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REVIEW

Clusters of Resistance Genes in Plants
Evolve by Divergent Selection
and a Birth-and-Death Process
Richard W. Michelmore' and Blake C. Meyers

Department of Vegetable Crops, University of California, Davis, California 95616 USA

Classical genetic and molecular data show that genes determining disease resistance in plants are frequently
clustered in the genome. Genes for resistance (R genes) to diverse pathogens cloned from several species encode
proteins that have motifs in common. These motifs indicate that R genes are part of signal-transduction systems.
Most of these R genes encode a leucine-rich repeat (LRR) region. Sequences encoding putative solvent-exposed
residues in this region are hypervariable and have elevated ratios of nonsynonymous to synonymous
substitutions; this suggests that they have evolved to detect variation in pathogen-derived ligands. Generation of
new resistance specificities previously had been thought to involve frequent unequal crossing-over and gene
conversions. However, comparisons between resistance haplotypes reveal that orthologs are more similar than
paralogs implying a low rate of sequence homogenization from unequal crossing-over and gene conversion. We
propose a new model adapted and expanded from one proposed for the evolution of vertebrate major
histocompatibility complex and immunoglobulin gene families. Our model emphasizes divergent selection acting
on arrays of solvent-exposed residues in the LRR resulting in evolution of individual R genes within a haplotype.
Intergenic unequal crossing-over and gene conversions are important but are not the primary mechanisms

generating variation.

Plants, like animals, are continually challenged by a
myriad of potential pathogens. There is increasing
evidence that defense systems of plants are at least
as complex as vertebrate defense systems. Unlike
animals, however, plants do not have a circulatory
system and therefore cannot rely on a specialized,
proliferative immune system. Each plant cell has to
be capable of defense, even though this defense is
coordinated locally and systemically between cells.
There are a variety of types of resistance genes and
mechanisms, some induced and some constitutive
(for review, see Godiard et al. 1994; Michelmore
1995; Hammond-Kosack and Jones 1997). Often, al-
though not always, disease resistance in plants is
determined by single, usually dominant, genes. The
recent cloning of several such resistance genes (R
genes) is providing insight into their function and
evolution. The defense system of plants may be an-
cient and predate the evolution of the immune sys-
tem; genes similar to plant R genes have been iden-
tified in mammals (Hammond-Kosack and Jones
1997; van der Biezen and Jones 1998).

In this review we consider what is known about
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the genomic organization and evolution of disease
resistance genes in plants. The picture that is emerg-
ing for the organization and evolution of plant R
genes is similar to that of the vertebrate major his-
tocompatibility complex (MHC), T-cell receptor
(TCR), and immunoglobulin genes. Therefore, al-
though the specific types of genes involved are dif-
ferent, the evolutionary forces shaping the plant
and vertebrate defense systems may be similar. We
propose a model for the evolution of plant R genes
that is adapted and expanded from a model devel-
oped for the evolution of vertebrate MHC and im-
munoglobulin gene families. Definitions of termi-
nology can be found at the end of the text.

Classical Genetics

Resistance to many diseases, particularly those
caused by biotrophic fungal diseases, is determined
by individual members of families of dominant
genes, each member conferring resistance to a spe-
cific strain of the pathogen. When parallel genetic
studies have been made, specificity has often been
shown to be conferred by a ‘“gene-for-gene’ inter-
action; for every gene for resistance in the host there
is a matching gene for avirulence in the pathogen
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(Flor 1956). The gene-for-gene interaction has now
been demonstrated or inferred in >20 diseases
caused by taxonomically diverse pathogens and
probably functions in many more (Flor 1971; Crute
1986). The gene-for-gene interaction is undoubt-
edly an oversimplification; however, it is a useful
predictive genetic description of the interaction be-
tween plants and their pathogens.

Classical genetics has increasingly demon-
strated that resistance genes tend to be clustered in
the genome. Early studies were often limited to the
study of a single pathogen. However, the advent of
comprehensive genetic maps based on molecular
markers has allowed genes for resistance to multiple
diseases to be readily mapped relative to each other.
R loci may be single genes with multiple alleles
(Table 1). The L locus in flax (13 alleles) and RPM 1
in Arabidopsis (two alleles, presence or absence) are
of this type. More commonly, R genes are organized
in clusters that show varying levels of recombina-
tion between the component genes (Table 1). Genes
within a single cluster can determine resistance to
very different pathogens. On the basis of their clus-
tered distribution and by inference from other cell-
cell recognition systems, R genes were hypothesized
to encode functionally and evolutionarily related
members of recognition systems.

Molecular Evidence

Molecular data have supported this hypothesis.
Nearly 20 R genes have now been cloned. Their iso-
lation, structure, and potential function have been
reviewed extensively (e.g., Staskawicz et al. 1995;
Bent 1996; Baker et al. 1997; Hammond-Kosack and
Jones 1997) and only features relevant to the evo-
lution of R genes will be discussed here. All except
two (Hm1 and mlo) seem to encode components of
signal transduction systems. R genes encode a num-
ber of protein motifs in a variety of combinations
(Fig. 1; Table 2) that are characteristic of receptors in
yeast, Drosophila and vertebrates. The most preva-
lent class contains a nucleotide-binding site (NBS)
and a leucine-rich repeat (LRR) region. Some are
composed predominantly of an LRR region and
transmembrane (TM) domain. Another is com-
prised of a LRRregion and a protein kinase domain.
Finally, one (Pto) is comprised of only a protein ki-
nase domain but requires a NBS-LRR gene (Prf) for
function. R genes therefore seem to encode recep-
tors that detect the presence of the pathogen di-
rectly or indirectly. The signal passes through a net-
work of signal-transduction cascades and a some-
what generic resistance response is elicited that may
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or may not involve host cell death (for review, see
Danglet al. 1996; Hammond-Kosack and Jones 1997).

Restriction fragment length polymorphism
(RFLP) analysis with most cloned resistance genes
reveal clusters of related sequences, even when only
a single resistance specificity had been detected by
classical genetics (Table 2). L of flax is an interesting
exception; the 13 specificities known at the L locus
are truly allelic. M, the presumed homologous locus
in this ancient tetraploid, has [B6% nucleotide
identity to L and comprises an array of [II5 genes
(paralogs); seven specificities are known at M (Ellis
et al. 1997). Occasionally two functional sequences
encode the same specificity, as in the case of Cf2
(Dixon et al. 1996). More usually only a single gene
in the cluster determines resistance as shown by
mutant or transgenic complementation analysis.
The genetic and hybridization data therefore indi-
cate that resistance genotypes should be considered
as haplotypes rather than individual genes.

Molecular data is also revealing that clusters of
R genes may contain sequences related in function
but not sequence. Prf, an NBS-LRR gene, is within a
cluster of five Pro homologs that encode protein ki-
nases; both genes are required for resistance to Pseu-
domonas syringae pv. tomato (Salmeron et al. 1996).
Mi, an NBS-LRR gene, is linked loosely with Cf2, a
LRR-TM gene. Therefore, genetic linkage of pheno-
typically defined R genes does not necessarily imply
sequence similarity.

There are a large number of sequences with
similarity to R genes in plant genomes. PCR using
degenerate primers designed to amplify sequences
conserved between R genes has allowed identifica-
tion of families of sequences from several plants
(Kanazin et al. 1996; Leister et al. 1996; Yu et al.
1996; Lagudah et al. 1997; Leister et al. 1998). It is
now facile to clone homologs but it remains diffi-
cult to prove individual specificities (Michelmore
1995). Large-scale sequencing of random expressed
sequence tags (ESTs) and genomic clones has also
identified numerous R gene homologs (Botella et al.
1997; Bevan et al. 1998). Extrapolating from current
data, it seems likely that Arabidopsis has >400 resis-
tance gene candidates ([2% of its genes) and plants
with larger genomes may have significantly greater
numbers. Among the unanswered questions are:
How many of these R gene candidates encode func-
tional resistance genes? Is there a cost to expressing
many R genes? What is the molecular basis of speci-
ficity? How do plants evolve new recognition speci-
ficities to keep pace with rapidly changing pathogen
populations? What are the evolutionary forces
shaping the size and structure of R gene clusters?
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Table 1. Clusters of Plant R Genes Identified by Classical Genetics
No. of
Rgene Linked resistance pathogens Size
Species locus specificities detected (cM) References
Arabidopsis MRC-F 6 RPPgenes, RAC2 2 10+ Kunkel (1996); Holub (1997)
Arabidopsis MRC-H 5 RPP genes, RPS2, 3 15+ Kunkel (1996); Holub (1997)
TOM1
Arabidopsis MRC-J 5 RPP genes, RAC3, 5 15+ Kunkel (1996); Holub (1997)
RP34, HRT1, TTR1
Barley Mla 18 Mla genes 1 0 Jhoor et al. (1993); brgenson
(1994)
Hax L 13 L alleles 1 0 Islam and Shepherd (1991)
Hax M 7 M genes 1 <1 For (1965); Mayo and Shepherd
(1980)
Fax N N, N1, N2 1 <1 Islam and Shepherd (1991); Hlis
et al. (1997)
Fax P 7 Pgenes 1 0 Islam and Shepherd (1991); Hlis
et al. (1997)
Lettuce Dm1/3 8+ Dm genes, Ra 2 20 Farrara et al. (1987); Kesseli et al.
(1994)
Lettuce Dmb5/8 4 Dm genes, Tu, Mo2, 4-5 9 Farrara et al. (1987); Witsenboer
plr et al. (1995); Kesseli et al.
(1994)
Lettuce Dm4/7 5+ Dm genes 1 0 Farrara et al. (1987)
Maize Rot 14 Ro1 genes (A-N), 2 3 Saxena and Hooker (1968);
Ro5, Ro6, Rop9 Hooker (1985); Bennetzen et
al. (1991)
Maize Ro3 6 Rp3 genes (A-F) 1 N.R  Saxena and Hooker (1974);
Sanz-Alferez et al. (1995)
Potato chromosome 5  R1, Pi0O1-QTL, Rx2, 3 N.R Leister et al. (1996)
Gpa
Rice chromosome 11 4+ Xa genes, 5+ Pi 2 30 Yoshimura et al. (1983); Mackill
genes, 1 QTL and Bonman (1992); Kinoshita
(1993)
Soybean linkage group F  Rsv1, Rov, Rps3 3 N.R Dierset al. (1992); Yu et al.
(1994)
Soybean linkage group J  Rps2, And, R2, 34 3.8 Polzin et al. (1994); Kanazin et
1 QTL al. (1996)
Tomato cfe, Cf5 cfe, cf5, OI-1, TY-1, 5 N.R  Dickinson et al. (1993); bnes et
Mi, Meu-1 al. (1993); Van der Beek et al.
(1994); Zamir et al. (1994);
Kaloshian et al. (1995)
Tomato Cf4/9 Cf1, Cf4, Cf9 1 0 Kerr and Bailey (1964); bnes et
al. (1993)
(N.R) Not reported; usually because genes segregated in different crosses.

Basis of Specificity

The basis of specificity isunknown for most R genes.
R-gene products are postulated to have receptor and
effector domains (Fig. 2; Hammond-Kosack and
Jones 1997) and patterns of nonsynonymous versus
synonymous nucleotide-substitution ratios support
this hypothesis (see below). A variety of motifs sug-

gest involvement in protein—protein interactions;
these could be involved in ligand binding or effector
functions. Interactions between the putative com-
ponents of a receptor complex have not been dem-
onstrated yet. Mutations to losses of resistance are
not particularly informative as to which domains
determine specificity because mutations anywhere
within the receptor or effector domains could abol-

GENOME RESEARCH #1115


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlip.org on August 9, 2022 - Published by Cold Spring Harbor Laboratory Press

MICHELMORE AND MEYERS

Nucleotide Binding Site e
Leucine Rich Repeat Region Hilill 7o
Protein Kinase Domain ==

Figure 1 Major protein motifs shared between the deduced prod-
ucts of cloned resistance genes.

ish function. Various mutant alleles of Prf, RPS2,
RPM1, and Pto encode nonfunctional proteins that
differ from wild type by a variety of single amino
acids (Bent et al. 1994; Mindrinos et al. 1994; Grant
et al. 1995; Salmeron et al. 1996; Scofield et al.
1996). Domain swaps between closely related pro-
teins are likely to be much more instructive.

Pto is the best-characterized R gene. It is a small
gene and diverse protein kinases have been exten-
sively characterized structurally and biochemically.
The product of the bacterial avirulence gene, AvrPto,
interacts directly with the Pro gene product in the
yeast two-hybrid system. The phenotypesof mutant
and recombinant Pfo genes in the yeast two-hybrid
analysis correlate with biological activity in planta
(Scofield et al. 1996; Tang et al. 1996). Domain
swaps between Pto and the closely related paralog,
Fen, identified a few amino acids in the ligand-
binding domain (protein-kinase domain seven) as
being critical for specificity (Scofield et al. 1996; J.
Rathjen, J. Chang, D. Lavelle, B. Staskawicz, and
R.W. Michelmore, unpubl.).

The LRR motif is a common motif that is
thought to be involved in protein—protein interac-
tionsand known to be involved in ligand binding in
porcine ribonuclease inhibitor (PRI; Kobe and Dei-
senhofer 1994, 1995). In PRI, the residues corre-
sponding to the hypervariable residues in R gene
products (see below) are part of a B-strand/p-turn
structure of the LRR with a consensus sequence xx-
LxLxx. The conserved leucines (L) project into the
hydrophobic core, whereas the other residues (x)
form a solvent-exposed surface that is involved in
ligand binding (Kobe and Deisenhofer 1995). The
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solvent-exposed surfaces of each LRR are
arranged as a curved array; PRI accom-
modates its ligand by flexing along its
backbone. In R genes, the conserved po-
sitions in the consensus sequence con-
tain a variety of aliphatic residues (a; Fig.
2). R genes are unlikely to have as regular
a structure as PRI because the amino ac-
ids in the backbone are more variable
and there is less evidence that they form
regular a-helices (Hammond-Kossack
and Jones 1997; Jones and Jones 1997).
Three-dimensional modeling suggests
that the thyrotropin- and choriogonado-
tropin-receptor domains and LRRs of
other proteins have less regular LRR
structures but still comprise arrays of
B-strand/B-turn structures (Kajava et al.
1995; Jiang et al. 1995; Kajava 1998).
Genetic rather than biochemical evi-
dence currently provides the strongest evidence
that the LRR interacts with a pathogen-derived li-
gand. Binding of an avirulence gene product or a
plant protein to an LRRregion has yet to be reported
for any R gene product. Allelic comparisons and do-
main swaps between alleles of L indicated that
specificity was determined by the 3’ LRR-encoding
part of the gene (Ellis et al. 1997). Sequences of the
5" end of the LRR-encoding region of Cf genes are
more variable than the 3’ regions (Parniske et al.
1997; Thomas et al. 1997). Detailed analysisof 11 Cf
homologs revealed that in the first 16 LRRs, the
amino acids in the xx(a)x(a)xx part of the LRR con-
sensus were hypervariable, and the ratios of non-
synonymous to synonymous substitutions (K, :Kg
ratio) of the nucleotides encoding these residues
(excluding the conserved aliphatic residues) were
greater than one; therefore these residues may be
under diversifying selection (Parniske et al. 1997).
All types of LRR-encoding R genes exhibit a similar
pattern (Table 3; Meyers et al. 1998b). The NBS re-
gion appears to be under purifying selection consis-
tent with its proposed but unproven effector func-
tion. The LRR region, particularly the carboxy-
terminal half of the LRR region encoded by Dm3
homologsin lettuce, contains an alternating pattern
of hypervariable amino acids in the xx(a)x(a)xx
consensus and intervening stretches of conserved
residues that are predicted to be structural. The
K,:Kg ratios for the nucleotides encoding these hy-
pervariable residues are significantly greater than
one, suggesting that there is an advantage to high
amino acid diversity in this region. Therefore, both
the amino-terminal end of the probably extracyto-


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlip.org on August 9, 2022 - Published by Cold Spring Harbor Laboratory Press

CLUSTERS OF RESISTANCE GENES

Table 2. Clusters of Plant R Genes Characterized by Molecular Analysis

Rgene  Structural Members of  Size of

locus subclass® Species gene family® locus References

Cfz/Cf5 LRR-TM tomato 2+ N.R Jbnes et al. (1993); Dixon et al. (1996);
Hammond-Kosack and Jbnes (1997)

Cf4/Cf9 LRR-TM tomato 5 36 kb Jbnes et al. (1993); Parniske et al. (1997);
Thomas et al. (1997)

Dm3 NBS-LRR lettuce 24+ 4 = Mb Farrara et al. (1987); Meyers et al. (1998a)

Dm13 NBS-LRR lettuce 13+ N.R Meyers (1998)

12 NBS-LRR tomato 4+ N.R Ori et al. (1997)

M TIH-NBS-LRR flax 15+ <1 Mb  Anderson et al. (1997); Bliset al. (1997)

N TIH-NBS-LRR tobacco 4+ N.R Whitham et al. (1994)

Pto kinase tomato 5,plusPf 65 * kb D. Lavelle and R Michelmore, (unpubl.)

RPP5 TIH-NBS-LRR Arabidopsis 7 50 = kb  Parker et al. (1996); Dangl and Holub (1997)

Xa21 LRR-kinase rice 8+ 230 = kb Ronald et al. (1992); Song et al. (1995)

(N.R) not reported.

&TIH) Toll-interleukin homology region; (NBS) nucleotide binding site; (LRR) leucine-rich repeats; (TM) transmembrane domain.

PMembers of the gene family at each locus were determined in a single genotype by mapping of RFLPsresulting from the hybridization

of the cloned resistance gene from that locus or by genomic sequencing of the region containing the cluster. This number includes

pseudogenes.

plasmic LRR regions of the LRR-TM type R gene (Ellis et al. 1997). Furthermore, LRRregions are large

products and the carboxy-terminal end of the pre- relative to predicted avirulence gene products. It is
dicted cytoplasmic LRRregions of the NBS-LRR type therefore unlikely that all LRRs within a particular
R gene products show an alternating pattern of hy- protein are involved in binding each avirulence
pervaiable and conserved residues. The LRR region gene product. Different binding specificities could

encoded by Xa2l and related paralogs show the
same pattern. Regardless of the precise structure, the

alternating pattern of variation and high K,:Kg ra- CHROMOSOMAL
tios are evidence that these LRRs have a series of ORGANIZATION
contact points for ligand binding (Fig. 2) that seem - —
to be under diversifying selection.
A structure for LRR regions with arrays of po-
tential ligand-binding surfaces has several implica- PREDICTED NBS LRR region
tions for R-gene function. The most important im- ;%?T;S!N i i
plications are the extremely large number of bind-
ing speci.ficities that could .be encoded by groupsiof HYPOTHETICAL
genes with such arrays (Fig. 2) and the ease with STRUCTURE OF {
new binding specificities could be generated by re- LRR REGION
combination and gene conversion. In addition to
different combinations of LRRs providing different
binding characteristics, variation in amino acids in
the backbone between the hypervariable regions
might chan ge t.he relative orlentatlon.s .of the :;\(ATIES\;%?IID‘ZBLEﬁSt!’and: xx(a)x(a)xx
B-strands providing another level of variation for
binding specificity. The number of repeats does not Figure 2 The organization and structure of resis-
seem to be highly conserved; this can vary from 14 tance genes and their products. The color coding of
to >40 (Jones and Jones 1997); Dm3 homologs en- the protein motifs is the same as for Figure 1. The

code at least 41 repeats (Meyers et al. 1998b). Cf2 hypothetical structure shown for a portion of the LRR
differs from Cf5 by precisely six LRRs (Hammond- region is prepared from a model for the thyrotropin
Kosack and Jones 1997). Different functional alleles receptor (Kajava et al. 1995). In the consensus se-

. . . quence for the B-strand, (x) any amino acid; (a) ali-
of L vary in the length of their encoded LRR region phatic residues.
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Regions of Plant R Genes

Table 3. Ratio of Nonsynonymous to Synonymous Nucleotide Substitutions (K,:Kg) in Different

NBS LRR: LRR:
Species Genes region intervening xx(a)x(a)xx
Lettuce RGC2 family 0.37 0.63% 2.06
Tomato 12C-1 vs 12C-2 0.47 0.58 1.17
Tomato Mi copy 1 vs copy 2 0.43 0.76 1.93
Rax L6 vs M 0.44 0.83 1.57
Tomato Cf4/Cf9 homologs 0.59° 1.32P
Rice Xa21 copies B, D, F 0.52 2.11

®For the 3" LRRregion.
PFor the 5’ LRRregion (Parniske et al. 1997).

be generated by interactions with different LRRs
within a protein, and a single protein could interact
with a variety of ligands. RPM1 determines resis-
tance against bacteria expressing two very different
Avr genes (Grant et al. 1995). The tomato Mi gene
confers resistance to both nematodes and aphids
(Rossi et al. 1998). However, it has yet to be dem-
onstrated in these cases whether the same or differ-
ent molecules are detected by the plant R gene.

Post-transcriptional and post-translational
modifications add further levels of potential com-
plexity that have yet to be studied for R gene prod-
ucts. The prevalence and significance of the alterna-
tive mRNA splicing that seems to occur with N, L6,
and RPP5 is unknown (Whitham et al. 1994,
Lawrence et al. 1995; Parker et al. 1997). Amino acid
differences between Cf gene products alter potential
glycosylation sites (Jones and Jones 1997). For sev-
eral mammalian extracellular receptors, the pattern
of N-glycosylation influences ligand binding
(Zhang et al. 1995).

Mechanisms Generating Variation in Specificity

Cycles of detection and mutation characterize the
coevolution of plants and potential pathogens (Fig.
3). This is particularly evident with the specialized
airborne pathogens, such as the mildews and rusts,
giving rise to a boom-and-bust cycle (Suneson 1960)
for the efficacy of resistance genes. However, the
genetic events underlying the changes in the plant
and pathogen are understood poorly.

Instability of some resistance loci, especially
Rpl of maize, led to the idea that clusters of resis-
tance genes were inherently unstable, fast-evolving
complexes. This instability is associated with recom -
bination, and/or deletions (Sudupak et al. 1993;
Anderson et al. 1996). Susceptible recombinants at
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RpI had both possible combinations of flanking al-
leles (Richter et al. 1995). Unequal crossing-over fol-
lowing meiotic mispairing and to a lesser extent
gene conversion have been invoked as the major
ways in which novel resistance specificities are gen-
erated (Pryor and Ellis 1993; Richter et al. 1995;
Hammond-Kosack and Jones 1997; Hulbert 1997;
Parniske et al. 1997). Such processes are almost cer-
tainly the primary mechanisms for concerted evo-
lution of large multigene families such as vertebrate
globins in which large amounts of homogeneous
product are required (Scott et al. 1984). However,
the roles of unequal crossing-over and gene conver-

& DIRECT OR INDIRECT
g8 PATHOGEN PRODUCTS

—_—> SIGNAL
RECOGNITION CASCADE,
RESISTANCE
RESPONSE
] SELECTION ON PATHOGEN & RAPID
POPULATION FOR LACK OF CELL
AVIRULENCE FACTOR DEATH
& =
NO =
> =
RECOGNITION
COMPATIBLE
SELECTION ON PLANT INTERACTION
POPULATION FOR NEW
RESISTANCE SPECIFICITY
L §
> SIGNAL
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RECOGNITION RECISTANCE
RESPONSE
& RAPID
CELL
DEATH

Figure 3 Alternating cycle of selection during coevo-
lution of plant and pathogen.
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sion in the evolution of other multigene families are
less clear and more controversial (Ohta 1991; Li
1997; Nei et al. 1997).

The assumption has been that resistance-gene
complexes are dynamic, unstable, fast-evolving
haplotypes and that high rates of unequal crossing-
over and gene conversion are required to keep pace
with changes in pathogen populations. However,
high rates of unequal crossing-over and gene con-
version would produce rapid divergence between
haplotypes of different species. There would be high
levels of polymorphism for both the number and
sequence of R genes between haplotypes. Concerted
evolution would tend to homogenize genes within a
haplotype. There would be no obvious allelic rela-
tionship between genes in different haplotypes.
Paralogs would be more similar than orthologs. In
contrast to the above expectations, the recent com-
parisons of haplotype structure have been particu-
larly informative and led to a very different picture.
Studies on the Pro, Dm, and Cf clusters reveal an
initially surprisingly stable picture with orthologs
being more similar than paralogs.

The structures of three haplotypes of the Pro
cluster in tomato have now been determined (D.
Lavelle and R. Michelmore, unpubl.). One was the
resistant haplotype that had been introgressed from
Lycopersicon pimpernellifolium and two were suscep-
tible haplotypes from Lycopersicon esculentum. Four
to six Pro homologs are present within 65 kb along
with a single copy of Prf. The closest relative of each
gene is an ortholog rather than a paralog resulting
in an obvious allelic relationship between homologs
in different haplotypes. Only one pseudogene was
apparent in the sequence of one haplotype as well as
two partial gene segments. The cluster has evolved
by a series of ancient duplications and more recent
deletions. Unequal crossing-over with exchanges
both between and within coding regions has oc-
curred but has been infrequent.

The major cluster of resistance genes in lettuce
is comprised of over 24 R gene candidates (RGCs)
spanning several megabases (Meyers et al. 1998a).
Genetic and mutation data indicate that one RGC2
sequence encodes Dm3. The sequences within a
genotype vary from 55%-95% amino acid identity.
This is considerably greater than the differences ob-
served between RGCs from different haplotypes and
species (S.-S. Woo and R. Michelmore, unpubl.). The
majority of RGCs sequenced appear to be functional
and expressed, although some are clearly pseudo-
genes. The numbers of RGCs vary between geno-
types. Several spontaneous losses of resistance have
resulted from deletions but the involvement of
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RGCs at the breakpoints hasnot been demonstrated
(D. Chin and R. Michelmore, unpubl.).

Three Cf4/9 haplotypes that originated from
different tomato species have been sequenced
(Parniske et al. 1997). The haplotype with no
known resistance specificities contained only a
single R-gene homolog. The other two haplotypes
spanned [B5 kb and contained five paralogs, all ori-
ented in the same direction. In all three haplotypes,
the R-gene cluster was flanked by convergently ori-
ented genes with similarity to plant lipoxygenases
(Lox). In addition, the majority of the R-gene ho-
mologs within each cluster were flanked by partial
Lox sequences indicating that Lox sequences had
been duplicated along with the R gene. There were
no other genes located within the cluster. Extensive
blocks of sequence similarity were detected between
the paralogs. The lengths and positions of these
blocks varied greatly; however, their order was not
changed indicating evolution by deletion following
duplication of the R gene. There were no obvious R
pseudogenes, which was in contrast to the large
amount of intergenic rearrangements observed.
Some homologs from different haplotypes had al-
most identical sequences indicating little sequence
exchange between paralogs. Other homologs
seemed to be a patchwork of short stretches of se-
quence similarity indicating the involvement of re-
combination or gene conversion.

Only a single haplotype of the Xa2l cluster in
rice has been partially characterized at the sequence
level (Song et al. 1997). This revealed two subfami-
lies of paralogs. However, the subfamilies had a mix-
ture of sequences 5’ to the open reading frame
(ORF) suggesting that there was a hot-spot for re-
combination just 3’ to the start codon and ex-
change of promoter regions between paralogs.

The sequencing of more clusters from multiple
genotypes will reveal the relative orientations of
genes, the numbers of pseudogenes, the degree of
sequence divergence in intergenic regions, and the
relationship between physical position and se-
quence similarity of the genes. This will provide ad-
ditional data on the frequency of gene conversion
tracts and insertions/deletions characteristic of un-
equal crossing-over events.

Birth-and-Death Model for Evolution
of Resistance-Gene Clusters

A model is required that takes into account the
probable structure of R-gene products and accom-
modates the observed stability of sequences be-
tween haplotypes as well as the genetic data on in-
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stability, yet allowing the rapid generation of new
recognition specificities. Although unequal cross-
ing-over is clearly occurring at a low frequency, it is
not occurring at a high enough rate to homogenize
sequences and it is probably too infrequent to gen-
erate new specificities to allow coevolution with
pathogen populations. Frequent unequal crossing-
over and gene conversion might actually be coun-
terproductive to generating and maintaining varia-
tion. Therefore, we propose that NBS-LRR-type R
genes are evolving mainly by divergent evolution of
individual genes and a birth-and-death process (Fig.
4) similar to that envisaged for MHC and immuno-
globulin genes (Nei et al. 1997).

Salient features of the model include the follow-
ing:

1. The majority of changes in specificity are caused
by interallelic recombination and gene conver-
sion that alter the combinations and/or orienta-
tions of the arrays of solvent-exposed residues in
the LRRregion. Recombination and gene conver-
sion between paralogs is rare.

2. Further changes in specificity result either from
mutations in the solvent-exposed region of the
LRRs caused by random nucleotide changes or
from interallelic unequal crossing-over or gene
conversion because of mispairing within the LRR
region.

L» Loss or duplication

. Continued mutation and interallelic recombina-

tion will result in the selection of variants encod-
ing increasingly effective resistance genes (in-
creased ligand binding affinities?).

. Sequences with advantageous ligand-binding

characteristics will increase in the population.
Multiple specificities are maintained in the popu-
lation because of frequency-dependent selection
and hitch-hiking caused by selection acting on
the whole cluster of resistance genes.

. Rare unequal crossing-over events result in du-

plications and deletions of either single genes or
blocks of genes as well as occasional formation of
chimeras between paralogs.

. Recently duplicated sequences are unstable be-

cause of a high degree of sequence similarity re-
sulting in relatively frequent unequal crossing-
over. This leads to further duplications and dele-
tions.

. Rapid divergence of intergenic regions (and pos-

sibly introns) reduces the frequency of unequal
crossing-over. Variants and derivatives become
fixed in the haplotype.

. Duplicated genes diverge (1 and 2 above). Some

will have altered ligand-binding characteristics;
others will become pseudogenes.

Evidence for Model and Implications

Clearly some components of the model
remain unproven. However, the model is
consistent with current data and does
reconcile the maintenance of sequence
diversity within haplotypes with the
changes in specificity that are associated
with recombination. It also explains how
the proposed structure of the LRR allows
different genetic rearrangements to gen-
erate a vast repertoire of resistance speci-
ficities (Fig. 4). The solvent-exposed
amino acids in the LRR region may not
be the only residues determining speci-
ficity; K,:Kg analysis would not identify
critical residues under selection for in-
creased variability that are surrounded by
conserved residues. However, the general
aspects of the model are still valid regard-
less of which residues are the primary de-
terminants of specificity.

1 Variation Is Generated Predominantly

Figure 4 Consequences of genetic changes in resistance genes on by Interallelic Recombination

the LRR region. Only a portion of the hypothetical structure of the

LRR region is shown (see Fig. 2).

1120 &4 GENOME RESEARCH

The high lefvel of polymorphism in ver-


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on August 9, 2022 - Published by Cold Spring Harbor Laboratory Press

tebrate MHC genes may be generated by several
mechanisms. Interallelic recombination and gene
conversion at the mammalian MHC class IB locus
generates variation substantially faster than point
substitutions (Watkins et al. 1992; Parham and
Ohta 1996). Phylogenetic analysis of the MHC dem -
onstrated that polymorphic alleles, as defined by
their position within the cluster, almost always
formed monophyletic groups; this suggests that
there has been little gene conversion between para-
logs (Nei et al. 1997). Closely related mammals all
have MHC class I A, B, and C genes; orthologs are
more similar than paralogs indicating that there has
been little genetic exchange between paralogs.

The model proposes that the evolution of resis-
tance in plants is occurring primarily at the single-
gene level (Fig. 4). Interallelic recombination and
gene conversion could generate considerable varia-
tion and explain much of the genetic data on the
instability of resistance genes. If the LRR regions of
resistance-gene products have arrays of solvent-
exposed B-strand/B-turn structures, there are prob-
ably multiple ligand-binding points spread along
the LRR region. Recombination between alleles
would result in rapid generation of new ligand-
binding properties without the need for high rates
of nucleotide substitution. At least some of the in-
stability at L and Rpl observed in heteroallelic
crosses could be caused by interallelic recombina-
tion. The requirement for multiple binding points
would result in interallelic recombinants that had
lost specificity with either combination of flanking
markers, as observed with Rp/ (Richter et al. 1995;
Hulbert 1997); there isno need to invoke intergenic
unequal crossing-over or gene conversion.

Unequal crossing-over between members of a
tandemly repeated multigene family is not a prereq-
uisite for variation. There is only one copy of the
gene at the L locus in flax, yet more specificities
have been identified at L (13) than any of the resis-
tance clusters (Islam and Shepherd 1991; Lawrence
et al. 1995). Comparisons between alleles of L de-
tected variation in both the number and sequence
of the LRR at the carboxy-terminal end of the pre-
dicted protein (Ellis et al. 1995, 1997). The L2 allele
has four copies of a 150-bp repeat rather than the
two found in L6. Therefore, there can be significant
variation without exchange between paralogs. De-
letions within M and RPP5 that resulted in losses of
resistance seemed to have been caused by intragenic
recombination within the LRR-encoding region
(Anderson et al. 1997; Parker et al. 1997).

The greater sequence divergence within than
between haplotypes observed at the Pro cluster (D.

CLUSTERS OF RESISTANCE GENES

Lavelle and R. Michelmore, unpubl.), the major
cluster in lettuce (S.-S. Woo and R. Michelmore, un-
publ.), and the Cf4/9 cluster (Parniske et al. 1997),
indicates that unequal crossing-over and gene con-
version between paralogs is not occurring fre-
quently enough to homogenize the sequences
within a haplotype. The more rapid divergence of
Pto pseudogene sequences supports the same con-
clusion (D. Lavelle and R. Michelmore, unpubl.).
Therefore the pattern of sequence divergence for
multiple clusters of R genes is more consistent with
a birth-and-death process than concerted evolution
(Fig. 5).

2. Mutations in Individual Genes are an Ultimate
Source of Novel Variation

A variety of types of mutation could lead to changes
in specificity. The high K,:Kg values and ratios for
regions encoding the putative solvent-exposed resi-
dues in the LRRs of Cf4/9, Dm3, L, M, I2, Xa2l, and
their respective homologs all indicate the signifi-
cance of nonsynonymous nucleotide substitutions
in these regions (Table 3). Interallelic unequal cross-
ing-over or gene conversion could change the num-
ber of LRRs. The repeated nature of the region im-
plies that replication slippage (Hancock 1995) is also
a possibility.

The relative importance of interallelic recombi-
nation and gene conversion (1) versus de novo
changes (2) in the rapid and continuous generation
of new resistance specificities is impossible to evalu-
ate at present. Recombination and gene conversion
seem to be the predominant mechanisms generat-
ing allelic variation at the MHC locus (Parham and
Ohta 1996). However, point mutations accumulat-
ing over long periods of time seem to be the primary
source of novel polymorphism in vertebrate MHC

CONCERTED EVOLUTION DIVERGENT EVOLUTION AND

BIRTH-AND-DEATH PROCESS
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Figure 5 Phylogenetic distribution of sequence
variation expected for homologs under different types
of evolution.
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genes (Nei and Hughes 1991; Li 1997). Given that
the LRR region is much larger than the binding re-
gion of the MHC protein, opportunities for interal-
lelic recombination and gene conversion would
seem to be correspondingly greater. The combina-
tion of multiple LRRS within each gene and the
large number of R genes present in the genome pro-
vides numerous opportunities for advantageous
mutations to arise. A few amino acid changes can
have a large effect on specificity as shown by analy-
sis of Pto, Fen, and related proteins (J. Rathjen, J
Chang, D. Lavelle, B. Staskawicz, and R.W.
Michelmore, unpubl.). Accumulation of amino acid
changes over long periods of time has been pro-
posed as the mechanism for evolution of gameto-
phytic S-allele specificities (Tsai et al. 1992).

3. Resistance Specificities May Mature
through Repeated Cycles of Selection

Evolution of new specificities may not be a one-step
process. More likely, the initial interaction with a
new ligand may be weak; there would then be se-
lection for progressively tighter binding, if this re-
sults in more effective resistance. This is similar con-
ceptually to somatic antibody maturation that oc-
curs in T cells of vertebrates (Nossal 1992; Mueller
and Jemmerson 1996). Variation in ligand binding
is consistent with the variability of dominance ob-
served for R-gene action and the variation in resis-
tance phenotypes in different interactions (al-
though there are several alternative explanations).

4. The Frequency of R Alleles Will Be Determined
by the Interaction of a Variety of Forces

It seems intuitive that rare advantageous alleles of
individual genes will tend to increase in the popu-
lation until the frequency of virulent components
of the pathogen population also increase to the
point at which there is negligible selective advan-
tage. In reality, however, the situation is likely to be
much more complex. Selection will act on whole
haplotypes. The rates of recombination across the
cluster will influence the degree of independence of
each paralog. Different paralogs within a haplotype
will be under selection by the same or different
pathogen populations and may confer different lev-
els of fitness in different environments. The dynam-
ics of individual haplotypes will become increas-
ingly complex as the number of individual paralogs
that are effective against pathogens at a particular
location increases. This will be further complicated

1122 4 GENOME RESEARCH

by the degree and stability of heterogeneity in the
biotic and abiotic environments.

A variety of mechanisms have been proposed to
explain the maintenance of polymorphism in ver-
tebrate MHC and immunoglobulin genes. These in-
clude linkage disequilibria, cyclical selection, het-
erozygote advantage, and overdominant selection,
as well as frequency-dependent selection caused by
minority-dependent advantage (Nevo and Beiles
1992; Li 1997; Nei et al. 1997). Most of these selec-
tive forces are not mutually exclusive and it is still
the subject of debate as to which of these mecha-
nisms most influences the levels of MHC and im-
munoglobulin polymorphism. Very little is known
of the population genetics of R haplotypes and in-
dividual R genes within them. This will be a produc-
tive research area as the tools are now available to
investigate the influence of different evolutionary
forces on R genes.

5. Unequal Crossing-Over Is Significant

Clearly some unequal crossing-over is occurring.
The copy number of R-gene paralogs varies between
haplotypes for Cf9, Pto, and Dm3 (Anderson et al.
1996; Parniske et al. 1997; D. Lavelle and R.
Michelmore, unpubl.; D. Sicard, E. Nevo, and R.
Michelmore, unpubl.). Sequencing of multiple ho-
mologs at the Cf4/9 and Pro clusters indicated the
occurrence of meiotic mispairing and recombina-
tion either within or between the coding regions for
R genes. Two near-identical paralogs are present in
the Cf2 haplotype, each of which can determine the
Cf2 specificity (Dixon et al. 1996). Sequence analy-
sis of Dm3 paralogs suggested at least one chimeric
gene (Meyers et al. 1998a). Spontaneous mutations
of Dm3 and Cf9 are caused by deletions, although
the involvement of recombination was not demon-
strated (Anderson et al. 1996; Parniske et al. 1997).
The instability at Rp/ in homoallelic crosses is asso-
ciated with exchange of flanking markers and seems
to be strong evidence for intra- or intergenic un-
equal crossing-over (Ritcher et al. 1995; Hulbert
1997). It will be interesting to confirm the underly-
ing genetic events when this gene is cloned.
Unequal crossing-over and gene conversion are
clearly important in the evolution of vertebrate
MHC and immunoglobulin genes. However, al-
though still subject to debate, these mechanisms are
now not thought to be primarily responsible for
generating new specificities. Instead phylogenetic
analyses suggest that these families have evolved by
a birth-and-death process (Nei et al. 1997). The
numbers of MHC class I and II genes varies between
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haplotypes. Distantly related vertebrates have dif-
ferent sets of class IA genes, indicating that the hap-
lotypes have evolved by duplication, divergence,
and deletion of different paralogs. The human ge-
nome contains about 90 Vi, 80 V,_and 50 V, genes
encoding immunoglobulin components; however,
the precise numbers vary between haplotypes. The
numbers also vary dramatically between species.
The phylogenetic trees are not correlated with the
physical organization of the haplotypes; therefore
each of the Vy, V,, and V, clusters seem to have
been generated by combinations of duplication, de-
letion, and translocation rather than repeated du-
plications alone (Nei et al. 1997).

The consequences of an unequal cross-over dif-
fer depending on whether the cross-over point is
located in the noncoding, intergenic regions or
within the coding regions of the paralogs. Both
types of exchanges result in duplication and dele-
tion of whole genes; however, only the former gen-
erates chimeric genes with potentially new specifici-
ties or expression patterns. Sequence comparisons
of paralogs of Xa2] demonstrate the shuffling of the
5’ region relative to the ORF (Song et al. 1997).

6. The Stability of Resistance Will Depend
on the Similarity Between Haplotypes
and the Mating System

In crosses between haplotypes of close but not iden-
tical structure, there will be the potential for exten-
sive mispairing and unequal crossing-over because
of structural hybridity. Cf4 and Cf9 regions exhibit
a fair amount of similarity. Cf9 was stable when ho-
mozygous but unstable when heterozygous with
Cf4; the exchanges occurred between similar se-
quences in intergenic regions rather than within
genes (Parniske et al. 1997). Extensive regions of
hemizygosity will occur between individuals with
divergent haplotypes. This will result in repression
of recombination as has been observed in crosses
involving resistance genes introgressed from wild
species (Ganal and Tanksley 1996).

Consequences of the breeding system on the
structure of R haplotypes have yet to be investi-
gated. The clusters characterized so far at the mo-
lecular level are from inbreeding species predomi-
nantly. An inbreeding mating system will tend to
favor the accumulation of structural variants be-
cause they would rapidly become homozygous; this
would tend to promote instability in crosses with
near relatives but repress recombination in more
distant crosses. Outbreeding species, such as maize,
may be more unstable as duplications would tend to
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be hemizygous, therefore promoting a variety of
pairing possibilities. It will be interesting to com-
pare the structure and variation of Rp/ haplotypes
in corn to those characterized from rice, tomato,
lettuce, and Arabidopsis, all inbreeding species. Sig-
nificant instability was detected when Rp/ was ho-
mozygous and flanking markers were heterozygous.
The underlying genetic events have yet to be char-
acterized but may reflect a focusing of recombina-
tion to regions of homozygosity.

7. Rapid Divergence of Intergenic Regions
Will Fix Variation

Sequencing of multiple haplotypes of the Cf4/9 re-
gion detected considerable variation in intergenic
regions that appeared to have been generated by
deletions. Most intergenic regions were distinct
from each other. Sequencing of the Pro cluster re-
vealed little sequence similarity 5’ and 3’ to para-
logs. There were variable numbers of insertions/
deletions between haplotypes. Structural variation
in intergenic regions and introns would reduce mei-
otic mispairing (Xu et al. 1995; Dooner and Mar-
tinez-Ferez 1997) and therefore unequal crossing-
over and gene conversion. Structural rearrange-
ments restrict recombination at the S locus in
Brassica species (Boyes et al. 1997). Once divergence
exceeds the threshold for pairing, variants or deriva-
tives will tend to become fixed in the haplotype.

8. Duplicated Genes Will Diverge

Duplication of a sequence relieves the selective pres-
sure on all but one copy allowing divergence. Genes
with new specificities as well as pseudogenes will be
generated by interallelic recombination and muta-
tion (1 and 2 above). Genes that evolve advanta-
geous new specificities will tend to increase in the
population (4 above). Pseudogenes will tend to be
lost because of infrequent unequal crossing-over (5
above).

The relative frequencies of active genes and
pseudogenes have yet to be determined for R ho-
mologs. Only one pseudogene was apparent from
the sequence of two haplotypes of the Pro cluster (D.
Lavelle and R. Michelmore, unpubl.). The majority
of genes sequenced from one haplotype of the ma-
jor cluster in lettuce had complete ORFs and were
expressed; however, some genes were clearly pseu-
dogenes (Meyers et al. 1998b). Dysfunctional genes
caused by point mutations are quite common and
interspersed with functional genes in the vertebrate
MHC gene clusters (Trowsdale 1995). The human
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Vy region contains 50 functional and 40 nonfunc-
tional genes.

The Role of Transposable Elements

Transposable elements of several types are major
components of most plant genomes and clusters of
resistance genes are no exception. Such elements
could play several roles in the evolution of resis-
tance genes. Insertion of the same element to two
positions flanking a R gene could provide the pri-
mary duplicated sequences allowing unequal cross-
ing-over and the initial duplication of the R gene
sequence (Wessler et al. 1995). Insertions will tend
to increase misalignment and therefore increase the
chances of unequal crossing-over when hemizy-
gous. However, when homozygous, insertions will
tend to decrease the chances of misalignment and
therefore contribute to the divergence of intergenic
regions. Several retrotransposon-related sequences
are present in unique positions between Pro para-
logs (D. Lavelle and R. Michelmore, unpubl.).
Eleven different families of transposable elements
were identified at the Xa2l cluster (Song et al.
1997). Footprints left by the excision of elements
can result in insertion or deletion of amino acids. A
revertant of L6 had three additional amino acids in
the 5" region of the gene (Ellis et al. 1997). Trans-
posons also provide the opportunity for changing
expression patterns by adding or disrupting regula-
tory elements.

The Role of Pseudogenes

Sequencing of paralogs of Xa21, Cf9, Dm3, and Pto
has revealed the presence of pseudogenes (Parniske
et al. 1997; Song et al. 1997; Meyers et al. 1998b; D.
Lavelle and R. Michelmore, unpubl.). Pseudogenes
tend to evolve much faster than functional genes
(Ota and Nei 1994) and therefore represent the pos-
sibility of more rapid evolution of new specificities.
However, longer branch lengths for pseudogenes in
phylogenetic analyses of resistance genes again in-
dicate that neither intergenic gene conversion or
unequal crossing-over play a major role in homog-
enizing these genes (Ota and Nei 1994; D. Lavelle
and R. Michelmore, unpubl.).

Given that a gene can become inactive because
of mutations in regions other than those determin-
ing specificity and that recombination and gene
conversion can shuffle sequences between alleles or
paralogs, pseudogenes may be potential reservoirs
of useful variation rather than just degenerate
genes. Chicken has only one functional Vi gene
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and approximately 80 V,; pseudogenes in the ge-
nome. Antibody diversity is generated by somatic
gene conversion between the functional gene and
pseudogenes (Reynaud et al. 1989; Ota and Nei
1994). Once a functional recognition specificity has
evolved, it would be advantageous to maintain it in
the population, either as an expressed gene or cryp-
tically if there is a cost to expressing numerous R
genes.

There are little data on how many R genes are
expressed and whether there is a cost to expressing
numerous R genes. At least 5 of the 15 copies of M
paralogs are expressed (Ellis et al. 1997). Also, at
least half of the Dm 3 paralogs are expressed (Meyers
et al. 1998b; B. Meyers, K. Shen, and R. Michelmore,
unpubl.). The large sequence divergence that occurs
5’ to paralogs suggests that they may have different
expression levels or patterns. The distribution of 5’
sequences and coding regions for Xa2l paralogs
suggests the possibility of promoter shuffling, al-
though the expression pattern of each paralog was
not studied (Song et al. 1997). It seems unlikely that
there is a significant cost to expressing an individual
R gene as there are numerous such sequences in the
genome and each individual message is usually rare.
Most studies on the cost of resistance do not com-
pare plants truly differing in a single resistance
gene; as discussed above, all plants express numer-
ous R genes, although the majority cannot be rec-
ognized experimentally. However, there may be
some cost because expression of NBS-LRR genes
from strong promoters is often deleterious (Mindri-
nos et al. 1994); although this has now been
achieved for L6 (Ellis et al. 1997). Also, there is pre-
sumably an aggregate cost to expressing many R
genes, otherwise such genes would tend to take over
the genome.

The Role of Somatic Variation

Somatic variation is a key component in generating
the broad and flexible array of specificities exhibited
by the vertebrate immune system. In the absence of
a circulatory system in plants, somatic variation
would, on first consideration, not seem advanta-
geous. However, the plastic and compensating
growth form of plants would allow somatic sectors
with new resistances to survive and contribute to
the overall fitness of the plant. This would be par-
ticularly advantageous in clonally propagated spe-
cies as well as long-lived species such as trees that
have generation times far longer than those of po-
tential pathogens. It will be interesting to compare
variability in the specificity determining domains of
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R genes between different parts of long-lived indi-
viduals.

Consequences to Breeding for Disease Resistance

There are many useful resistance specificities avail-
able. Some may be cryptic within the cultivated spe-
cies; others are located in wild species. When resis-
tance is introgressed using classical breeding proce-
dures, it is likely that many resistance genes are
beingintroduced simultaneously, replacing those in
the recipient genotype. Apparent nonhost/race
nonspecific resistance may be, at least in some cases,
the result of naturally occurring pyramids of race-
specific genes. Multiple resistances to Cladosporium
Julvum were detected within the Cf9 haplotype
(Parniske et al. 1997).

A current challenge is to dissect these complex
families at the molecular level and access the useful
variation transgenically. This would allow the trans-
fer of resistance across sexual incompatibility barri-
ers. Also, when we can understand the mechanisms
generating new resistance specificities, we can at-
tempt to emulate them ex planta to evolve genes
with altered ligand-binding characteristics and pro-
viding more effective resistance or new specificities.

Conclusion

Plant resistance genes provide numerous opportu-
nities for studying diversifying selection and the
evolution of multigene families. Much of the cur-
rent theory has been developed from studies on the
evolution of the vertebrate immune system. Studies
on R genes will provide valuable insights into the
evolution of such multigene families. There are nu-
merous R genes in every plant species; it is easy to
generate large experimental populations and to se-
lect for rare genetic events. Also, the genetic events
occurring during the coevolution of plants and
pathogens can now be analyzed by comparing clus-
ters of resistance genes using natural populations.
Clusters of R genes are reservoirs of variation for
resistance specificities rather than rapidly evolving,
dynamic groups of genes. Some genes may be ex-
pressed but not functional against current pathogen
populations. Other specificities may not be ex-
pressed and therefore cryptic but accessible through
a variety of genetic events. The majority of R genes
are comprised of arrays of hypervariable potential
ligand-binding sites. Interallelic recombination
within these arrays may be the primary mechanism
generating rapid variation in binding specificity.
Some unequal crossing-over occurs and is impor-
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tant; however, it is infrequent and not the primary
mechanism underlying the rapid evolution of new
specificities. The presence of multiple complex clus-
ters of R genes, each with arrays of potential ligand-
binding sites (Fig. 2), suggests how plants can gen-
erate and maintain large numbers of resistance
specificities against ever-changing pathogen popu-
lations.

Glossary

As this review draws on ideas from population ge-
netics to structural biology, the terminology used
may not be familiar to a general readership. There-
fore, at the suggestion of several reviewers, we in-
clude these definitions. Further discussion of these
and related terms can be found in Li (1997) or
Creighton (1993).

The terminology for describing clustered multi-
gene gene families is complex, particularly when
structural rearrangements have occurred. For the
purposes of this review the terms are used in the
following way: Cluster is used to describe a geneti-
cally localized group of genes. Gene refers to a
single member of a multigene family; each gene oc-
cupies a unique position within the cluster. Alleles
refer to alternative forms of a single gene and not to
paralogs. Homologs are all genes of related se-
quence and presumably function. Orthologs are
genes separated by a speciation event and occupy
allelic positions within the cluster. Paralogs are
genes that have arisen by duplication events and in
this review usually refer to members of a single clus-
ter. The haplotype is the aggregate allelic compo-
sition across the cluster.

Nonsynonymous nucleotide substitu-
tions result in changes in the amino acid sequence
of the protein product. Conversely, synonymous
nucleotide substitutions do not result in
changes at the amino acid level. Their relative ratio
(K4:Kg) isindicative of the selection pressure on the
region. If there is no predominant selection on the
region, K,:Kgwill be [Jl. Amino acid changes tend to
be deleterious to the conservation of protein struc-
ture and function; therefore most sequences are un-
der purifying selection, which selects against
deleterious mutations, and have a K :Kg ratio of <1.
Occasionally, there is a selective advantage for
amino acid diversity; this has been best character-
ized for the antigen-binding groove of the MHC
protein (Hughes and Nei 1988; Li 1997). Such re-
gions will be under diversifying selection and
have a K,:Kg ratio >1. The birth-and-death pro-
cess has been proposed for the evolution of the ver-
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tebrate MHC and immunoglobulin clusters that in-
volves the expansion or contraction of the cluster
(gene duplication or gene loss) by unequal crossing-
over and the evolution of individual genes by diver-
sifying selection (Nei et al. 1997).

Proteins are often modular, with distinct func-
tions performed by different regions (domains) of
the molecule (e.g., Kuriyan 1993; Campbell and
Downing 1994). In resistance proteins, the recep-
tor domains that bind to molecules originating
from the pathogen directly or indirectly (patho-
gen-derived ligands) are probably distinct from
the effector domains that are responsible for ini-
tiation of the signal transduction cascade. By infer-
ence from the known crystal structure of porcine
ribonuclease inhibitor, R genes are hypothesized to
contain a binding surface comprised of arrays of
B-strands (Jones and Jones 1997; Kajava 1998);
these B-strands have amino acids with residues that
face outwards (solvent-exposed residues) and
conserved aliphatic amino acids with hydrophobic
residues buried in the interior of the protein.
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