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In many plant—pathogen interactions resistance to disease is controlled by the interaction of plant-
encoded resistance (R) genes and pathogen-encoded avirulence (dvr) genes. The interaction between
tomato and the leaf mould pathogen Cladosporium fulvum is an ideal system to study the molecular basis of
pathogen perception by plants. A total of four tomato genes for resistance to C. fulvum (Gf-2, Gf-4, Cf-5
and (f-9) have been isolated from two genetically complex chromosomal loci. Their gene products recog-
nize specific C. fulvum-encoded avirulence gene products (Avr2, Avr4, Avrd and Avr9) by an unknown
molecular mechanism. (f genes encode extracellular membrane-anchored glycoproteins comprised
predominantly of 24 amino acid leucine-rich repeats (LRRs). (f genes from the same locus encode
proteins which are more than 90% identical. Most of the amino-acid sequence differences correspond to
the solvent-exposed residues within a B-strand/B-turn structural motif which is highly conserved in LRR
proteins. Sequence variability within this motif is predicted to affect the specificity of ligand binding. Our
analysis of Cf gene loci at the molecular level has shown they comprise tandemly duplicated homologous
genes, and suggests a molecular mechanism for the generation of sequence diversity at these loci. Our
analysis provides further insight into the molecular basis of pathogen perception by plants and the
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organization and evolution of R gene loci.
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1. INTRODUCTION

Plants are constantly subjected to attack by potentially
pathogenic micro-organisms. In many plants, resistance
to disease is controlled by the interaction of dominant
plant-encoded resistance (R) genes and the products of
pathogen-encoded avirulence (4vr) genes (the ‘gene-for-
gene’ interaction). In many cases resistance i1s manifested
in the form of a hypersensitive response, which results in
plant cell death at the site of pathogen attack and arrest
of pathogen ingress (Hammond-Kosack & Jones 1996). It
has been postulated that R gene products act as receptors
for Avr proteins which initiate a signal cascade resulting
in activation of the plant defence response (reviewed in
Staskawicz et al. 1995).

Most isolated R genes appear to encode cytoplasmic
proteins which contain a central nucleotide binding site
(NBS) domain and a C-terminal domain consisting of
variable numbers of leucine-rich repeats (LRRs) (Bent
1996; Jones & Jones 1997). This class is further subdivided
into genes encoding either an N-terminal leucine zipper
(LZ) region (LZ-NBS—LRR), or an N-terminal region
showing homology to the cytoplasmic signalling domain
of the Drosophila Toll and mammalian interleukin-I
receptors (TIR), the TIR-NBS—LRR class (Bent 1996;
Jones & Jones 1997). The homology between these latter
proteins and resistance proteins led to the suggestion that
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they may function in a conserved pathway in eukaryotes,
which is activated in response to pathogen challenge
(Belvin & Anderson 1996). Recent studies have identified
homologies between these NBS—LRR proteins and
proteins regulating apoptosis in mammals and worms
(Van der Biezen & Jones 1998), suggesting R proteins
may function as components of cellular complexes which
affect the plant defence response in an Avr-dependent
manner.

The first R gene to be isolated of the gene-for-gene
type was the tomato Pfo gene, which encodes a cyto-
plasmic serine—threonine protein kinase and confers
resistance to races of Pseudomonas syringae that express
AvrPto (Martin et al. 1993). Pto interacts physically with
AvrPto in the yeast two-hybrid system, consistent with
the proposed receptor—ligand mechanism of pathogen
perception in planta (Scofield et al. 1996; Tang et al. 1996).
Yeast two-hybrid analysis demonstrated Pto interacts with
a second serine—threonine protein kinase, Ptil (Zhou et
al. 1995), and a number of transcription factors which
may activate defence genes (Zhou et al. 1997). Mutational
analysis has also identified the Prf gene encoding a
distinct cytoplasmic NBS—LRR protein which is essential
for Pto function (Salmeron et al. 1996). Therefore, the
function of LRRs in Prf and other resistance proteins of
the NBS—LRR type in the perception of Avr proteins
remains unclear.

Another class of R genes includes Gf-2, (-4, (-5 and
Cf-9 from tomato (Dixon e/ al. 1996, 1998; Jones et al.

© 1998 The Royal Society
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1994; Thomas et al. 1997). These genes encode extra-
cytoplasmic membrane-anchored glycoproteins consisting
predominantly of LRRs. The rice Xa-2/ gene for
resistance to Xanthomonas oryzae pv. oryzae encodes a
similar type of protein but is distinguished from Cf
proteins by an additional cytoplasmic serine—threonine
protein kinase domain (Song et al. 1993). Genetic analysis
of Cf gene loci (Balint-Kurti et al. 1994; Dickinson et al.
1993; Jones et al. 1993) and other R gene loci, including L
and M in flax (reviewed in Ellis et al. 1997), Rpl in maize
(reviewed in Hulbert 1997), Dm in lettuce (Witsenboer et
al. 1995), Mla in barley (Jorgensen 1994), and various
RPP loci in Arabidopsis (Holub 1997), have shown that
these loci are genetically complex. A principal goal in
plant pathology is to determine the molecular basis for
pathogen perception by R proteins and the underlying
molecular mechanisms which generate novel recogni-
tional specificities.

Genes which encode R proteins of the NBS—LRR type
have been isolated from a number of species and differ
significantly in their primary sequence, overall length,
and the numbers of their LRRs (Bent 1996; Jones &
Jones 1997). Consequently, no meaningful conclusions
could be made with respect to the molecular basis for
pathogen perception. 1o specifically address this question
we have recently isolated and characterized four (f genes
for resistance to C. fulvum from two complex chromosomal
loct (Dixon et al. 1996, 1998; Jones et al. 1994; Thomas et
al. 1997). In this paper we review our current knowledge
of tomato (f genes, their genetic organization and the
possible molecular mechanisms for generating sequence
diversity.

(a) The interaction of Cladosporium fulvam with
tomato

Cladosporium fulvum 1s a biotrophic fungus which causes
leaf mould in tomato, its only known host. In compatible
interactions (i.e. disease-sensitive), fungal spores germi-
nate on the abaxial surface of leaves and enter the leaf
apoplast through stomata. Fungal hyphae grow inter-
cellularly in the lower mesophyll cells and do not form
haustoria. Conidiophores emerge through the stomata ca.
10-12 days post-infection (Hammond-Kosack & Jones
1994). In incompatible tomato—C. fulvum interactions
fungal hyphae are arrested in their development soon after
penetration of the sub-stomatal cavity, dependent on the
particular (f genotype (Hammond-Kosack & Jones 1994).
With the possible exception of Cf-2, which can trigger
guard cell death, cell death is not a prerequisite for
arresting fungal growth.

C. fulvum physiological races differ in the spectrum of
Avr genes which they express. Fungal races are defined
according to their reaction on tomato lines containing
specific Gf genes and named according to the resistance
genes they can overcome: e.g. C. fulvum race 5 will cause
disease on tomato plants expressing no (f genes (Cf0), or
on genotypes expressing only the Cf-5 gene. Avirulence
gene products secreted by the fungus can be isolated from
the infected leaves of compatible interactions in apoplastic
washing fluids (AF, De Wit & Spikman 1982). When
injected into tomato leaves or cotyledons containing Gf
genes, AF induces a range of responses varying from
necrosis in (f-9 containing plants to mild chlorosis in

Phil. Trans. R. Soc. Lond. B (1998)

cotyledons of (f-5-containing plants (Hammond-Kosack
& Jones 1994).

(b) Cladosporium fulvam-encoded avirulence
determinants

Two genes for the C. fulvum encoded avirulence gene
products Avr9 and Avr4 have been cloned (Joosten et al.
1994; Van den Ackerveken et al. 1992), which are recog-
nized by (f-9 and Cf-4. Both Avr genes can be expressed in
transgenic Cf0 tomatoes and secreted into the apoplastic
space by fusing to an appropriate signal peptide sequence
(Hammond-Kosack ez al. 1994a; Thomas et al. 1997). When
transgenic plants expressing either Avr9 or Avr4 are
crossed to tomato lines containing the cognate Cf gene, the
F, progeny undergo developmentally regulated seedling
death. Avr9 and Avr4 can also be expressed in the form of
recombinant potato virus X (PVX::Avr4 and PVX::Avr9).
Inoculated tomato leaves containing the appropriate Cf
gene exhibit systemic necrosis as a result of virus infection
and subsequent activation of a plant cell death response
(Hammond-Kosack et al. 1995; Thomas et al. 1997).

(c) Tomato Cf genes

In the breeding of cultivated tomato (Lycopersicon
esculentum) a number of genes which confer resistance to
C. fulvum have been introgressed from wild tomato species
(Jones et al. 1993; Stevens & Rick 1988). The (f-9
(Stevens & Rick 1988) and (f-2 (Langford 1937) genes
were introgressed from L. pimpinellifolium, Cf-4 from
L. husutum (Kerr & Bailey 1964) and Gf-5 from L. escu-
lentum var. cerasiforme (Dickinson et al. 1993). All four genes
have been introgressed into the tomato cultivar Money-
maker (Cf0). Successive backcrossing was used to generate
a series of near isogenic lines (Tigchelar 1984) containing
single introgressed Cf genes (Cf2, Cf4, Cf5 and Cf9).

A combination of classical and restriction fragment
length polymorphism (RFLP) mapping studies showed
the C(f genes were located at two complex loci.
Cf-9 and (/-4 were mapped to identical locations on the
short arm of chromosome 1 (Balint-Kurti e al. 1994;
Jones et al. 1993) in a 5cM interval between the RFLP
markers TG236 (3 ¢cM proximal to (f-4/Cf-9) and CP46
(2cM distal to Gf-4/Cf-9), in F, progeny of interspecific
crosses between the Cf4 or Cf9 NILs and L. pennellu
(Balint-Kurti et al. 1994). Gf-2 and (f-5 were mapped at
identical locations on the short arm of chromosome 6
(Dickinson et al. 1993; Jones et al. 1993) in a 4-5cM
interval between the RFLP markers CGT119 (located prox-
imal to Gf-2/Cf-5), and GP79 (located distal to Gf-2/Cf-5)
in F, progeny of interspecific crosses between the Cf2 or
Cf5 NILs with L. pennelli (Dickinson et al. 1993).
Mapping relative to visible genetic markers located Gf-2
and Gf-5 between the morphological markers yellow vires-
cent (yv) (2cM proximal to CGf-2/Cf-5) and thiamineless ()
(I cM distal to Gf-2/Cf-5) (Jones et al. 1993).

(d) Isolation of Cf-9 and Cf-2

Cf-9 was isolated by transposon tagging using an engi-
neered version of the non-autonomous maize transposon
Dissociation (Ds). A line containing (f-9 and a genetically
linked T-DNA carrying Ds (located 3cM proximal to
Cf-9), was crossed to (Gf-9 plants containing an Activator
(Ac) transposase source. Transposon tagged alleles of (f-9
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were identified as survivors after test-crossing to a Cf0
transgenic line expressing Avr9 (Jones et al. 1994).

Molecular analysis of recombinants in the #/yv interval
using cDNA and genomic probes was used to generate a
high-resolution molecular map of the (/-2 locus (Dixon et
al. 1995). (f-2 was shown to cosegregate with a cDNA
probe MGI112. This clone was isolated from a root-specific
library, using as probes two YAC clones encompassing
(/-2 and the closely linked M locus for resistance to root-
knot nematodes (Meloidogyne spp.) (Dickinson et al. 1993).
MGI12 identified polymorphic sequences between the
NILs Cf0, Cf2 and Cf5 (Dixon et al. 1995). There are two
near-identical genes, (f-2.1 and (f-2.2, which conferred
Avr2-dependent resistance. These were identified by
complementation experiments using binary vector cosmid
clones from a tomato line containing Cf-2 and Cf-9
(Dixon et al. 1996).

(e) Cf-9 and Cf-2 encode extracellular membrane-
anchored LRR glycoproteins

Cf-9 and the Cf-2 proteins encode membrane-anchored
extracellular leucine-rich repeat glycoproteins (Dixon e/ al.
1996; Jones et al. 1994). This appears consistent with their
proposed roles as extracellular receptors for pathogen-
encoded signal molecules secreted into the leaf apoplast.
Cf-9 encodes a protein of 863 amino acids which contains
several structural domains ( Jones et al. 1994; Jones & Jones
1997). Most of the sequence comprises ca. 24 amino acid
leucine-rich repeat units (27 in total) which show extensive
homology to the consensus sequence for extracellular LRR
proteins (LxxLxxLxxLxLxxNxLxGxIPxx, where x is
any amino acid) (Kobe & Deisenhofer 1994). In Cf-9
the short cytoplasmic domain (domain G) is terminated
by the amino-acid sequence KKRY. In mammalian and
yeast proteins, the KKxx sequence motif at the C
terminus of secreted proteins acts as a signal sequence
for retrieval from the Golgi apparatus to the endo-
plasmic reticulum. It is not known if this sequence
performs a similar role in plants. Cf-9 also contains a
number of sequences which are potential targets for N-
glycosylation (Jones et al. 1994).

The (f-2.1 and (f-2.2 genes encode proteins of 1112
amino acids which differ by only three amino acids near
their C-termini (Dixon et al. 1996). Neither Cf-2 proteins
contain the KKxx motif at their C-termini. The Cf-2
proteins are considerably larger than Cf-9 and contain 38
LRRs (Dixon et al. 1996) which, in contrast to Cf-9, are
of a uniform 24 amino-acid length. Additionally, in
domain Cl a sequence of 20 LRRs comprises, predomi-
nantly, two distinct alternating LRRs, type A with the
consensus  EEIGL(R-S)SLTxLxLGxNxL(N-S)GSIP,
and type B with the consensus ASLGNLNNL(S—
F)xLxLYNN(Q-K)LSGSIP (Dixon et al. 1996). Cf-2
proteins also contain a number of potential targets for N-
glycosylation.

With the exception of LRR consensus residues, the N-
terminal portions of the Cf-9 and Cf-2 proteins display
little amino-acid sequence homology. Significant levels of
amino-acid homology are observed in their C-termini in
a region encompassing the last nine LRRs and domains
D, E, Fand G (Dixon et al. 1996; Jones & Jones 1997).
This conserved region may perform a similar role in
these functionally related proteins by interacting with a

Phil. Trans. R. Soc. Lond. B (1998)
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Figure 1. DNA from a line containing no known (f genes
(Cf0), NILs containing single introgressed (f genes (Cf2, Cf4,
Cf5 and Cf9), and L. esculentum cv Stirling Castle (Cf1) were
digested with Bg/ll and blotted. The filter was hybridized
with a Gf-9 probe (Jones et al. 1994). The 6.7 and 3.2 kb Bg/I1
fragments derived from (f-9 and (/-4 are indicated.

common or related signalling partner which activates the
plant defence response upon ligand binding.

(f) Cf-9 and Cf-2 are members of genetically linked
multigene families

Gel-blot analysis of DNA from several NILs using a
probe to the 5 end of Gf-9 (Jones et al. 1994) revealed a
polymorphic multigene family (see figure 1). This analysis
also included L. esculentum cv Stirling Castle which
contains (f-/ that also maps at the Gf-4/Cf-9 locus (Kerr
& Bailey 1964). A total of 10-15 hybridizing bands were
detected. Several of the members of this family are
polymorphic between Cf4 and Cf9 NILs (figure 1),
demonstrating that some of these members are present on
the introgressed DNA (Balint-Kurti et al. 1994) and are
therefore genetically linked. Mapping studies have shown
the non-polymorphic members of the multigene family
detected with the Cf-9 probe are located outside the
region of introgressed DNA at several loci on the short
arm of chromosome 1 (M. Parniske, unpublished data).
The additional members of the (f-9-homologous
multigene family (Hcr9s) in the NILs Cf9 and Cf4 are
designated Her9-9 and Her9-4 genes, respectively (for
homologue of Cladosporium resistance gene Gf-9).

None of the members of the (f-2 or (f-5 multigene
families were detected in this analysis (Thomas et al.
1997). Molecular analysis of the Cf0, Cf2 and Cf5 NILs
using (/-2 as a probe has also revealed the presence of a
genetically linked polymorphic multigene family at the
Cf-2/Cf-5 locus (Dixon et al. 1995, 1996). The additional
members of the Cf-2-homologous multigene family in the
NILs Cf2 and Cf5 have been designated H¢r2-2 and
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Her2-5 genes, respectively (for homologue of Cladosporium
resistance gene Gf-2).

(g) A genetic strategy to isolate Cf-4 and Cf-5

The observation that (/-4 maps at an identical chro-
mosomal location to (f-9, and (f-5 at an identical loca-
tion to (-2 suggested (-4 and (/-5 may be homologues
of (-9 and (f-2, respectively. Because members of these
multigene families are polymorphic, a genetic strategy
was employed to identify candidate genes for (/-4 and
Cf-5 by generating recombinants between (f-4/Cf-9 and
Cf-2/Cf-5 which could be analysed for their Her9 or Her2
composition (Dixon et al. 1996; Thomas et al. 1997).

Two transheterozygous parents were generated ((f-4/
Cf-9 and Cf-2/Cf-5) and test-crossed to CfO plants to
identify recombinants. In the case of allelic genes, disease-
sensitive recombinants could arise through rare intragenic
recombination events. In the case of closely linked genes,
recombinants possessing neither R gene (disease-sensitive),
or both R genes in c¢is configuration, would occur through
intergenic recombination. Plants containing both parental
resistance specificities in ¢is arrangement, and plants
lacking both genes could also arise through chromosomal
mispairing and unequal crossing-over. Alternatively,
disease-sensitive plants could arise through chromosomal
deletions. Test-cross progeny of the (f-4/(f-9 transhetero-
zygous parent were inoculated with C. fulvum race 5 (which
expresses Avr4 and Avr9), and progeny of the Gf-2/Cf-5
transheterozygous parent with C. fulvum race 4 (which
expresses Avr2 and Avrd) to identify disease-sensitive
recombinants (Dixon et al. 1996, 1998; Thomas et al. 1997).

A total of five disease-sensitive individuals (V408,
V512, V314, V516 and V517) were identified after
screening 7400 Gf-4/Cf-9 test-cross plants. RFLP analysis
showed that all five plants contained the Cf0 and Cf9
alleles of CP46, suggesting (/-4 is located distal to Gf-9.
In progeny of the (f-2/Cf-5 cross one disease-sensitive
plant (V454) was identified in 12000 test-cross progeny
(Dixon et al. 1996). The five (f-4/Cf-9 disease-sensitive
plants were screened by DNA gel-blot and AFLP analysis
(Thomas et al. 1997). All discase-sensitive plants lacked
restriction fragments from the 5" and 3’ ends of (/-9 and
several restriction fragments specific to the Cf4 parent. A
total of three Hcr9-4s were identified as (f-4 candidates
(Thomas et al. 1997). Analysis of the single Gf-2/Cf-5
recombinant identified several Her2-5 genes as candidates
for Gf-5 (Dixon et al. 1998). Binary vector cosmid clones
containing the candidate genes were isolated and physical
contigs of the Cf-4/Cf-9 and Cf-2/Cf~-5 loci were
constructed (Dixon et al. 1996, 1998; Parniske et al. 1997;
Thomas et al. 1995, 1997).

(h) Physical organization of the Cf-4/Cf-9 and Cf-2/
Cf-5 loci

A physical map of the (f-4 locus was compared with a
cosmid contig of the Cf-9 locus (Parniske et al. 1997;
Thomas et al. 1997), and the corresponding locus from the
disease-sensitive Cf0 NIL (Parniske ¢t al. 1997). From
DNA gel-blot analysis, using a (/-9 probe, it was shown
that the (/-4 and (/-9 haplotypes each contain five Her9
genes (Hcr9-94 to E, and Hcr9-4A4 to E) within a 36kb
physical interval (see figure 2). The tandemly duplicated
units are flanked by convergently orientated lipoxygenase

Phil. Trans. R. Soc. Lond. B (1998)

genes (LoxL and LoxR) (Parniske et al. 1997). Physical
mapping and DNA sequence analysis of each contig has
shown that the Her9s are tandemly duplicated transcrip-
tion units (Parniske et al. 1997, Thomas et al. 1997). In
contrast, the disease-sensitive Cf0 haplotype contains
only a single Her9 gene (Her9-0A4, figure 2).

Physical contigs encompassing Cf-2 (Dixon et al. 1996),
and (-5 (Dixon et al. 1998), and the corresponding locus in
the Cf0 NIL (Dixon ef al. 1995) have also been compared.
The Cf2 line contains tandemly duplicated copies of Gf-2
(Gf-2.1 and (f-2.2), and a third gene (Hcr2-24) which
encodes a protein of the same class as Gf-2./ and Cf-2.2
(figure 2). The three genes are located within a 30-kb
region (Dixon et al. 1996). Molecular analysis of cosmids
encompassing (f-5 identified four tandemly orientated
Her2-5 genes (Her2-5A to Her2-5D) (Dixon et al. 1998).

(i) Chromosomal mispairing and unequal crossing-
over at the Cf-4|Cf-9 and Cf-2|Cf-5 loci

There were two distinct classes of (f-4/Cf-9 recombi-
nants which could be identified based on their Her9 compo-
sition (Thomas et al. 1997). A total of four disease-sensitive
plants (V408, V512, V516, and V517) contained Her9-44
and Her9-4B from the Cf4 parental line and Her9-9E from
the Cf9 parent (figure 3) (Thomas et al. 1997) confirming
these plants were generated by recombination at the Cf-4/
Cf-9 locus. Recombinant (V514) retained Her9-9D and
Her9-9E from the Cf9 parental line and Her9-4A4 from the
Cf4 parent (figure 3). From molecular analysis the approx-
imate locations of recombination break-points in the five
recombinants could be determined (figure 3). All recombi-
nants were generated through chromosomal mispairing
and unequal crossing-over, 1.e. each recombinant chromo-
some retained three Her9 genes at this locus compared
with five in the parental lines. All five cross-overs were
within the intergenic regions. The precise location of each
recombination event was determined by DNA sequence
analysis which confirmed their chimeric nature (Parniske
et al. 1997). From this analysis it was shown that (/-4 was
located distal to AFLP marker M2 (Thomas et al. 1997)
and identified Her9-4C, Her9-4D, and Her9-4E as candi-
dates for Gf-4 (figure 2).

Analysis of the Her2 composition of the Cf-2/Cf-5
recombinant V454 using a (/-2 probe (Dixon et al. 1996,
1998) showed it lacked both Cf-2.7 and (f-2.2 as predicted.
Restriction fragments corresponding to two Her2-5 genes
(Her2-5C and Her2-5D) were also absent (figure 2) and
some non-parental restriction fragments were also
observed. DNA sequence analysis showed this was a conse-
quence of intragenic recombination and located the region
of recombination to a 107-bp interval encoding part of
domains A and B in the (f-2.2 and Her2-5B genes (Dixon
et al. 1998). Therefore, V454 was also generated through
chromosomal mispairing and unequal crossing-over
(figure 3) and this analysis identified Her2-5B, Her2-5C
and Her2-5D as candidates for (f-5 (Dixon et al. 1998).

(j) Identification and DNA sequence analysis of Cf-4
and Cf-5
The identity of Cf-4 (Her9-4D) was determined by
transformation of overlapping cosmids containing various
combinations of the three candidate (-4 genes (Thomas
et al. 1997). Transgenic Cf0 plants expressing Hcr9-4D
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Figure 2. Physical organization
of Her9 and Her2 genes in
different Lycopersicon haplotypes.
The transcriptional polarity of
Her9 and Her2 genes is indicated
by arrows. (a) Organization of
Her9 genes in Cf0, Cf9 and Cf4
NILs. Her9s in each genotype
are flanked by lipoxygenase
genes (LoxL and LoxR).
Sequences derived from the 3’
exon of LoxL present in the Her9
intergenic regions are also
shown. M1 and M2 correspond
to two AFLP markers (Thomas
et al. 1995). The orientation of
the (f4/Cf-9 locus relative to
the centromere (Cen) and telo-
mere (Tel) was deduced as
descibed previously (Thomas et
al. 1997). (b) Organization of
Her2s in Cf0, Cf2 and Cf5
NILs. The physical contig
encompassing (f-5, Her2-5D and
Her2-5B does not include
Her2-54 which has been detected
by gel-blot analysis (Dixon et al.
1998), therefore a discontinuity
is shown in the physical map.
The chromosomal orientation of
the (f-2/Cf-5 locus was deduced
from RFLP analysis of recombi-
nant V454, using CT119 and
GP79 as probes. The
orientations of these RFLP
markers on the short arm of
chromosome 6 have been
determined previously (Van
Wordragen et al. 1996).

type B. With the exception of a block of four consecutive

type B LRRs in the middle of this domain, the repeats
exhibit a strict alternating pattern (Dixon et al. 1996). In
Cf-5, 14 consecutive LRRs in domain CI exhibit a strictly
alternating pattern of type A and type B repeat units
(Dixon et al. 1998).

In both Cf-4 and Cf-5 the variable amino acids are
not distributed at random. Amino acids which distin-
guish Cf-4 from Cf-9 are located in the N-terminal
half of the protein delimiting a region which must
determine the recognitional specificity of ligand binding
in Cf-4 and Cf-9 (figure 4). A number of amino acids
distinguishing Cf-5 from Cf-2 are found in the C-term-
inal half of the protein, but most are again located in
the N-terminal half (figure 4). Part of the LRR
consensus sequence (xxLxLxx, where L=leucine or any
aliphatic amino acid and x is any amino acid) corre-
sponds to a region which is highly conserved in
members of the LRR superfamily of proteins (figure 4).
It has been proposed that this sequence forms a -
strand/B-turn structural motif. The side chains of
consensus aliphatic amino acids perform a structural
role and project into the hydrophobic core of the mole-
cule. The side chains of interstitial residues project into
solvent, where they can interact with the cognate
ligand (Kobe & Deisenhofer 1994). Sequence variability

infection by C. fulvum race 5 (which expresses the Avr4
avirulence determinant) but not race 4 isolates which can
overcome (f-4-mediated resistance (Joosten et al. 1994).
As predicted, transgenic plants expressing CGf-4 also
exhibited systemic necrosis after inoculation with
PVX::Avr4 (Thomas et al. 1997).

(/-4 encodes a polypeptide of 806 amino acids with 25
LRRs (figure 4) 91.5% identical with Cf-9 (863 amino
acids). The reduction in length compared with Cf-9 is
owing to a ten amino-acid deletion near the mature N-
terminus in domain B (Jones et al. 1994) and a second
deletion of 46 amino acids comprising two complete
LRRs (figure 4). A total of 67 amino acids distinguish
Cf-4 from Cf-9, of which six are located within the signal
peptide sequence (Thomas et al. 1997).

Cf-5 was also identified by complementation analysis in
CfO transgenic plants (Dixon et al. 1998). Transgenic Cf0
plants expressing (f-5 conferred resistance only on
C. fulvum races expressing the Avr) avirulence determinant.
Cf-5 consists of 968 amino acids and contains a total of
32 LRRs, six fewer than in Cf-2 proteins. The overall
level of sequence identity between Cf-5 and Cf-2 1s 90%
(Dixon et al. 1988); slightly lower than that observed
between Cf-4 and Cf-9. In Cf-2 proteins, 20 of the 34
LRRs in domain Cl are of two distinct types; type A or
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Hcr9-9A Hcr9-9B Cf-9 Hcr9-9D, Her9-9E
— | — — — | —
<>

V408 V512
V516 V517

Her9-4A Hcr9-4B Herg-ac  Cf-4 Her9-4E

'

Hcr9-4A  Hcr9-4B Hcr9-9E
D LD (V408 V512,
V516, V517)
Herg-94  Herg-9B Cf-9 Her9-9D Her9-4C  Cf-4 Her9-4E
., [ — = ®

Figure 3. Chromosomal
mispairing and unequal
(b) crossing-over at the Gf-4/Cf-9
and Gf-2/Cf-5 loci. Misalignment
Hcer9-9A Hcer9-9B Cf-9 Hcer9-9D Hcer9-9E ) of Cf4 and Cf9 chromosomes
—  —  — — @ — generated two distinct disease-
sensitive recombinant classes.
(a) In four recombinants (V408,
V512, V516 and V517)
crossing-over occurred within a
3.0-kb interval upstream of
Hcr9-9E in the Cf9 chromosome,
Her9-4A . Her9-4B Her9-4c Cf-4 Her9-4E  and Her9-4C in the Cf4 chromo-
some. The Her9 composition of
disease-sensitive plants V408,
V512, V516 and V517 is shown.
The Her9 composition of the
(v514) reciprocal ‘double resistant’
recombinant chromosome is
Hcr9-9A Hcr9-9B Cf-9 Hcr9-4B Her9-4C  Cf-4 Her9-4E  shown below to illustrate the
[ —  — — [@ subsequent variation in Hcr9
copy number. () The recombi-
nation break-points in V514
were mapped to a different loca-
tion. Recombinant V514 retains
three Her9s distinct from the
() Cf-2.2 Cf-2.1 Her2-2A class de§c'ribed above. .The Her9
7 : P Y composition of the reciprocal
‘double resistant’ recombinant
chromosome is shown below.
(¢) Chromosomal mispairing at
the (f-2/Cf-5 locus as deduced

Ip D NIEED D from molecular analysis of
Hcr2-5D Cf-5 Hcr2-5B Her2-5A recombinant V454. Crossing-
l over occurred within the coding

Hcr9-4A Hcr9-9D Hcer9-9E
i  — —

sequences of (f-2.2 and Her2-5B.

The Her2 composition of recom-

Her2* Hcr2-5A binant V454 and the reciprocal
V454 ‘double resistant’ recombinant

chromosome are shown. In both

recombinant chromosomes

Hmch-SD Clllllf-5 Hmch* C_f'z' 1 Hcer2-2A novel Her2 genes (Her2™) were

generated.

within the interstitial residues is therefore expected to  are located within this motif, and 32 correspond to
affect the recognitional specificity of ligand binding  interstitial residues (figure 4). In Cf-5, 56 of the 88
(Kobe & Deisenhofer 1994). In Cf-4, 33 of the 57 amino acids within LRRs which distinguish it from Cf-
amino acids in LRRs which distinguish it from Cf-9 2 correspond to interstitial residues (figure 4).
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Figure 4. Amino-acid sequences of Cf-4 and Cf-5. Both sequences are divided into domains to emphasize structural similarities
with Cf-9 and Cf-2. Domain A is a predicted signal peptide sequence, domain B the predicted mature N-terminus shows
homology to the N-terminal sequences in a number of plant LRR receptor-like protein kinases, and to plant-encoded inhibitors
of fungal polygalacturonases (Jones & Jones 1997). Domains C1 and C3 contain ca. 24 amino acid leucine-rich repeats which
show homology to the consensus sequence, for extracellular LRR proteins shown boxed and aligned below each sequence.
Domain C2 bisects domains C1 and C3 and shows poor homology to the LRR consensus sequence, as does domain D. Domains
E, F and G anchor and orientate the protein within a membrane. Domain E contains a high proportion of negatively charged
acidic residues. Domain F is rich in aliphatic amino acids and is predicted to form a membrane-spanning o-helix. Domain G
comprises a short cytoplasmic domain rich in positively charged amino acids. Residues corresponding to the predicted B-strand/
B-turn LRR structural motif are delimited by vertical lines in both sequences. Identical amino acids between Cf-4 and Cf-9, and
between Cf-2 and Cf-5, are shown in black, and variant residues in red. Deletions in Cf-4 and Cf-5 relative to Cf-9 and Cf-2 are
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indicated by dots. The 14 alternating type A and type B LRRs in Cf-5 are also indicated. Potential NxS—T' glycosylation

sequences are underlined.

2. DISCUSSION

(a) Her9 and Hcer2 gene organization

Cf genes at the Gf-4/Cf-9 and Cf-2/Cf-5 loci are
members of tandemly duplicated multigene families. The
(f-4 and Cf-9 haplotypes each comprise five Her9 genes
within a 36-kb interval (figure 2) while the corre-
sponding locus in the Cf0 NIL has only one Her9. A total
of three Her? genes are present in the (/-2 haplotype,
whereas the (f-5 haplotype contains four—two HerZs are

Phil. Trans. R. Soc. Lond. B (1998)

present at the corresponding locus in the Cf0 NIL
(Dixon et al. 1996). Molecular analyses of other disease-
resistance loci, such as RPP5 in Arabidopsis (Parker et al.
1997), N in tobacco (Whitham et al. 1994), Xa-21 in rice
(Song et al. 1997), M in flax (Anderson e al. 1997), and the
Pto and 12 loci in tomato (Martin et al. 1993; Ori et al.
1997) have also revealed the presence of genetically
linked multigene families. This type of organization was
also predicted from genetic analyses of the rpl complex in
maize (Hulbert 1997), M in flax (Ellis et al. 1997) and
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Figure 5. Schematic alignment of 11 Her9 sequences highlighting the DNA sequence affiliations in their coding regions, upstream
of the translation initiation site (+1), and downstream of the translation termination signal (Stop). The location of domain B (B),
and the interval between LRR1 and LRR19 are also indicated. The identity of individual Her9s is indicated at the right of the
panel, Her9-9s in red, Her9-4s in blue and Her9-04 in black. Homologous DNA sequence tracts shared between Her9s are shown in
the same colour. Deletions in Her9s relative to a consensus sequence consisting of 27 LRRs, as in Cf-9, are indicated by the

hatched boxes.

Mla in barley (Jorgensen 1994; Wise & Ellingboe 1985)
to account for the generation of novel R gene variants
through intergenic recombination between tandemly
duplicated sequences.

All Her9s consist of an uninterrupted open reading
frame with a single intron in the 3" untranslated region
(Parniske et al. 1997; Thomas et al. 1997). A single intron is
present at a similar location in Her2s (Dixon et al. 1996,
1998) suggesting Her9s and HerZs are derived from a
common ancestral gene. All Her9s appear to encode
proteins with 27 LRRs, with the exception of (f-4 and
Her9-4B which encode proteins with 25 and 23 LRRs,
respectively (Parniske et al. 1997; Thomas et al. 1997). The
number of LRRs in Her2s ranges from 25 in Her2-2A to
38 in the Gf-2 proteins (Dixon et al. 1998).

(b) Evolution of novel Cf genes

The presence of tandemly duplicated homologous
sequences at the Gf-4/Cf-9 and Cf-2/Cf-5 loci could
promote chromosomal mispairing, resulting in unequal
crossing-over or gene conversion. Unequal crossing-over
is the main mechanism accounting for the melotic
instability of Rp! alleles in maize, the generation of novel
Rpl recognitional specificities, and Rp!/ disease-lesion
mimic alleles (Hulbert 1997). Molecular analysis of the
Cf-4/Cf-9 and (Cf-2/Cf-5 loci demonstrated that unequal
crossing-over and/or gene conversion have played an
important role in their evolution (Parniske et al. 1997).
The presence of two almost identical copies of (f-2
(Dixon et al. 1996) is most likely the result of a recent
sequence duplication, most probably a result of unequal
crossing-over. Also (-9 and (f-4 differ by one nucleotide
in 1057 bp at their 3’ ends and are identical for a further
5.2kb downstream (Parniske et al. 1997, Thomas et al.
1997). This suggests one of these genes was also generated
from a recent cross-over or gene conversion event.

DNA sequence analysis of the Her9 intergenic regions
revealed extensive blocks of sequence homology upstream
of Her9s including sequences derived from the 3" exon of
LoxL (figure 2) (Parniske et al. 1997). An unequal cross-
over in this region which occurred prior to speciation,

Phil. Trans. R. Soc. Lond. B (1998)

and involved LoxL sequences, may have duplicated an
Her9 which was amplified by subsequent unequal cross-
overs (Parniske et al. 1997). The composition and length of
the Hcr9 intergenic blocks varies between intergenic
regions indicative of sequence rearrangements during
their evolution. Within the (/-4 and (/-9 haplotypes the
intergenic regions are largely distinct with respect to their
sequence block composition. Her9 intergenic regions
containing similar, but non-identical sequence block
patterns, are present in (/-4 and (/-9 haplotypes but are
non-syntenic. Furthermore, DNA sequence analysis of 11
Her9s (Parniske et al. 1997) revealed that Her9s within the
Cf-4 and Cf-9 haplotypes contained regions of extensive
DNA sequence homology. Her9s appear to be patchworks
of different Her9 sequences, suggesting frequent intergenic
sequence exchange has occurred (figure 5). Evidence for a
similar mechanism acting on HerZs was demonstrated
from sequence comparisons of seven Her2s (Dixon et al.
1998). HerZs differ primarily in the number of LRRs they
encode, particularly those of the alternating type A and
type B LRRs (Dixon et al. 1996, 1998). Most of the
intergenic sequence exchange events in Her2s appear to
have been mediated through the type A and type B LRR
coding sequences.

One consequence of tandemly duplicated chromosomal
sequences 1s melotic instability, as observed at Rp!
(Hulbert 1997), and sequence homogenization within a
gene family through frequent intergenic sequence
exchange. This is undesirable at R gene loci where novel
variants are required to combat a constantly changing
pathogen population. Genetic experiments to test the
stability of (f-9 suggest this occurs infrequently at the
Cf-9 locus. In plants homozygous for (f-9, despite the
presence of four highly homologous Her9s and intergenic
sequences, the level of Her9 mispairing resulting in loss of
(f-9 function is less than 1 in 22 000 (Parniske et al. 1997).
It was proposed that the unique sequence block composi-
tion of Her9 intergenic regions may suppress mispairing at
meiosis, and gene conversion in sister chromatids, in
plants homozygous for a particular haplotype, thereby
preventing sequence homogenization at (f loci (Parniske
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et al. 1997). However, in transheterozygous plants the loss
of Cf-4 and (/-9 function is increased significantly. A
similar phenomenon has been described in maize hetero-
zygous for specific Rp! resistance alleles (Hulbert 1997).
In plants containing two distinct haplotypes the non-
syntenic nature of Her9 intergenic sequence blocks
increases the capacity for chromosomal mispairing, and
may involve Her9 coding sequences as is suggested by
DNA sequence analysis (Parniske ez al. 1997).

The model for sequence diversification within (f genes
(Parniske et al. 1997) was proposed on the basis of results
obtained with haplotypes originating from different Lyco-
persicon species, L. pimpinellifolium (Gf-9) and L. hirsutum
(Gf-4). Our analysis of the Gf-4/Cf-9 and Cf-2/Cf-5 loci
has revealed their dynamic nature in a number of
different haplotypes. If this mechanism contributes to the
evolution of (f genes in natural populations, it predicts
significant levels of haplotype variation within Lycopersicon
species. Evidence for this can be seen by comparing the
Cf locus on chromosome 6 in Cf0 and Cf5 NILs, which
are both from L. esculentum (figure 2). Consequently, any
process which promotes outbreeding in wild tomato
species, and the subsequent mixing of distinct Her haplo-
types would result in increased sequence variation within
Hers, and novel (f gene variants through intergenic
sequence exchange. In a number of wild Lycopersicon
species self-pollination is limited by a gametophytic self-
incompatability (SI) system (Mutschler & Liedl 1994).
The § locus controlling SI is linked to the (f-4/(f-9 locus
on chromosome 1 (Tanksley & Loaiza-Figueroa 1985)
and would promote the mixing of haplotypes in some
wild Lycopersicon species.

(c) Recombination at the Cf-4|Cf-9 and Cf-2/Cf-5
loci

In the single (f-2/Cf-5 disease-sensitive recombinant
unequal crossing-over occurred within the coding
sequences of two genes, (2.2 and Her2-5B (figure 3). All
five Cf-4/Cf-9 recombination events occurred in inter-
genic sequences (Parniske et al. 1997; Thomas et al. 1997).
It is possible that adjacent gene conversion events were
associated with these recombination events, causing subtle
changes in Hc¢r9 and Her2 coding sequences which were
not detected by hybridization analysis.

Only two classes of Cf-4/Cf-9 recombinants were
observed (figure 3). When the physical maps of the (f-4/
Cf-9 locus are aligned (i.e. Her9-94 with Her9-44), CGf-4
is located immediately distal to Cf-9. In each of the
mispairing that generated disease-sensitive
recombinants, (f-4 was displaced a distance of two
homologues further distal to (/-9 (figure 3). In theory,
an unequal cross-over event should not be necessary to
generate a disease-sensitive recombinant. This could be
achieved through a reciprocal located
between Hcr9-4C and (f-4 on one chromosome and
between (-9 and Her9-9D on the other (figure 2). Also,
in all five recombinants (f-9 was located proximal to
Cf-4. Disease-sensitive recombinants could also occur
through chromosomal mispairing with (/-9 located distal
to (f-4 and crossing-over between Hcr9-9B and Cf-9
on one chromosome and between (f-4 and Her9-4E on
the other. Such a recombinant would retain Her9-94,
Her9-9B, and Her9-4E.

events

Cross-over

Phil. Trans. R. Soc. Lond. B (1998)

It was suggested that Her9-94, Her9-9B, Her9-4C and
Her9-4EF may confer some Avr9- and Avr4-independent
resistance in the plants screened for disease sensitivity
(Thomas et al. 1997). Her9-94 and Her9-9B both confer
resistance to (. fulvum infection in adult plants in an
Avr9-independent manner (Parniske et al. 1997), which
accounts for their absence in the disease-sensitive recom-
binants. This natural ‘pyramiding’ of R genes recognizing
different Avr determinants could explain the apparent
durability of (f-9 in commercial cultivars of glasshouse-
grown tomatoes. Analysis of transgenic Cf0 plants
expressing Her9-4E (figure 2), has shown that this gene
confers resistance to C. fulvum race 5 at the seedling and
adult plant stages (C. Golstein, C. M. Thomas and
M. H. A. J. Joosten, unpublished data). This gene also
confers resistance through recognition of a novel C. fulvum
Avr protein (Thomas et al. 1997). Therefore, only a subset
of Cf-4/Cf-9 recombinants would be susceptible to
C. fulvum 1infection, and recombinants containing HHcr9-
94/Her9-9B or Her9-4E would not have been detected.

(d) Sequences which determine recognitional
specificity in Cf proteins

Amino acids within the N-terminal half of Cf proteins
contain the critical sequence determinants which confer
recognitional specificity (figure 4). Porcine ribonuclease
inhibitor (PRI) is the only LRR protein for which a
crystal structure has been determined and the molecular
basis for the interaction with its ligand (RNase A) has
also been reported (Kobe & Deisenhofer 1994, 1995).
Part of the plant extracytoplasmic LRR consensus
(xxLxLxx) (figure 4) corresponds to a structural motif in
PRI, which forms a repeated B-strand/B-turn structure
that generates a solvent-exposed surface, including a
parallel B-sheet, that binds ribonuclease. In this structure
the conserved leucines project into the hydrophobic core of
the protein and perform a structural role, whereas the side
chains of non-conserved interstitial residues are solvent-
exposed and form an extensive ligand-binding surface
(Kobe & Deisenhofer 1994). This motif is conserved in
LRR proteins and may play an essential function in
mediating protein—protein interactions (Buchanan & Gay
1996; Kobe & Deisenhofer 1994). Sequence variation
within this motif will therefore affect the specificity of
ligand binding.

Only seven amino acids within the 24-amino acid
LRR consensus correspond to the conserved structural
motif, but a disproportionate number of amino acids
distinguishing Cf-4 from Cf-9 (33 of 57), and Cf-5 from
Cf-2 (55 of 86), are located in this region and correspond
to the solvent-exposed interstitial residues. Most of the
sequences in Cf proteins, at least at their N-termini,
appear to play a structural role and only a small propor-
tion of critical sequence differences are required to
generate a distinct recognitional specificity. Therefore,
differences between the amino-acid composition of Cf
proteins from the same locus within the conserved B-
strand/B-turn motif in their N-terminal LRRs, together
with variation in the number of their LRRs, provides an
explanation for the molecular basis of ligand specificity.

Analysis of 11 Hcr9 sequences showed that most
sequence variation was located within the conserved
structural motif of the 16 N-terminal LRRs, and a
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number of hypervariable amino-acid sequence positions
were also identified (Parniske et al. 1997). Analysis of the
corresponding Her9 coding sequences in this region
revealed a much higher level of non-synonymous nucleo-
tide substitutions than in the remainder of the Her9
coding sequence (Parniske et al. 1997). This demonstrated
that there has been selection for sequence diversification
in this region consistent with the proposal that it encodes
a potentially variable ligand-recognition domain within
Her9s.

Our analysis has shown that intragenic sequence
exchange between Hcr9s can result in an increase or
decrease in the number of the LRRs they encode, either
as a consequence of gene conversion or unequal crossing-
over. This is clearly seen in the variable numbers of LRRs
in Her2s (Dixon et al. 1998). Intragenic sequence
exchange may also result in the mixing of LRRs with
unique interstitial residue composition, as exemplified by
Hecr9s (figure 5). Together with the accumulation of point
mutations in these sequences (Parniske et al. 1997), this
results in sequence variability within Hers and potentially
novel Cf recognitional specificities.

(e) The C-terminal domain of Cf proteins

Our analysis of Cf proteins (Dixon et al. 1996, 1998;
Jones et al. 1994; Thomas et al. 1997) suggests that they
comprise two functional domains: first, a variable N-
terminal region, important in determining recognitional
specificity, and second, a conserved C-terminal region
which includes part of domain Cl, and domains G2, C3,
D, E, I and G. In the absence of a substantial cyto-
plasmic domain in Cf proteins it has been proposed that
this region interacts with another transmembrane
protein to transduce a signal after ligand binding, which
activates the plant defence response (Dixon et al. 1996;
Jones & Jones 1997; Thomas et al. 1997). Analysis of 11
Her9s showed that most nucleotide substitutions in this
region are synonymous, showing there has been selection
for sequence conservation. Cf-4 and Cf-9 are identical
in this region and may interact with the same specific
partner protein. There are two EMS-induced mutant
alleles of Gf-9, which completely abolish Cf-9 function
(Hammond-Kosack et al. 1994), and which are owing to
single base mutations resulting in amino acid changes in
this C-terminal domain (DsqeN and SgsL) (C. M.
Thomas, unpublished data). These amino acids, which
are located in the conserved structural motif discussed
above, are also present in the corresponding positions in
the Cf-2 proteins and Cf-5.

(f) The structure of Cf proteins

In PRI, the LRRs comprise mainly alternating 28-
and 29-amino-acid units that form o/B coil structures
(Kobe & Deisenhofer 1994). Proteins with shorter LRRs,
such as the mammalian thyrotropin and choriogonado-
tropin receptors, are predicted to adopt similar structures
(Jiang et al. 1995; Kajava et al. 1993). Cf proteins are unli-
kely to adopt a/B coil structures because they contain
residues which are not common in a-helices (Dixon et al.
1996; Jones & Jones 1997; Thomas et al. 1997). Alternative
protein folds, such as the B-helical structure described for
several proteins (Kobe & Deisenhofer 1994; Emsley et al.
1996) would facilitate parallel stacking of the B-strand/

Phil. Trans. R. Soc. Lond. B (1998)

B-turn motif. This would result in the formation of a rod-
like structure with an extensive and potentially variable
ligand-binding surface.

Glycosylation may also play a role in determining Cf
tertiary structure (Jones & Jones 1997). Glycosylation of
the highly conserved asparagine residue in the B-turn
region of the consensus structural motif (figure 4) would
disrupt a regular repeat structure because the side chain
of this amino acid projects into the hydrophobic core of
the molecule (Buchanan & Gay 1996; Kobe &
Deisenhofer 1994). Most of the potential glycosylation
sites in Cf proteins lie outside this region (figure 4). Also,
glycosylation of asparagine residues within the B-strand/
B-turn motif in domain Cl may interfere with ligand
binding. Only one potential glycosylation site is present
within this motif in the N-terminal LRRs of Cf-4 and
Cf-9 and four in the Cf-5 and Cf-2 proteins (figure 4).
three potential N-glycosylation sites are
present within this motif, in domain C3 of Cf-4 and
Cf-9 (figure 4), and two in the corresponding domain of
Cf-2 and Cf-5. The LRRs in domain C3 lie outside the
region predicted to function in determining the recogni-
tional specificity of ligand binding. One of the EMS-
induced mutant alleles of (/-9 described here (Sg;6L)
results in the loss of one of these potential glycosylation
sequences.

However,

(g) Cf protein ligands

Avr4d and Avr9 are the presumed ligands for Cf-4
and Cf-9. The molecular mechanism of avirulence
protein perception remains unclear. No interaction was
detected between Cf-4, Cf-9 and their cognate aviru-
lence proteins by yeast two-hybrid analysis (C. M.
Thomas, unpublished data). Experiments using purified
plasma membrane preparations from a number of tomato
genotypes did detect a high-affinity binding activity for
12T labelled Avr9 (Kooman-Gersmann e al. 1996), but
no significant differences in binding activity were
observed in tomato genotypes which contained or lacked
Cf-9. A number of membrane proteins, such as a ‘patho-
genicity’ target, may bind Avr9 and mask any Cf-9-
specific binding.

Both Avr4 and Avr9 are small cysteine-rich peptides
(Joosten et al. 1994; Van den Ackerveken et al. 1992). Avr9
(28 amino acids) comprises antiparallel B-strands cross-
linked by disulphide bridges to form a cystine knot protein
(Vervoort et al. 1997). Mutations in cysteine residues
abolish elicitor function (Kooman-Gersmann et al. 1997).
The tertiary structure of Avr4 has not been determined,
but it may also be a cystine knot protein. Analysis of
several C. fulvum race 4 isolates has identified two cysteine
residues essential for stability of the secreted protein
(Joosten et al. 1997). Cystine knot proteins act as signalling
molecules, such as growth factors and glycoprotein
hormones which interact with cell surface receptor mole-
cules (Isaacs 1995; McDonald & Hendrickson 1993), and
as proteinase inhibitors or ion-channel blockers (Kooman-
Gersmann et al. 1997; Vervoort et al. 1997). The cystine knot
structure may provide a stable structure in the leaf apoplast
for the presentation of specific interacting residues to a
target receptor. Cf-4 and Cf-9 may have also evolved the
capacity to recognize these ligands, resulting in activation
of a plant defence response.
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Mutagenesis of Avr9 has identified a number of solvent-
exposed residues in a short connecting loop between B-
strands (Fy to Lo, and in a larger loop (T, to Dy)
essential for elicitor function (Kooman-Gersmann et al.
1997). These residues are in close spatial proximity and
may represent a face of the protein which interacts with a
target receptor that triggers the plant defence response.
Therefore, in the case of a direct interaction between Cf-9
and Avr9, the number of intermolecular contact points
may be few, possibly spanning several LRRs. Domain
swaps between Cf-4 and Cf-9 involving reciprocal
exchange of defined numbers of LRRs within the variable
N-terminal region (figure 4) have been constructed and
tested for Avr4 and Avr9 recognition. None of the chimeric
proteins tested induced plant cell death in response to Avr9
or Avr4 (C. M. Thomas, unpublished data). Avr9 and Avr4
could form homodimers, which is common in cystine knot
proteins (Isaacs 1995, McDonald & Hendrickson 1993), or
a heterodimer with a plant-encoded protein to form a
ligand complex. In this case the Cf-9 and Cf-4 ligands
may make multiple contact points spanning the N-term-
inal LRRs within domain CI. It is also possible that Cf-4
and Cf-9 recognize Avr4- and Avr9-dependent conforma-
tional changes in other cell surface proteins, such as the
binding activity described here.

3. CONCLUSIONS

Our understanding of the nature, genome organization
and evolution of R gene loci, particularly (f gene loci,
has increased immensely in recent years. The next main
challenge with Cf proteins is to determine the molecular
mechanism of Avr perception, and dissection of the signal
transduction pathway which activates plant defences. This
may result in the rational design of Cf proteins that
recognize defined pathogen proteins as a means to engi-
neer plant disease resistance. In the tomato—C. fulvum
interaction, genetic evidence for signalling partners has
come from mutational screening and has identified Rer
genes (required for Cladosporium resistance) required for
the function of either Cf-9 (Hammond-Kosack et al.
1994b) or Cf-2 (M. S. Dixon, unpublished data). The
observation that Cf-9 functions in tobacco suspension
culture cells in an Avr9-dependent manner to generate a
rapid oxidative burst (Hammond-Kosack & Jones 1996;
P. Piedras, unpublished data) should also lead to a better
understanding of the biochemical basis of the Cf-depen-
dent plant defence response.
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