULIEKI RILUPS N F K A
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gagtatctggttgaactcataatggagtacagtgagcttgagaagctgtgggatggtact
E Y L V E L I M E L E L D T
caggtactaattctattagtgataataaatatgttagaaaaactaaaaataaaaatgttt
Q

aaaatgttcattaacgtgtgtgctctcttttecectattttgttatcagtcacttggaag
s
tctcaaggagatgaatttgaggtattccaacaatttaaaagaaattccagatctttettt
L K EMDNULR Y N L X E I P DL S L
agccataaacctcgaggaattagatetttttggatgegtatetttggtgacacttectte
A I NL EEL DILF G CV S L V TUL P §
ctcgattcagaatgccactaaactgatctatttagatatgagtgaatgcgaaaatctaga
S I Q NATI KULTIYLDMSETCENTLE
gagttttccaaccgttttcaacttgaaatctctcgagtacctegatetcactggatgeee
S F P TV F NULIK S LE YL D P
gaatttgagaaatttcccagcaatcaaaatgggatgtgectggactagattatctegaac
N L RNTF P ATIIKMGT CAWTR S R T
aagattgtttccggaagggagaaatgagatcgtggtagaagattgtttctggaacaagaa
R L F P E G R N I VvV V E D W N N
tctcectgetggactagattatctegactgecttatgagatgtatgecttgtgaatttcyg
L P AGLDYULDCTLMR®BRUCGCMTEP
ctcagaacaactcacttttctcaatgtgagegge agctt tat
S EQ L T F LNV S G CKULETZ KIULMWE G
catccaggtacattgttaatgctatgetgatttttgtttacettetgttatataactaat
I Q
taagtatacccaaatttgtttttatggecttgtggtcgatccacggttatgtcttacatac
atacataataatgtttaattataattttaaacatatataggtataasattaaaatgatta
tcatcgataatgattgaagcataccaatgtttttttcagtcgettggaagtctcgaagag
S L G S L E E
atggatctgtcagaatctgaaaacctgaaagaacttccagatcttteaaaggecaccaat
M D L S E S ENULIKETLUPUDTL S KATN
ctgaagcttttatgtctcagegggtgecaaaagtttggtgacacttecttctacaattggy
L K L L ¢L $ G CCK SL VTULUPSTTIG
aatcttcaaaatttgagacgtttgtacatgaacagatgcacagggctggaggttcetteey
N L Q NLRZRLYMNZURTCTGTLEVTLTP
accgatgtcaacttgtcatctctegaaaccctecgatctecagtggttgetcaagtttgaga
T D VNL S S L ETULDTIL S G C S L R
acttttectctgatttcaactaatattgtatgtctctatetggaaaacaccgecattgaa
T F P L I § TNTI UV L YL ENDNTATIE
gaaattccagatctttcaaaggccaccaagctcgagtetttgatactcaacaactgcaaa
E I P DL S K AT KULESULITULNNTCK
agtttggtgacacttecttectacaattgggaatcttcaaaatttgagacgtttgtacatyg
s v T L P S T I GNUIL QNILURUIRTULYM
aacagatgcacagggctggagcttcttccgaccgatgtcaacttgtcatctctcgaaacc
N R L P T DV DNILS S UL ET
ctcgatctcagtggttgctcaagtttgagaacttttcctctgatttcaactagaatcgaa
L DL L RTF P LI S TR I
tgtctctatct tt gttccctygetgeattygaggatttcacy
¢ L Y L ENTATIEEV P C I EDF T
aggcteactgtactacggatgtattgttgccagaggttgaaaaacatctceccaaacatt
R L T V L. R M c Cc Q N I S P N I
ttcagactgactagtcttacgctegecgactttacagactgtagaggtgtcatcaaggeyg
F RL TS L TULADTFTTD I
ttgagtgatgcaactgtggtagegacaatggaagatcacgtttettgtgtaccattatet
L §$ D ATV V A T M H VvV § ¢ V P L S
gaaaacattgaatatacatgtgaacgtttctgggatgegtgttctgattattactetgat
E N I E Y T C E R D Y Y S D
gactttgaggtaaatcggaacccaattagattgtcaacgatgactgccaacgatgtggag
D F E VNI RNZPTIZRILS M T V
tttaagtttcgttgctccattacgatcaaagaatgcggtgtacgactcttgtatgtctat
F XK F C C s T T I R vV Y
caagaaacagagcacaaccaacaaactacgagaagcaagaagcggatgegggtaagectt
Q ETEHNOQQ T TR S K KRM
ttgccataattagagetgaaacttgtasagcaatcettttgacttgattigttttatagga

tcaaaataccatagcgacagactatttgatagaatcgatcgtttgatatataatgcagat
M

gacatcggggacatctgaagaagatatcaacttaccctatggccaaattgtageggacac
T S ¢ T S EEDINULZPYG QI V ADT
aggattggecgctctaaata cttteg atcatcatcaac
G L A AL NTELSULGOQGEA AS S ST
atctctagagggggaagctttgtgtgttgatgattacatgataaatgaagaacaagatga
S L E E A v D Y M N E E Q@ D E
acaaatacctatcttgtatcctgtttatggtaactgaagcatctttatcattctgttttg
Q 1 P I L Y P V Y D
ctettttttaggataacttgggatecgaccattattataaatttataatgataatgacaaa
acgatttecataggttttgacttttgacacaagecattttttetgeagatatagacgatga
I D D D
tatgtggagatcattattttttggagata tgata tcattatattc
M W R S L F F G D T D D DMMW®R S L Y S
tgcagaatgatatgtggagaaccaaaatcegtttaatcatecaactceggagectgaaag
A

tgtttgtaatttcttctttatctgaatgtagaaacactctgtgtttgoggtttaaacatt
ttatcttgectttttttcaaacatagatctcaatgtgtatgttagcaaaggttgttttct
ctgtattagcaatgaataaatcagactttgggtaaaaaaaatgtatatggcaaattcaca
agagaattggcaacaataatgtgttggaactttggaactaattttaaatagcaagatcct
cgtcaatagccaaaaggcagaagettttttggcttaacttcggccaaagatatgaccage
ataaggaacaagccttcaggt tc aatgtctggtccact

Figure 3. Nucleotide Sequence of the RPP5 Gene and the Predicted Amino Acid Sequence.
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The sequence shown includes 200 nucleotides (nt.} 5’ to the start site (ATG) and 351 nucleotides 3’ to the stop codon (TGA). The positions of the
seven introns were confirmed‘by reverse transcriptase-PCR analysis. The kinase-1a (P loop) domain (GQSGIGKST), kinase-2 domain (LILLD), and
kinase-3a domain (FGSGSR) comprise a predicted NBS within exon 2 and are underlined. The asterisk marks the stop codon. A consensus poly-
adenylation sequence within the untranslated 3’ region is also underlined. Nucleotides shown in boldface (nucleotides 145 to 1722) represent
the sequence of identity in transcripts of RPPY, a truncated form of RPP5 encoded by one or more other members of the RPP5 gene family (see
also Figures 6B and 6C). The RPP5 sequence GenBank accession number is U97106.
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A Ler-0
GTETLLGIRLPHPGYLTTRSFLIDERSFRGMRNLQ
™ YLEIGYWSDGVLPQSLVYFPR
LRR1 A KLKRLWWDNC-PLKRLPSNFRAE
2 B YLVELRMVNS-RLEKLWDGTQ* PLG
3 ¢ SLRRMDLYNSYKLKEIPDLSLAT
4 D NLEELNLEECESLETLPSSIQNAL
t loop out 1 KLRELNCWGGLLIDLESLEGMCNLE
B YLSVPSWSSRECTQGIVYFFR
5 a KLRSVLWINC-PLKRLPSNFKAE
6 B YLVELIMEYS-ELEKLWDGTQ- SLG
7 ¢ SLKEMNLRYSNNLKEIPDLSLAT
8 D NLEELDLFGCVSLVTLPSSIQNAT
9 E KLIYLDMSECENLESFPTVFNLK
10 F SLEYLDLTGCPNLRNFPAIRMGC
loop out 2 AWIRLSRTRLFPEGRNEIVVEDCFWN B FL-387a
I KNLPAGLDYLOCLMRCMPCEFRSE
13 NIXL1CLSGCRSLVILPSTIGNLQ
11 xB OLTFLNVSGC~KLEKLWEGIQ' SLG 14 [FLRRIYMRRCTGLEF LPTOVNLS
12 ¢ [~ SLEEMDLSESENLRELPDLSKAT 15 SIETLDLSGASSLETFPLIST
13 D NLKLLCLSGCRSLVTLPSTIGNLO)] 16 NIVCLYL-ENTATEEIPDLSKAT
14 E LPTDVNLS 1—1-,715———K I
15 F | SLETLDLSGCSSLRTFPLIST I 14 TRRLTMTRCIGLEJLETOVILS |
16 yo 11 [ NIVCLYL-ENTAIEELPDLSKAT | 1s SLETLDLSGCSSLRTFPLIST |
17 D KLESLILNNCRSLVTLPSTIGNLY . | 16 NIVCLYL-ENTAIEEIBDLSKAT |
18 E py LRRLYMNRCTGLELLPTDVNLS a7 "'"
19 F |_SLETLDLSGCSSLRTFPLIST 18 N IRRLIVNRCTGLELLPTDVNLS
20 yG RIECLYL-ENTAIEEVECCIEDFT 19 SIETLDLSGCSSLRTFPLIST
2 = RLTVLRMYCCORLKNISPNIFRL ——"\20 RIECLYL-ENTAIEEVPCCIEDFT
21 RLTVLRMYCCORLKNISENIFRL
Consensus =L el Ipm = Cm— L=~ LB Lo ==

Figure 4. Primary Structure of the Predicted LRRs of RPP5 in Wild-Type Ler-0 and FL-387a Plants.

{A) Wild-type Ler-0 plants. The conserved L or | residues of each of the 21 LRRs are highlighted in blue. Other conserved amino acids (S, C, and
P) are shown in red. Two regions that do not conform to the canonical LRR structure are shown as loop outs 1 and 2. LRR 5 conforms weakly to
the LRR consensus and so alternatively could be considered as a continuation of loop out 1. Four series of amino acids containing highly similar
' sequences are shown (bracket pairs I, Il Ill, and IV}). The reiteration of LRR types A, B, C, D, E, and F (in LRRs 5 to 10) is represented in other
LRRs with the corresponding letters A to F. Only the latter parts of LRRs xB (11) and yC (16) contain repeated sequences. Also, the sequence
similarity (underlined) of series IV is contained within otherwise divergent repeats yC (16) and yG (20). The occurrence of intron-exon splice junc-
tions conserved between introns 3, 4, and § is indicated with a dot. Two stretches of 28 amino acids representing 84-nucleotide sequence iden-
tity between LRRs 13/14 and 17/18 are highlighted (boxes with solid lines), indicating possible substrates for unequal crossing-over that would
produce the duplication observed in FL-387a. .
(B) Mutant FL-387a plants. In the RPP5 sequence of FL-387a, LRRs 13 to 16 are repeated, resulting in a 90-amino acid duplication (box with a
broken line). An increase from two to three copies of the 28 amino acid repeats in LRRs 13/14 and 17/18 (boxes with solid lines) is consistent
with an unequal exchange event, giving rise to the duplication. '

Analysis of the RPP5 Gene Transcript The RPP5 allele in FL-387a possesses an in-frame duplica-

tion of 270 bp within the coding region (see above) and pro-
A gel blot containing poly(A)* RNA from Ler-0 and mutant duced a correspondingly higher molecular weight transcript
FL-387a seediings was probed with a 776-bp RPP5 C-termi- (Figure 5C, lane 2). This provided confirmation that the 4-kb
nal fragment. This revealed a transcript of ~4 kb (Figure 5C, transcript observed in wild-type Ler-0 plants is indeed en-
lane 1), corresponding to the size expected for a full-length coded by the RPP5 gene. A very weak hybridization signal
mRNA encoding 1361 amino acids. The weakness of the hy- of ~1.8 kb was also apparent in Ler-0 plants. This may have
bridization signal, however, indicated that RPP5 mRNA is been the result of hybridization with a related gene transcript

present at very low levels, at least in healthy Ler-0 seedlings. (see below).
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Figure 5. DNA and RNA Gel Blot Analysis of RPP5.

(A) DNA gel blot analysis of EcoRI-digested DNA (1 g per lane) ex-
tracted from different Arabidopsis ecotypes and Brassica species,
probed at medium stringency with the Ler-0 RPP5 gene (nucleotides
238 to 4308 in Figure 3), reveals a small, polymorphic gene family.
RPP5 gene members are present in Noco2-resistant (Ler-0, lane 1;
Ws-0, lane 4; Pr-0, lane 5; Oy-0, lane 6) and susceptible (Col-0, lane
2; Nd-0, lane 3) Arabidopsis ecotypes. Weak hybridization signals
can also be seen with B. oleracea (lane 7), B. napus (lane 8), and B.
campestris (lane 9). Four times more DNA was loaded in lanes 7 to 9.

RPP5 Shares N-Terminal Similarity to the Toll and IL-1R
Receptors with N and L6

Analysis of amino acid sequence alignments between the
predicted RPP5 gene product and GenBank database se-
quences showed that it is most similar to proteins encoded
by the tobacco N and flax L6 resistance genes. Notable is
the high level of sequence identity in exons 1 and 2 and the
similar positions of the intron-exon splice junctions of the
full-length transcripts, giving rise to exons 1, 2, and 3 (Figure
6A). A computer alignment of amino acids in RPP5, N, and
L6 exons 1 is shown in Figure 7A, together with similar se-
quences from the cytoplasmic domains of Toll and IL-1R.
The latter similarity was noted previously by Whitham et al.
(1994) for the N gene product. Corresponding secondary
structure predictions were made for the five aligned se-
quences, as shown in Figure 7B. The analysis reveals a sim-
ilar occurrence and spacing of alternating B-strand elements
and «-helices, although the predicted IL-1R secondary
structure deviates over a region otherwise structurally con-
served between Toll and the three plant R proteins (high-
lighted in Figure 7B).

A Truncated Form of RPP5 Is Encoded by a Member of
the RPP5 Gene Family

Both N and L6 produce transcripts that encode both a full-
length and truncated protein (Whitham et al., 1994; Lawrence
et al., 1995). The transcript encoding truncated N (N') arises

The 9.6-kb EcoRI fragment in Ler-0 representing RPP5 is marked by
an arrow. The positions and lengths (in kilobases) of DNA molecular
weight markers are indicated at right.

(B) Gel blot analysis of Hindlll-digested DNA extracted from wild-
type Ler-0 and FL-387a plants probed with cosmid pCLD29L17. A
novel 1583-bp band is present (+) in FL-387a, with the correspond-
ing loss of a 1211-bp band (—), revealing an insertion of ~300 bp.
The sizes of the RPP5 Hindlll digestion fragments in base pairs are
indicated at left.

(C) RNA gel blot analysis of 8 pg of poly(A)* RNA isolated from wild-
type Ler-0 and FL-387a plants (lanes 1 and 2) probed under high-
stringency conditions with a C-terminal RPP5 gene probe (nucle-
otides 4041 to 4817 in Figure 3). Exposure to a plate used with a
Phosphorimager (Fuji Photo Film Co., London, UK) was for 4 days.
The major RPP5 transcript of ~4 kb in Ler-0 is shifted to ~4.3 kb
in FL-387a. The same RNA gel blot (lane 3; only Ler-0 is shown here)
was reprobed with a 389-nucleotide sequence representing the SFH
present in one or more members of the Ler-0 RPP5 gene family (see
also Figure 6). This reveals a single hybridization signal of ~1.9 kb. A
different RNA gel blot (lane 4) was probed with an N-terminal se-
quence (560 nucleotides) representing exon 1 of RPPS. A strong sig-
nal at ~1.9 kb and a very weak signal at ~4 kb are shown. The
positions and lengths (in kilobases) of RNA molecular weight mark-
ers are indicated at left and right.
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Figure 6. Comparison of the Major Structural Features of RPP5, N,
and L6.

(A) The predicted amino acid sequences of the RPP5, N, and L6 full-
length proteins show extensive similarity. Intron positions are
marked by arrowheads. Percentage of amino acid identity between
RPP5, N, and L6 is indicated for four domains, marked by different
shading: domain 1 (exon 1, denoted by TIR) has similarity with the
cytoplasmic domains of Toll and IL-1R (see also Figure 7); domain 2
{exon 2, NBS) contains motifs that constitute a nucleotide binding
site; domain 3 (exon 3, non-LRR and LRR) contains the start of the
LRRs; domain 4 (exons 4 to 6 in RPP5 and LRR) corresponds to the
C-terminal part of the protein containing the remaining LRRs. The same
analysis between RPP5 and RPS2 reveals 14, 23, 23, and 29%
amino acid identity, respectively, in domains 1 to 4. A signal domain
(SD) is predicted only for L6.

(B) Generation of alternative transcripts from RPP5, N, and L6, giv-
ing rise to similarly truncated proteins by three different mecha-
nisms. In contrast to the full-length RPP5 transcript (E1 to E5
represent exons 1 to 5), a shorter transcript encoding RPP5 exon 1
and most of exon 2, followed by the SFH sequence, is expressed by
one or more members of the RPP5 gene family. The N and L6 genes
produce both full-length and alternatively spliced transcripts (see
Whitham et al. [1994], Lawrence et al. [1995], and text for details).
AE1 and AE2 are alternative exons of N,

(C) The truncated RPP5, N, and L6 proteins possess the TIR and
NBS domains but are essentially devoid of LRRs.

from alternative splicing of a 70-bp exon from within intron 3
(Figure 6B). The transcript encoding truncated L6 (L6") is pro-
duced when intron 3 remains unspliced and there is
readthrough to a stop codon six amino acids beyond the nor-
mal intron 3~exon 4 junction (Figure 6B). The high degree of
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sequence similarity between these two R genes and RPP5
raised the possibility that RPP5 may also undergo alternative
splicing. We adopted a reverse transcriptase-PCR strategy
essentially identical to that used for L6 to identify incomplete
processing of the RPP5 transcript (see Methods). A single
product was detected, and this corresponded to normal
splicing of intron 3 (data not shown). Therefore, incomplete
processing events similar to those for L6 were not detected
for RPP5.

Two Ler-0 cDNA libraries were screened with an RPP5
probe to identify cDNAs encoding RPP5. Three cDNA
clones (clones 9, 11, and 35) were obtained that had long
poly(A) tails (>30 nucleotides) and were therefore judged
not to have resulted from internal priming events. Clones ¢
and 11 represented 5’ truncated forms of clone 35 (data not
shown). The nucleotide sequence of clone 35 is 1882 bp
long, and its first 1450 bp are identical with the 5’ end of
RPP5. The homology extends from 54 bp 5’ to the probable
ATG and includes exon 1 (479 bp) and the first 917 bp of
exon 2, as shown in Figures 3 and 6B. The homology with
RPP5 breaks down abruptly 158 bp 5’ to the intron 2 splice
donor site (Figure 6B). The 3’ end of clone 35 (389 bp, ex-
cluding the poly[A] sequence) has no homology with RPP5,
and its sequence has been designated the SFH (for se-
quence from homolog; see below). SFH DNA was used in
hybridization experiments to probe genomic DNA and
cosmid clones known to contain RPP5 and several other
members of the RPP5 gene family. Results showed that the
SFH is not present in cosmid pCLD29L17, containing RPP5,
but is represented in cosmids that contain other members of
the gene family. Ler-0 apparently contains four copies of the
SFH, all located at the RPP5 locus (data not shown). Thus,
the SFH-containing transcript is not derived from RPP5 but
from one or more members of the RPP5 gene family. The
transcript encodes a 466—-amino acid truncated form of RPP5
that we denote RPP5Y. The first 465 amino acids of this pro-
tein are identical with the first 465 amino acids of RPP5. In
RPP5Y, amino acid 466, a tyrosine, is the first amino acid en-
coded by the SFH. The tyrosine codon is followed by a stop
codon. A comparison of the RPP5", Nt", and L6" products
reveals them to be structurally very similar, with each en-
coding an NBS-containing protein that is essentially devoid
of LRRs (Figure 6C).

An SFH DNA probe detected a hybridizing band of
~1.9 kb on an RNA gel blot (Figure 5C, lane 3), indicating
that clone 35 represents the complete RPP5" transcript. To
assess the relative levels of the RPP5 and RPP5Y transcripts,
a second RNA blot was probed with an RPP5 N-terminal
probe, encoding only exon 1. A weakly hybridizing band at
4 kb corresponding to the predicted full-length RPP5 tran-
script and a much stronger band at 1.9 kb, coincident with
the SFH hybridization signal, were observed (Figure 5C, lane
4). Therefore, the RPP5Y transcript appears to be more
abundant than the RPP5 mRNA. )

In summary, a truncated form of RPP5 is expressed in
Ler-0 plants that is structurally similar to the alternative
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Figure 7. Primary and Secondary Structure Alignments between RPP5, N, L6, IL-1R, and Toll.

(A) Prettybox representation of a Pileup analysis (Genetics Computer Group [Madison, WI] package; see Methods) of the N-terminal regions of
RPPS5, N, and L6 and part of the cytoplasmic domains of Toll and IL-1R. Shown are RPP5 amino acids 1 to 160 (exon 1), N amino acids 1 to 159
(Whitham et al., 1994), L6 amino acids 51 to 158 (minus the putative signal extension; Lawrence et al., 1995), IL-1R amino acids 352 to 527 (Sims
et al., 1989), and Toll amino acids 848 to 999 (Hashimoto et al., 1988). Identical and similar residues are in black boxes. Sequence gaps are indi-

cated with dots.

{B) Comparison of the secondary structure predictions for RPP5, N, L6, IL-1R, and Toll derived from the aligned sequences shown in (A). The
alignments extend from RPP5 amino acids 8 to 146 of exon 1. Potential a-helix (o) or B-strand elements (open rectangles) are shown beneath
each sequence. Three regions that show deviation of the IL-1R sequence from the other sequences are highlighted by boxes with broken lines.

The asterisks indicate gaps accommodated in the sequence alignments.

splice products of N and L6. However, it is derived from one
or several members of the RPP5 gene family and not from
RPPS itself.

DISCUSSION

Here, we report the positional cloning of RPP5, a gene in
Arabidopsis ecotype Ler-0 that specifies resistance to the P.
parasitica isolate Noco2. The gene is sufficient to confer full
resistance to Noco2 when transferred to the genetically sus-
ceptible ecotype Col-0.

Comparison of the predicted RPP5 amino acid sequence
with GenBank database sequences shows that it belongs

to the NBS/LRR class of plant R genes. To date, this class
comprises the tobacco N gene mediating viral resistance
(Whitham et al., 1994), Arabidopsis genes RPS2 (Bent et al.,
1994; Mindrinos et al., 1994) and RPM1 (Grant et al., 1995)
mediating bacterial resistance, and the flax L6 gene specify-
ing rust resistance (Lawrence et al., 1995). The predicted
protein products of all five genes are of a similar size (909 to
1361 amino acids) and exhibit a similar structural organiza-
tion. All encode proteins with large C-terminal domains
composed principally of LRRs and, in the N-terminal por-
tion, motifs that constitute an NBS. These R genes are pre-
dicted to encode cytoplasmic proteins, although the L6
gene product possesses a potential signal peptide, indicat-
ing that it may enter a secretory pathway (Lawrence et al.,
1995). The presence of the same conserved domains in



RPP5, specifying resistance to an oomycete pathogen,
strongly reinforces the hypothesis that common recognition
and resistance signaling mechanisms operate in different
plant species to combat infection by taxonomically unre-
lated pathogens. This conserved mode of action is also
likely to require binding of either GTP or ATP.

Surprisingly, the C-terminal 26 amino acids comprising
exon 8 do not appear to be required for RPP5 gene function,
because a subclone lacking this coding region conferred on
the genetically susceptible ecotype Col-0 the same degree
of resistance that was observed in wild-type Ler-0 plants. It
is unclear how transcripts derived from this clone would be
polyadenylated and terminated. There is no obvious con-
sensus polyadenylation signal within the intron 7 sequence.
We presume that the absence of an exon 8 splice acceptor
site causes termination of the RPP5 protein at a TAA stop
codon that lies at the start of the intron 7 sequence (Figure 3).

The RPP5 Protein Is Most Similar to N and L6

RPP5 is most similar to the N and L6 proteins (see Figures
6A and 7) and less closely related to RPS2 and RPM1. The
high degree of sequence conservation between RPP5, N,
and L6 extends to the coincident positions of the intron—
exon splice junctions giving rise to exons 1, 2, and 3 of the
full-length transcripts. This suggests that these particular R
genes have evolved from a common ancestral gene (Pryor
and Ellis, 1993; Ellis et al., 1995). In contrast to RPP5, N, and
L6, both RPS2 and RPM1 lack introns and possess a pre-
dicted leucine zipper motif. Furthermore, the RPS2 and
RPM1 proteins lack a region of similarity to the cytoplasmic
domains of the Drosophila Toll and mammalian IL-1R recep-
tor proteins (see discussion below), suggesting that they
may interact with somewhat different signaling pathways.
RPP5, N, and L6 exhibit the highest level of sequence
conservation within the first two exons but greater diver-
gence in the C-terminal portion of their full-length proteins.
In addition to the three consensus motifs (kinase-1a or P-loop,
kinase-2, and kinase-3a) forming the NBS, exons 1 and 2
possess several other highly conserved regions (exon 1 is
shown in Figure 7A). The functional significance of these is
not known, although a G/SLPL sequence (RPP5 amino acids
380 to 383 in Figure 3) is conserved among all R genes that
have cytoplasmic LRRs, including Prf (Salmeron et al., 1996),
and may therefore have an important functional role.
Whitham et al. (1994) noted previously that a region at the
N terminus of the N protein (amino acids eight to 150 in both
N and RPP5) resembles the cytoplasmic domains of the
Drosophila Toll (Hashimoto et al., 1988) and mammalian IL-
1R (Sims et al., 1989) transmembrane receptors. Our amino
acid sequence comparisons and corresponding secondary
structure predictions for RPP5, N, L6, Toll, and IL-1R (Figure
7) support their data, although in both analyses, IL-1R di-
verges from the other sequences at several points, suggest-
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ing a degree of functional divergence. This is consistent with
the conclusions of Hopp (1995), who proposed an additional
GTPase function for the IL-1R cytoplasmic domain, based on
key amino acid similarities with the ras GTPase superfamily.
These conserved catalytic residues were not evident in Toll
and are not present in the corresponding R protein domatns.

IL-1R mediates a pathway leading to the induction of
acute immune response genes in mammalian cells, whereas
Toll controls the induction of genes that establish dorsoven-
tral polarity in the Drosophila embryo. Recent studies estab-
lished that a Toll-IL-1R pathway also controls the innate
immune response of Drosophila adults to pathogen invasion
(Ip et al., 1993; Hultmark, 1994; Rosetto et al., 1995), result-
ing in the transcriptional activation of antimicrobial peptide
genes through a similar signaling process (Ip et al., 1993,
Lemaitre et al., 1995, 1996). The striking degree of structural
and functional conservation within these pathways suggests
that they have coevolved from an ancient defense signaling
mechanism (Fryxell, 1996). Therefore, it seems plausible that
the N, L6, and RPP5 proteins activate a signaling cascade
related to the Toll and IL-1R pathways. Thus, the conserved
N-terminal portion of these R proteins would confer the
downstream “effector” capability, involving a Toll-like func-
tion as well as ATP or GTP binding.

it follows that the capability for disease resistance “speci-
ficity” is likely to reside in the more highly diverged C-termi-
nal regions of RPP5, N, or L6, which contain the LRRs. Part
of the LRR domain could direct specific binding of a patho-
gen-derived ligand. This is the anticipated role for the extra-
cellular LRRs encoded by the tomato Cf-9 (Jones et al.,,
1994) and Cf-2 (Dixon et al., 1996) R genes, mediating resis-
tance to fungal-derived Avr peptides that are present and
active in the intercellular spaces of responding plants. Can-
didate avr-derived elicitors from P. parasitica have not yet
been identified. At present, it is difficult to envisage how
these might efficiently come in contact with a cytoplasmi-
cally localized R protein to initiate the defense pathway.
The pathogen grows extracellularly but establishes inti-
mate physical association with the plant plasma membrane
(Koch and Slusarenko, 1990; Lucas et al., 1995), thus pos-
sibly allowing the passage of elicitor molecules into the plant
cell. It is now known that the bacterial avirulence proteins
AvrB (Gopalan et al., 1996) and AvrPto (Scofield et al.,
1996; Tang et al., 1996) interact directly with their corre-
sponding plant R gene products inside the plant cell, impli-
cating active mobilization of the bacterial elicitors into the
plant cell cytoplasm.

Molecular Evidence for the Evolution of New RPP
Gene Specificities

Considerable genetic evidence exists for the clustering of
many R genes in complex loci (Hulbert and Michelmore,
1985; Hulbert and Bennetzen, 1991; Jones et al.,, 1993;
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Reignault et al., 1996; Holub and Beynon, 1997) and lends
support to the hypothesis that the different R gene specifici-
ties might arise by unequal crossing-over or gene conversion
events between related sequences (Hulbert and Bennetzen,
1991; Sudupak et al., 1993; Ellis et al., 1995; Richter et al.,
1995). We show here the presence of a small highly polymor-
phic gene family at the RPP5 locus (see Figure 1). Work is
now in progress to characterize the remaining family mem-
bers and examine the structure of this locus, spanning ~50
kb, in both the resistant and susceptible ecotypes, Ler-0
and Col-0. This analysis will give important insights into the
evolution of RPP genes.

Novel resistance specificities may also arise potentially
through DNA rearrangements within the R genes themselves
(Ellis et al., 1995; Lawrence et al., 1995; Jones and Jones,
1996). Examination of the repeated structure of the LRRs in
RPP5 provides molecular evidence for these evolutionary
processes. Series of amino acids are repeated, as shown in
Figure 4A. Four pairs of probable duplication products can
be identified. Analysis of the corresponding nucleotide se-
quences confirms the occurrence of the inferred duplication
events (data not shown). The coincident positions and the
same sizes of introns 3 and 4 (see Figures 1C and 4) are also
indicative of a recent duplication event. From the relation-
ships between the repeats, we envisage that LRRs 5 to 10
most closely resemble a core ancestral LRR sequence from
which the extended LRR domain was then derived. Interest-
ingly, clearly reiterated sequences are not apparent in the N
gene—encoded LRRs. L6, however, contains a tandem du-
plication of 140 amino acids toward the C terminus of its
LRR domain (Lawrence et al., 1995). Duplications within the
LRR domains of other plant proteins arising from probable
intragenic recombination have been reported recently (Torii
et al., 1996; Tornero et al., 1996), including the tomato Cf-2
resistance gene product (Dixon et al., 1996). Together, these
examples demonstrate how readily the LRR domain could
evolve novel presentational surfaces for protein or peptide
ligand binding (Kobe and Deisenhofer, 1994).

The RPP5 mutant allele identified in FL.-387a contains an
intragenic duplication of four complete LRRs. This duplica-
tion may have arisen from an unequal crossing-over event
between two sequences of identity in LRRs 13/14 and 17/18
(Figure 4B), either from the effects of the mutagen or spon-
taneously. Whatever the cause of the RPP5 gene rearrange-
ment, it again shows the capacity of the LRR domain to
evolve novel configurations, and thus potentially new resis-
tance specificities, in response to selection pressure from
the pathogen. Similarly, two spontaneous flax mutations,
X3A and X75, at the L6 locus were shown to have small DNA
insertions, although the nature of these rearrangements was
not reported (Lawrence et al., 1995). The proposed expan-
sion or contraction of the LRR domains within some R genes
as a means of generating diversity is reminiscent of the vari-
ation in numbers of amino acid repeats determining plant
host specificity in several bacterial avr genes (Herbers et al.,
1992; Yang and Gabriel, 1995).

Expression of RPP5 and Related Transcripts

The length of the RPP5-encoded mRNA (~4 kb) is consis-
tent with the predicted full-length transcript and appeared to
be of low abundance, at least in healthy Ler-0 plants. Exper-
iments are in progress to measure RPP5 expression levels
more precisely under unchallenged and pathogen-challenged
conditions and at different developmental stages of the
plant.

Alternative transcripts were previously identified for both
the N and L6 genes, which potentially give rise to the trun-
cated gene products N¥ and L6 (Whitham et al., 1994;
Dinesh-Kumar et al., 1995; Lawrence et al., 1995; see also
Figure 6B). Both forms of truncated protein lack most of the
LRR region and possess a small C-terminal extension be-
yond the amino acid sequence encoded by exons 1, 2, and
3. In this study, we have isolated cDNAs representing tran-
scripts from one or more members of the Ler-0 RPP5 gene
family that encode a truncated form of RPP5 (RPP5Y). N¥,
L6¥, and RPP5" all contain the TIR (for Toll, IL-1R, R gene;
Figure 6) and NBS domains but essentially lack the LRR do-
main. Three members of the R gene class encoding TIR-
NBS-LRR products have now been cloned. For all three,
transcripts encoding truncated proteins are produced, al-
though by three different mechanisms (see Figures 6B and
6C). This suggests an important role for the truncated prod-
ucts, and it has been proposed that N may function as a
dominant regulator of the activity of the full-length N protein,
possibly by stochastic binding of nucleotides (Dinesh-Kumar
et al., 1995). It seems unlikely that the truncated proteins,
lacking significant LRR domains, are involved in pathogen
recognition. The latter conclusion is supported by the finding
that RPP5Y is encoded by a member of the RPP5 gene family
and not by the gene that determines specificity —RPP5.

We can now address how the RPP5 gene product interacts
with other plant signaling components. Mutational screens in
Arabidopsis for plants altered in resistance to Noco2 have
revealed at least two other loci that are required for RPP5 func-
tion (Parker et al., 1996; J.E. Parker, unpublished data). One of
these, EDS1, is essential for downy mildew resistance medi-
ated by several different RPP genes (Parker et al., 1996), sug-
gesting a role in a convergent pathway, possibly downstream
of specific P. parasitica recognition.

METHODS

Cultivation of Arabidopsis thaliana Plants and
Pathogenicity Tests

The origins of Columbia (Col-0) and Landsberg erecta (Ler-0) are as
reported by Parker et al. (1993). Ecotype Nossen (No-0) was a gift
from F. Ausubel (Massachusetts General Hospital, Boston). Ler-0 X
Col-0 F, seed were used for high-resolution mapping of RPP5. Fast
neutron-bombarded Ler-0 M, seed were obtained from Lehle Seeds
(Round Rock, TX). The conditions for plant cultivation, maintenance



of Peronospora parasitica isolate Noco2, and pathogenicity tests
were as described by Reignault et al. (1996).

Plant Genomic DNA Preparations

Large-scale plant genomic DNA preparations were made as de-
scribed previously (Parker et al., 1993). Rapid, small-scale DNA sam-
ples were prepared as described by Reignault et al. (1996). The
method of Klimyuk et al. (1993) was used to prepare denatured DNA
suitable for polymerase chain reaction (PCR) amplification with spe-
cific oligonucleotide primers. The latter method was used to screen
for recombinants among Ler-0 X Col-0 F, progeny. Genomic DNA
from Brassica oleracea (Alboglabra), B. napus (109), and B. campes-
tris (R-C-13) was a kind gift from M. Trick (John Innes Centre).

DNA Manipulations and Cosmid Markers

General methods for DNA manipulation were performed as de-
scribed previously (Sambrook et al., 1989). Cosmid clones g13683
and g4539 (Schmidt and Dean, 1995) were cultured in the presence
of 30 mg/L kanamycin. The Col-0 genomic DNA clones 15D15 and
16N19, in the cosmid vector pLAFR3 (C. Lister and C. Dean, unpub-
lished data), were grown in the presence of 10 mg/l_' tetracycline.
Cosmid DNA was prepared using the alkaline lysis method (Sambrook
et al., 1989). Whole 32P-labeled cosmid DNA was used to probe blots
of plant genomic DNA or yeast colony filters.

Yeast Artificial Chromosome DNA Manipulations

32P-fabeled probes were hybridized to filters of four yeast artificial
chromosome (YAC) libraries: EG and S (Grill and Somerville, 1991),
EW (Ward and Gen, 1991), and YUP (Ecker, 1990), as detailed by
Schmidt and Dean (1995). Intact yeast chromosomal DNA was pre-
pared as described by Gibson and Somerville (1992). The DNA was
separated by contour-clamped homogeneous field (CHEF) gel elec-
trophoresis, using a CHEF-DRII instrument (Bio-Rad), and transferred
to a GeneScreen hybridization membrane (New England Nuclear
Research Products, Boston, MA). Sizes of individual YAC clones
were estimated by probing blots with 32P-labeled pBR322 DNA. Left-
end or right-end YAC DNA probes were generated by inverse PCR
using YAC vector nested primers, as described previously (Gibson
and Somerville, 1992; Schmidt and Dean, 1995). The inverse PCR-
derived DNA products were agarose gel purified and then used to
probe blots of digested plant genomic DNA or yeast chromosomat
DNA. For the restriction enzyme mapping of YAC EW16B10, intact
yeast chromosomal DNA carrying YAC EW16B10 was digested in
agarose gel plugs with the following rare cutting restriction enzymes:
BssHII, Eagl, Narl, Nrul, and Smal. DNA fragments were then sepa-
rated by CHEF gel electrophoresis and transferred to GeneScreen
membranes, as described above. Hybridization with the EW16B10
left-end probe was used to confirm partial digestion and to establish
the restriction map. Sequential hybidizations of the same blot were
used to position additional markers.

PCR-Based Markers

C18a, a randomly amplified polymorphic DNA (RAPD) marker (Parker
et al., 1993), was blunt-end cloned into pBluescript KS+. The de-
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rived marker, C18, was used to probe blots of restriction enzyme—
digested plant and yeast genomic DNA, YAC library filters, and a Ler-0
genomic DNA cosmid library (see below). Codominant ecotype-
specific PCR-based markers were generated for C18 and for the
cosmid clone g4539. Double-stranded DNA sequencing was per-
formed with M13 universal forward and reverse primers for the 570-
bp C18 insert and for a polymorphic 800-bp Hindlll fragment of
g4539. The sequence information was used to design specific prim-
ers (information for these and SC5 is available at http://genome-
www.stanford.edu; SC5 primers were kindly provided by M. Stammers
[John Innes Centre]). Amplification conditions were essentially as de-
scribed by Reignault et al. (1996).

Arabidopsis Transformation

C18 was also used to probe filters of an Ler-0 genomic DNA library
constructed in the binary cosmid vector pCLD04541 (Jones et al.,
1992; C. Lister and C. Dean, unpublished data) and mobilized into
Agrobacterium tumefaciens GV3101 (see Mindrinos et al., 1994). The
method of Valvekens et al. (1988) for stable Agrobacterium-mediated
root transformation was used to generate transformants of ecotype
No-0. The whole plant infiltration method of Bechtold et al. (1993)
was used for transformation of ecotype Col-0. Transformed (T)
seedlings were selected on Arabidopsis medium (Bechtold et al.,
1993) containing 50 mg/L kanamycin. Neomycin phosphotrans-
ferase 1l assays were performed with individual T, generation trans-
formants, according to the method of McDonnell et al. (1987).
Assessment of the segregation of kanamycin resistance and sensi-
tivity in T, transformant progeny was performed on selective Arabi-
dopsis medium (as above).

Nucleotide Sequence Determination and Analysis
of pCLD29L17

A shotgun cloning approach was employed to determine the nucle-
otide sequence of cosmid pCLD29L17. Escherichia coli (DH50)
transformants harboring recombinant clones containing Arabidopsis
DNA were identified by hybridization to pCLD29L17 insert DNA. M13
universal forward and reverse primers were employed to determine
end sequences, using the Dye Deoxy terminator cycle sequencing
method (Applied Biosystems [ABI], La Jolla, CA) and an AB! model
373A sequencing system. Sequence contigs were assembled using
UNIX versions of the Staden programs package, including TED and
XBAP (Roger Staden, MRC, Cambridge, UK). Specific primers were
used to fill sequence gaps. Computer-aided sequence similarity
searches were made with Blast (Altschul et al., 1990) programs and
the National Center for Biotechnology Information (Bethesda, MD)
nucleotide and peptide sequence databases. Analysis of primary se-
quences was performed using the University of Wisconsin Genetics
Computer Group programs. Secondary structure predictions were
made with the nnpredict program (at http://www.cmpharm.ucsf.edu/
~nomi/nnpredict.html).

Construction of a Subclone Containing RPP5

A subclone of pCLD29L17 was constructed in the binary vector
SLJ7292 (nearly identical to SLJ44024; Jones et al., 1992). The sub-
clone, designated pRPP5-2, contained a 6304-bp DNA-fragment de-
fined by a Bglll restriction enzyme site 1298 bp 5’ to the putative
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transiation initiation codon and a Pstl restriction enzyme site subse-
quently found to be 83 bp 5’ to the translation termination codon.
pCLD29L17 was mobilized into Agrobacterium and transferred to
Arabidopsis Col-0, as described above.

mRNA and cDNA Analysis

For RNA gel blot analysis, poly(A)* RNA was prepared from the aerial
tissues of 20-day-old plants by using a Pharmacia Biotech mRNA
purification kit. For each sample, 8 pg of poly(A)* RNA was sepa-
rated on a denaturing agarose gel (Sambrook et al., 1989) and trans-
ferred to Hybond-N (Amersham international, UK) membranes.
Thirty- to 40-day-old Ler-0 plants were taken to make two cDNA li-
braries from the poly(A)* RNA (as above) by using a AZAPIl cDNA
synthesis kit (Stratagene). The second library involved size fraction-
ation of the cDNA greater than ~1.8 kb. Plaque-forming units (10%)
from each library were screened with a genomic probe extending
from the Ncol site at the RPP5 initiation codon to an Xbal site 1019
bp 5’ to the presumed termination codon.

Reverse Transcriptase~-PCR Analysis of Intron Splicing

First-strand cDNA was prepared from seedling leaf mMRNA by using a
cDNA Synthesis System Plus (Amersham). Amplification from 2.5 ng
of cDNA was performed in a thermal cycler (model 9600; Perkin-
Elmer Cetus, Norwalk, CT) for 40 cycles (34°C for 15 sec, 50°C for 30
sec, and 72°C for 1 min) in a standard PCR reagent mix containing
0.2 uM of each primer. Primer pairs flanking the predicted introns
1 to 7 were used in combination with primer pairs predicted to corre-
spond to exon sequences. Cloned PCR products were sequenced
as described above by using a combination of vector-specific and in-
sert-specific primers. To detect incomplete processing of the RPP5
transcript similar to that seen for L6 (Lawrence et al., 1995), primer
A1 (5'-AAGATCTTCTGAACGGGCC), containing 16 nucleotides
complementary to the 5’ flanking sequence of intron 2 and four nu-
cleotides complementary to the 3’ flanking sequence of intron 2, was
used with primer A2 (5'-ATTCTTCAAGATTTAATTCC) that primes
from exon 4.
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