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Disease resistance genes in plants are often found in complex multigene families. The largest known cluster of disease
resistance specificities in lettuce contains the 

 

RGC2

 

 family of genes. We compared the sequences of nine full-length
genomic copies of 

 

RGC2

 

 representing the diversity in the cluster to determine the structure of genes within this family
and to examine the evolution of its members. The transcribed regions range from at least 7.0 to 13.1 kb, and the cDNAs
contain deduced open reading frames of 

 

z

 

5.5 kb. The predicted RGC2 proteins contain a nucleotide binding site and ir-
regular leucine-rich repeats (LRRs) that are characteristic of resistance genes cloned from other species. Unique fea-
tures of the 

 

RGC2

 

 gene products include a bipartite LRR region with 

 

.

 

40 repeats. At least eight members of this family
are transcribed. The level of sequence diversity between family members varied in different regions of the gene. The ra-

 

tio of nonsynonymous (

 

K

 

a

 

) to synonymous (

 

K

 

s

 

) nucleotide substitutions was lowest in the region encoding the nucle-
otide binding site, which is the presumed effector domain of the protein. The LRR-encoding region showed an
alternating pattern of conservation and hypervariability. This alternating pattern of variation was also found in all com-
parisons within families of resistance genes cloned from other species. The 

 

K

 

a

 

/

 

K

 

s

 

 ratios indicate that diversifying se-
lection has resulted in increased variation at these codons. The patterns of variation support the predicted structure of
LRR regions with solvent-exposed hypervariable residues that are potentially involved in binding pathogen-derived
ligands.

INTRODUCTION

 

Plant disease resistance is often inherited as single Mendel-
ian resistance genes that determine the reaction to specific
pathogen avirulence genes. These genes fall into several
mechanistic and structural classes (Michelmore, 1995; Baker
et al., 1997). Genes encoding similar amino acid motifs are
found in diverse plant species and are effective against a
wide range of pathogens, including viruses, bacteria, nema-
todes, and fungi. The most common class of cloned genes
encodes proteins containing a nucleotide binding site (NBS)
and leucine-rich repeats (LRRs; Staskawicz et al., 1995;
Bent, 1996). These domains are often components of signal
transduction proteins (Kobe and Deisenhofer, 1994; Traut,
1994), which supports the hypothesis that these genes en-
code receptors and may act early in a signal transduction
pathway (reviewed in Baker et al., 1997).

Genetic studies have determined that resistance genes
are often members of complex loci comprised of linked re-
sistance specificities (Pryor, 1987; Crute and Pink, 1996).
Molecular data from at least 10 families of resistance genes,
including loci from tomato, lettuce, rice, flax, and Arabidop-

sis, indicate that these loci frequently contain arrays of re-
lated genes. Sequencing of the tomato 

 

Cf-4

 

 and 

 

Cf-9

 

haplotypes, which confer resistance to 

 

Cladosporium ful-
vum

 

, demonstrated the presence of five closely related
members in each genotype spanning 

 

z

 

35 kb (Parniske et
al., 1997). The 

 

Xa21

 

 gene from rice, which confers resis-
tance to the bacterial pathogen 

 

Xanthomonas oryzae

 

 pv

 

oryzae

 

, belongs to a multigene family containing at least
eight members distributed over 

 

z

 

230 kb (Williams et al.,
1996). DNA gel blot analysis indicates that the 

 

M

 

 locus may
contain 

 

>

 

15 members of a multigene family contained
within 

 

,

 

1 Mb (Anderson et al., 1997). In Arabidopsis, eight

 

RPP5

 

 homologs are clustered over 90 kb (Bevan et al., 1998).
Plants are challenged by rapidly evolving pathogen popu-

lations and must be able to evolve new resistance specifici-
ties to detect virulent variants. However, little is known
about the mechanisms that have influenced the evolution of
both individual plant resistance genes and the multigene
families that contain such genes. High levels of meiotic in-
stability have been detected in some resistance gene clus-
ters, particularly in the 

 

Rp1

 

 complex of maize (Sudupak et
al., 1993; Hulbert, 1997). At the 

 

Cf-4

 

/

 

9

 

 locus of tomato, pair-
ing between dissimilar haplotypes may increase variation by
stimulating unequal intragenic recombination (Parniske et
al., 1997). Intragenic recombination has probably resulted in
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variation in the LRR-encoding region of the 

 

L6

 

 and 

 

M

 

 genes
in flax (Ellis et al., 1995; Anderson et al., 1997). The multi-
gene nature of resistance loci may facilitate meiotic instability
in a heterozygous state. Published models for the genera-
tion of novel resistance gene specificities propose recom-
bination, gene conversion, and unequal crossing over as
the primary mechanisms in generating haplotype diversity
(Shepherd and Mayo, 1972; Pryor, 1987; Richter et al., 1995;
Hammond-Kosack and Jones, 1997).

The major cluster of resistance genes (the 

 

Dm3

 

 locus) of let-
tuce is the most complex and largest family of plant resistance
genes characterized to date. Genetic analysis of different let-
tuce genotypes has demonstrated 

 

.

 

10 resistance specificities
at this locus, most of which are 

 

Dm

 

 genes, encoding resis-
tance to lettuce downy mildew (

 

Bremia lactucae

 

; Farrara et al.,
1987; T. Nakahara and R.W. Michelmore, unpublished data).
The 

 

Dm3

 

 haplotype in cultivar Diana contains at least 24 di-
verse resistance gene candidate (RGC) sequences distributed
over 

 

z

 

3.5 Mb (Meyers et al., 1998). Genomic bacterial artificial
chromosome (BAC) clones containing 22 members of the

 

RGC2

 

 gene family (

 

RGC2A

 

 to 

 

RGC2W

 

) have been identified
and mapped in the region encompassing 

 

Dm3

 

 (Meyers et al.,
1998). Limited genomic sequencing of two 

 

RGC2

 

 sequences
detected the presence of both NBS and LRR motifs (Shen et
al., 1998). The family exhibits a high level of sequence diver-
gence between members in the NBS region (Meyers et al.,
1998). Deletion mutant mapping data and the molecular analy-
sis of two additional mutants have identified one member of
the 

 

RGC2

 

 family as 

 

Dm3

 

 (Okubara et al., 1997; Meyers et
al., 1998; D.B. Chin, R. Arroyo-Garcia, B.C. Meyers, K.A.
Shen, and R.W. Michelmore, unpublished data).

In this study, we analyzed the complete sequences of nine
of the 24 genes from the 

 

Dm3

 

 cluster, including all members
of the subfamily most closely related to 

 

Dm3

 

 and several of
the more divergent members of the family. This analysis
demonstrated that the genes clustered at the 

 

Dm3

 

 locus are
among the largest thus far reported for plants. They have
multiple introns, one of which varies greatly in size. The
LRR-encoding region seems to be bipartite and contains a
polymorphic, compound trinucleotide simple sequence re-
peat in the open reading frame. Most of the genes studied
were transcribed and contained intact open reading frames.
Regions of hypervariability were identified in regions encod-
ing amino acids in the LRR that may comprise a solvent-
exposed surface. Sequence diversity within these regions
may affect ligand binding and therefore contribute to the
evolution of novel specificities.

 

RESULTS

Choice of 

 

RGC2

 

 Copies for Sequencing

 

A total of nine 

 

RGC2

 

 family members were selected for se-
quencing; these included the candidate 

 

Dm3

 

 gene, mem-

bers of a subfamily closely related to 

 

Dm3

 

, and additional
members to sample diversity in the family. Both mutant
analysis and mapping data indicate that copy 

 

RGC2B

 

 is

 

Dm3

 

 (Okubara et al., 1997; Meyers et al., 1998). Genetic
complementation with 

 

RGC2B

 

 is currently under way. Three

 

RGC2

 

 copies, 

 

RGC2C

 

, 

 

RGC2D

 

, and 

 

RGC2S

 

, were selected
because they comprise the subfamily most closely related to

 

RGC2B.

 

 This subfamily shares a set of markers that reside
in intron 3 and are lacking in other family members, includ-
ing the low-copy markers AM14 (Anderson et al., 1996),
IPCR

 

800

 

, and the microsatellite MSAT15-34 (Okubara et al.,
1997; Meyers et al., 1998). In addition, we sequenced five
divergent 

 

RGC2

 

 copies to determine the degree and nature
of evolutionary changes that have occurred within the 

 

RGC2

 

family. Prior sequence analysis had revealed that the re-
gions encoding the NBS of 

 

RGC2A

 

, 

 

RGC2N

 

, 

 

RGC2J

 

,

 

RGC2K

 

, and 

 

RGC2O

 

 were only 61 to 74% identical to each
other and 

 

RGC2B.

 

 Mapping and sequence analysis indicate
that these sequences include the range of sequence di-
versity and physical positions observed within the family
(Meyers et al., 1998).

 

Analysis and Structure of the 

 

RGC2

 

 Genes

 

The size and genomic structure of 

 

RGC2

 

 genes were deter-
mined by analysis of genomic and cDNA sequences. Rapid
amplification of cDNA ends (RACE; Frohman et al., 1988)
products was obtained using primers in exon 2, 5

 

9

 

 of the re-
gion encoding the NBS in 

 

RGC2A

 

 and 

 

RGC2B

 

 (Table 1). The
initiation of the cDNA occurred 

 

z

 

700 bp upstream of the
first coding exon (Figure 1). However, there is an intron of 59
and 85 bp in the 5

 

9

 

 untranslated region (5

 

9

 

 UTR) in the ma-
ture mRNA of 

 

RCG2A

 

 and 

 

RGC2B

 

, respectively. A 3.4-kb 3

 

9

 

RACE product was isolated using a primer located at the
end of exon 2 (Table 1). This cDNA was identical to the exon
sequences of 

 

RGC2C

 

 and included a 283-bp 3

 

9

 

 UTR and a
poly(A) tail. RACE using primers designed 5

 

9

 

 to or within the
3

 

9

 

 UTR did not amplify any larger products, indicating that
we had identified the 3

 

9

 

 end of the gene.
The genomic structure of the nine 

 

RGC2

 

 genes was simi-
lar. All genes, except for 

 

RGC2D

 

 (described below), had

 

Table 1.

 

Oligonucleotide Primers Used in This Study

Purpose Primer Name Sequence (5

 

9

 

 to 3

 

9

 

)

5

 

9

 

 RACE 5RACE3B CCACATTTGCTCTGATCCCTTC
5RACE3A CACACAAGGCTACCATGTGGA

3

 

9

 

 RACE 3RACE2A CAGACCCCATTGCTATTCAATC
3RACE3C GCAAACACTTTGTCAAGACTTGAG
3RACECDNAF4 CGTCACAAACAACTACCACTAC
3RACECDNAF5 GTAGAAGAAGACAAACAGAAAGAA

MSATE6 5MSATE6-1 CCCAAGAAGAATCCTACCA
3EXON4C AGTGATTGTGAAGAAGGAAGAA
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eight exons. Intron–exon splice boundaries were identified
by comparison to the 5

 

9

 

 and 3

 

9

 

 RACE products described
above and by computer analysis of the genomic sequence
to predict putative splice sites (Hebsgaard et al., 1996).
Computer analysis predicted splice sites in all genes at the
same locations as those identified by comparisons of cDNA
and genomic sequences. The predicted mRNA is 

 

z

 

5.9 kb.
The open reading frame accounted for 5274 to 5757 bp of
the genomic sequence, encoding a predicted protein of
1758 to 1919 amino acids. The length of the complete ge-

nomic sequence varied from 7 kb (

 

RGC2O

 

) to 13.6 kb
(

 

RGC2J

 

) (Figure 1 and Table 2). Therefore, the 

 

RGC2

 

 genes
are among the largest genes thus far reported in plants.
Most of the size difference between copies was due to dif-
ferences in intron 3 (Figure 1 and Table 2). Comparisons be-
tween the sequences of the 

 

RGC2

 

 genes and the insertion
site of a T-DNA that destroyed 

 

Dm3

 

 activity (Okubara et al.,
1997) demonstrated that the insertion had occurred in intron
3 of 

 

RGC2B.

 

The predicted amino acid sequence of the RGC2B protein
contains several distinct motifs as well as regions with no ob-
vious homologies. The N-terminal and C-terminal regions of
the protein have no significant similarities to sequences in
the databases, including other disease resistance genes
(Figures 2A and 2F). Unlike the class of NBS-LRR resistance
genes, which includes the tobacco gene 

 

N

 

, the flax gene 

 

L6

 

,
and the Arabidopsis gene 

 

RPP5

 

, we found no homology to
the N terminus of the Toll–interleukin-1 homology domain
(TIR domain; Baker et al., 1997; Hammond-Kosack and Jones,
1997; Parker et al., 1997). No leucine zipper motifs were
identified; this motif has been predicted from the nucleotide
sequence of the resistance genes 

 

RPS2

 

, 

 

RPM1

 

, and 

 

Prf

 

(Bent et al., 1994; Mindrinos et al., 1994; Grant et al., 1995;
Salmeron et al., 1996). Adjacent to the N-terminal region, the
RGC2B protein contains an NBS that is identifiable by the
presence of the conserved P loop domain with the sequence
GMGGVGKT, which is followed by four other characteristic
motifs (Figure 2B). The sequence and spacing of these mo-
tifs and the position of the NBS in the protein are consistent
with other known plant resistance genes (Hammond-Kosack
and Jones, 1997). A short region with no significant similarity
to other known genes separates the NBS from a C-terminal
LRR region (Figure 2C).

The C-terminal two-thirds of the predicted protein is rich
in leucine and other aliphatic residues and comprises a se-
ries of irregular repeats (Figures 2D and 2E). The LxxLxxaxa-
xxCxxaxxa (where x is any amino acid and a is a conserved
aliphatic amino acid) consensus of RGC2 LRRs is more
closely related to the predicted cytoplasmic LRR consensus
LxxLxxLxLxx(N/C/T)x(x)LxxIPxxaxx than to the extracyto-
plasmic consensus LxxLxxLxLxxNxLxGxIPxxLx (Jones and
Jones, 1997). However, the RGC2 LRRs are degenerate in
comparison with this consensus and vary in length (Figures
2D and 2E). 

 

RGC2

 

 genes encode 

 

z

 

20 LRRs 5

 

9

 

 of intron 3
and 

 

z

 

21 LRRs 3

 

9

 

 of intron 3. The highly variable intron bi-
sects the LRR region and defines a bipartite configuration in
which the C-terminal region exhibits a more evident alternat-
ing pattern of hypervariable and conserved amino acids (see
below). The total of 

 

z41 LRRs is larger than any previously
reported LRR region (Kobe and Deisenhofer, 1994). Several
regions with few aliphatic residues and a poor match to
known LRR consensus sequences interrupt the LRR region.
It is possible that these are “loop-out” regions, providing
some sort of a molecular hinge between LRR regions, as
proposed for the Cf-4 and Cf-9 resistance genes of tomato
(Jones and Jones, 1997).

Figure 1. Structure of Nine RGC2 Genes.

The coding region starts from the ATG, as marked. The 59 untrans-
lated leader sequence was identified in a subset of the genes by
analysis of RACE products (see text). Dotted lines in the 59 and 39 re-
gions of some copies indicate that genomic sequence was obtained
but the intron–exon boundaries were not determined. RGC2A and
RGC2K contain repeats as indicated (arrowheads). RGC2A and
RGC2N contain stop codons at the positions indicated (asterisks);
RGC2N and RGC2D contain deletions resulting in frameshift muta-
tions at the positions indicated by the open triangle. The size of the
intron 3 in RGC2D could not be determined, as indicated by the
question mark (see text). The position of the poly(A) site identified in
a 39 RACE product of RGC2D is shown.
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One region in exon 5, encoding residues that do not match
the LRR consensus, contains a small, compound, in-frame
trinucleotide repeat designated MSATE6. This sequence is a
derivative of the consensus (ACA)xACGAAGGGG(TCT)y and
encodes polythreonine, a three–amino acid intervening se-
quence, and an adjacent stretch of polyserine (Figure 2E). The
microsatellite MSATE6 is hypervariable among RGC2 copies
and was quite useful for mapping and detecting transcripts
of particular members of the RGC2 gene family (Meyers et
al., 1998). In RGC2K, the microsatellite is (ACA)2AAGGCA-
(TCT)2, representing the minimal repeat size observed in
the RGC2 family. The largest array, (ACA)5ACGAAGGGG-
(TCT)21, is in RGC2J. The function of this region in the pro-
tein is not known. However, this microsatellite sequence is
the site of differences in half of the nine RGC2 copies se-
quenced: a 1.2-kb deletion in RGC2D, two large direct re-
peats in RGC2K, a 45-bp deletion in RGC2O, and a stop
codon that occurs just 59 of the microsatellite in RGC2A
(Figure 1).

Transcript Analysis of the RGC2 Family

Six of the nine genes contain complete open reading
frames; however, a variety of mutations indicated that the
remaining three are pseudogenes. RGC2A contains a non-
sense mutation in exon 5, 3 bp 5 9 of the microsatellite
MSATE6. The RGC2A microsatellite allele is missing from
the cDNA, indicating that the 39 end of this gene is not ex-
pressed. RGC2N contains a nonsense mutation in exon 2,
z2.2 kb downstream of the start codon, as well as a 1-bp
deletion in exon 4 (Figure 1). Comparisons of the genomic
sequence of RGC2D to other copies revealed an z1.3-kb

deletion that fused exon 5 to exon 6 and introduced a
frameshift. This fusion in exon 5 occurred 51 bp 59 of the mi-
crosatellite MSATE6 and eliminated parts of both exons, all
of intron 5, and the microsatellite. A 39 RACE product was
obtained that was identical to the 59 coding sequence of
RGC2D but contained a poly(A) tail 176 bp 39 of exon 3 (Fig-
ure 1). Intron donor and acceptor splice sites are present at
both ends of intron 3 in RGC2D. However, we sequenced al-
most 6 kb from both ends of intron 3, although polymerase
chain reaction (PCR) failed to amplify across the predicted
gap in the sequence. Therefore, either intron 3 of RGC2D is
too large to be amplified by PCR (at least z10 kb total) or
the two ends of the gene are rearranged with respect to
each other.

Members of the RGC2 family that are transcribed were
identified by analyzing RACE products and assaying the
MSATE6 microsatellite in cDNA. Sequences of four RGC2
family members, RGC2B, RGC2C, RGC2D, and RGC2N,
were identified as RACE products. Microsatellite MSATE6
(as described above) was amplified from at least seven
copies by using a cDNA template, including an additional
four, RGC2J, RGC2I, RGC2E, and RGC2S, which had not
been identified by RACE analysis (Figure 3). Interestingly,
the largest allele of MSATE6 from RGC2J is transcribed.
The MSAT data, together with the sequenced RACE prod-
ucts, indicate that at least eight RGC2 copies are tran-
scribed.

Genomic Comparisons between RGC2 Family Members

Large variations in exon size were observed only in the LRR-
encoding regions. Throughout the coding regions, there

Table 2. Sizes of Coding Regions and Introns in Nine RGC2 Genes Sequenceda

RGC2 Copy Exon 2 Intron 2 Exon 3 Intron 3 Exon 4 Intron 4 Exon 5 Intron 5 Exon 6 Intron 6 Exon 7 Intron 7

A 2676 131 717 1566 669 674 717 683 834 129 43 139
B 2667 131 507 5058 672 663 732 685 831 129 43 139
C 2655 131 507 z5200b 669 663 717 644 834 129 43 139
D 2661 131 510 .5930c 672 1009 375/Dd D D/550 126 43 139
J 2682 134 525 6097 672 665 765 642 867 125 53 156
K 2676 112 546 1149 612 1815 1182 319 759 NDe ND ND
N 2679 130 717 1562 665 1022 729 685 834 126 43 ND
O 2685 140 537 363 603 993 687 219 762 ND ND ND
S 2655 131 507 z5300c 681 664 732 689 834 129 43 139

a Intron and exon lengths are given in base pairs, based on RACE cDNA analysis and a computer splice site prediction program from the website
www.cbs.dtu.dk/services/NetPgene/ (Hebsgaard et al., 1996). Data for exon 1 and intron 1 in the 59 UTR are not given because cDNA se-
quences and splice sites were not available for many of the copies in this region.
b Sequences are incomplete for an z200-bp region containing three adjacent microsatellite sequences.
c This is the amount sequenced; the actual intron is much larger or discontinuous (see text).
d D, deleted region.
e ND, the intron–exon splice boundaries for the 39 ends of RGC2K and RGC2O were not determined because 39 RACE products were not identified.

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/10/11/1833/5999419 by guest on 21 August 2022



Divergent Selection of R Genes 1837

were small indels of between one and seven codons that
maintained intact open reading frames. Greater variation re-
sulted in changes in the number of encoded LRRs. Relative
to other RGC2 genes, RGC2A and RGC2N contain a direct
repeat in exon 3 (80% nucleotide identity) that encodes ap-
proximately two LRRs (Figure 1). RGC2K contains a direct
repeat of 480 bp in exon 5 (78% nucleotide identity) that en-
codes approximately six LRRs (Figure 1).

Intron positions but not sizes were found to be conserved
between copies. RGC2 genes have five introns in the coding
region, one in the 59 UTR and one in the 39 UTR. In the cod-
ing region, all introns are 39 to the NBS-encoding region.
Most introns range in length from 59 to 1815 bp. Extreme
size variation was found to occur in intron 3, whereas the
other introns show less variation (Table 2). The smallest in-
tron 3 was 363 bp in RGC2O. This intron was four to 16
times longer in other family members; intron 3 was 6097 bp
in RGC2J.

The similarities between intron 3 sequences are limited to
regions adjacent to the splice sites (Figure 4). Sequence
comparisons between the copies indicated that the ends of
the intron have a high degree of similarity (.70% identical);
however, this is lost within 400 to 500 bp. The middle of the
introns contain DNA with no homology to distantly related
RGC2 copies or to any sequences in the databases. Intron 3
was found to be closely related and to exceed 5 kb in four
RGC2 genes: RGC2B, RGC2C, RGC2D, and RGC2S. Exon
sequences indicate that RGC2O is also closely related to
these four copies; however, intron 3 in RGC2O is ,8% of in-
tron 3 in RGC2B, the smallest of the above four genes. In
the more diverse genes (RGC2K, RGC2A, and RGC2J ), in-
tron 3 varies from 1 to 6.1 kb, yet these introns have little se-
quence similarity to each other and to the RGC2B subfamily.
Although genome expansion in intergenic regions of many
plant species has been attributed to insertions of transpos-
able elements (SanMiguel et al., 1996), no sequences ho-
mologous to known transposable elements were found in
intron 3. We also were unable to identify terminal repeats
characteristically associated with long terminal repeat ele-
ments or miniature inverted-repeat transposable elements
that are often present in plant genes (Wessler et al., 1995).

Figure 2. Amino Acid Sequence for the Predicted Full-Length Tran-
script of RGC2B.

The amino acid sequence is shown in single-letter code and is di-
vided into six regions.
(A) The N terminus.
(B) The nucleotide binding site.
(C) A connecting region.

(D) The N-terminal LRR region.
(E) The C-terminal LRR region.
(F) The C terminus.
The conserved motifs of the NBS and the microsatellite MSATE6 are
underlined in (B) and (E), respectively. LRRs have been aligned ac-
cording to the consensus sequence given at bottom, which approxi-
mates the consensus for cytoplasmic LRRs (Jones and Jones, 1997);
“a” indicates the positions of aliphatic amino acids. The positions of in-
trons are shown by diamonds. Aliphatic and cysteine residues are in
red and blue, respectively.
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Sequence conservation outside of the coding region was
detected only for closely related genes. We obtained from
0.8 to 4.1 kb of genomic sequence 5 9 to the ATG for
RGC2A, RGC2B, RGC2D, RGC2K, RGC2O, and RGC2N.
Sequence similarity was .96% between two sets of closely
related copies: RGC2A and RGC2N, and RGC2B and
RGC2S. Little sequence similarity was found between other
sequences, indicating a high degree of divergence in both
intron 3 and upstream sequences. Beyond the 39 end of the
open reading frame, 0.3 to 2.1 kb of sequence information
was obtained for RGC2B, RGC2K, and RGC2J; again, the
sequences outside of these divergent coding regions were
unrelated. However, a probe from 4 kb 39 of RGC2B hybrid-
ized with at least 11 members of the RGC2 family (Meyers et

al., 1998); therefore, there may be regions of sequence con-
servation beyond the 39 end of the genes.

Comparisons of Nucleotide Substitution Patterns in 
Different Regions of Resistance Genes

A comparison between the aligned deduced amino acid se-
quences revealed an alternating pattern of variable and con-
served amino acids in the LRR region. This pattern was
more pronounced in the C-terminal half of the LRR region,
which is encoded 39 of intron 3. The hypervariable amino ac-
ids in each repeat are positioned around two conserved ali-
phatic amino acid sites in the consensus xx(a)x(a)xx. In the
porcine ribonuclease inhibitor, these amino acids form par-
allel b sheets flanked by b turns (Kobe and Deisenhofer,
1994; Jones and Jones, 1997); these comprise a solvent-
exposed surface that interacts with the ligand (Kobe and
Deisenhofer, 1995).

Frequencies of nonsynonymous (Ka) and synonymous (Ks)
nucleotide substitutions and Ka/Ks ratios were calculated for
five different regions of the open reading frame: the 59 end,
the NBS-encoding region, the spacer between the NBS-
and LRR-encoding regions, the 59-encoded LRR region, and
the 39-encoded LRR region (Figure 5). Similar analyses in
mammalian genes involved in pathogen recognition have
detected higher rates of nonsynonymous than synonymous
substitution in ligand binding regions (Hughes and Nei,
1988; Tanaka and Nei, 1989). Ka/Ks ratios ,1 may result
from the elimination of most nonsynonymous substitutions
through purifying selection. Ka/Ks ratios .1 indicate diversi-
fying selection (Li, 1997). When the complete open reading

Figure 3. MSATE6 from BAC, Genomic, and cDNA Templates.

Primers were designed from RGC2A to amplify a microsatellite
marker from exon 5. MSATE6 was amplified from genomic DNA of
cultivar Diana, cDNA of cultivar Diana, and 12 BAC clones each con-
taining a single copy of RGC2. Numbers to the right designate indi-
vidual bands. The cDNA lacked band 4, which represents the
RGC2A sequence from which the primers were designed, indicating
no contamination of the cDNA with genomic DNA. No BAC clones
containing band 2 were identified (Meyers et al., 1998). Amplification
of the microsatellite was not expected from the more divergent
members of the RGC2 family in lettuce genomic DNA because of
mismatches at the priming sites; however, microsatellites were am-
plified from BAC templates containing the divergent members.

Figure 4. Sequence Similarity between Intron 3 of Nine RGC2 Copies.

Pairwise comparisons were performed using intron 3 sequences
from nine RGC2 copies. Sequences demonstrating the greatest sim-
ilarity within intron 3 were placed together. Regions with 65 to 90%
similarity between copies are shown in light gray; regions with
.90% similarity are dark gray. Unshaded regions are ,65% similar.
RGC2D contains a gap in the sequence (?; see text).
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frames of RGC2 genes are compared, Ks exceeds Ka, indi-
cating conservation of the gene as a whole (Figure 5). The
NBS-encoding region was the most highly conserved por-
tion of the gene, with an average Ka/Ks ratio of 0.374 (Fig-
ures 5 and 6). Statistical analysis using a G test strongly
rejected the null hypothesis for neutral evolution (33 of 36
pairwise comparisons were significantly ,1 at P , 0.000001).
The 59 and NBS-LRR spacer regions also had Ka/Ks ratios
,1 (Figures 5 and 6A to 6F).

The LRR-encoding region of RGC2 genes had unusual sub-
stitution patterns. The two halves of the LRR-encoding region
separated by intron 3 were considered independently because
of the more pronounced pattern of variability in the 39 portion.
In the porcine ribonuclease inhibitor, the aliphatic residues in
the xx(a)x(a)xx consensus are buried in the hydrophobic core
of the protein and do not interact with the ligand (Kobe and
Deisenhofer, 1994, 1995). Therefore, the Ka/Ks ratio was cal-
culated for the nucleotides encoding the xx(a)x(a)xx region of
the LRR repeats in RGC2, omitting the codons for the con-
served aliphatic positions. The Ka/Ks ratio of the codons corre-
sponding to the xx(a)x(a)xx amino acids of the C-terminal LRR
region was significantly .1 in 11 of 36 comparisons, indicating
that these residues are under divergent selection (Figure 6 and
Table 3). The same positions in the 59 end of the encoded LRR
showed elevated Ka/Ks ratios, but the average was not .1.
The Ka/Ks ratio was calculated separately for the LRR-encod-
ing sequence between encoded xx(a)x(a)xx motifs, designated
the “intervening residues.” The Ka/Ks ratios for the intervening
residues were 0.553 in the 59 and 0.635 in the 39 regions (Fig-
ure 5). The ratios for many pairwise comparisons were signifi-
cantly ,1, indicating purifying rather than divergent selection.
In a G test, 33 of 36 pairwise comparisons were significant at
the P , 0.01 level for the 59-encoded LRR, and 19 of 36 pair-

wise comparisons were significant at the P , 0.05 level for the
39-encoded LRR; the lower number of significant comparisons
in the 39-encoded LRR reflects a low proportion of variable
sites in this region. The statistically highly significant pattern of
Ka/Ks ratios is evidence for a conserved backbone alternating
with arrays of solvent-exposed b-sheet surfaces that are un-
der diversifying selection in the LRR region of RGC2 proteins.

To determine whether alternating patterns of variability
are a common feature of LRR regions in other plant disease
resistance genes, we calculated the Ka/Ks ratios for the
LRR- and putative effector-encoding regions of three types
of LRR-containing resistance genes from other plant spe-
cies. Alignments were made within the I2C and Mi families
of tomato (Ori et al., 1997; Milligan et al., 1998), the Xa21
family of rice (Song et al., 1997), and between the L6 and M
genes of flax (Lawrence et al., 1995; Anderson et al., 1997).
The I2C, Mi, and Xa21 families represent paralogs within lo-
calized clusters of genes. L and M are homoeologous loci
derived from an ancient polyploidization event (Ellis et al.,
1995). The Ka/Ks ratios were calculated for the same regions
as for RGC2, except that the LRR-encoding regions were
not split in two because no bipartite structure was apparent.
Comparisons were also made to data for the Cf-4/9 cluster
from tomato (Parniske et al., 1997).

In each comparison, the Ka/Ks ratios indicated that all re-
gions are under purifying selection except for the xx(a)x(a)xx
residues of the LRRs (Figure 6 and Table 4). In every compari-
son, the codons for the xx(a)x(a)xx residues had a Ka/Ks ratio
.1, indicating diversifying selection, whereas the different pu-
tative effector-encoding regions for each type of resistance
gene had Ka/Ks ratios of ,1, indicating selection for conserva-
tion. Many of these comparisons were significant only at the 5
to 10% level (Table 4). However, they are consistent with the

Figure 5. Ka and Ks Values among RGC2 Genes.

Values were calculated for nonsynonymous (Ka) and synonymous (Ks) substitutions in the protein coding regions of the gene. Values were calcu-
lated for 36 pairwise comparisons and averaged. The range of the values is given below the Ka and Ks averages to indicate the diversity of the
sequences compared. The Ka/Ks ratio was calculated by averaging the ratio for each comparison. Individual Ka and Ks values are plotted in Fig-
ure 6.
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1840 The Plant Cell

Figure 6. Synonymous and Nonsynonymous Substitution Frequencies in the RGC2 Family and Other Plant Disease Resistance Genes.

(A) 59 and spacer regions of RGC2 genes.
(B) Regions encoding putative effector domains.
(C) RGC2 59-encoded LRR.
(D) RGC2 39-encoded LRR.
(E) The LRR-encoding region of other resistance gene families.
Ks and Ka substitutions were calculated for pairwise comparisons within resistance gene families. These values were plotted in the form (Ks, Ka).
The diagonal corresponds to Ks 5 Ka, representing neutral evolution; points above this line provide evidence for diversifying selection, without
implying statistical significance. Points below the diagonal suggest selection for conservation.
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highly significant data for RGC2. Xa21 paralogs have been
grouped into two distinct classes based on sequence similar-
ity (Song et al., 1997). Only comparisons within the Xa21 class
of paralogs (i.e., B [the functional Xa21 gene], D, and F)
showed elevated Ka/Ks ratios, and only one of these compari-
sons is significant at the 5% level (Table 4). Comparisons in-
cluding other Xa21 family members (the A2 class) had Ka/Ks

ratios ,1 (data not shown), possibly indicating that these
genes are not functional in disease resistance.

Wang et al. (1998) found evidence for diversifying selec-
tion only in the Xa21B/Xa21D comparison by using compari-
sons of the entire LRR-encoding region. Elevated Ka/Ks

ratios previously have been reported for the Cf-4/9 genes in
tomato (Parniske et al., 1997); however, in our reanalysis of
these sequences, most pairwise comparisons are not signif-
icant (Table 4), suggesting that only some members of the
Cf-4/9 family are currently under diversifying selection. In
summary, evidence for diversifying selection of varying lev-
els of significance was found in all comparisons within LRR-
containing families of plant disease resistance genes. In
each case, this selection was acting on the region that may
comprise a solvent-exposed surface in other LRR-contain-
ing proteins.

DISCUSSION

The Dm3 downy mildew resistance locus of lettuce is com-
posed of at least 24 diverse copies that span an estimated
3.5 Mb (Meyers et al., 1998). This locus is larger and more
complex than are clusters of resistance genes described to
date. Sequencing of nine full-length genomic copies demon-
strated that the RGC2 NBS-LRR genes are among the
largest and most diverse plant resistance genes. The distri-
bution of variable amino acids and patterns of nucleotide
substitution support a model for divergent selection acting
on amino acid residues that comprise the putative ligand
binding surfaces.

RGC2 Genes Are Similar to but Distinct from Other
NBS-LRR Resistance Genes

The RGC2 genes are similar to many of the other known
plant disease resistance genes but have several distinct fea-
tures. The RGC2 genes encode polypeptides of 1758 to
1919 amino acids; these are among the largest of any dis-
ease resistance genes known in plants. Xa1 in rice, con-
ferring resistance to X. o. oryzae, is 1802 amino acids
(Yoshimura et al., 1998); Prf in tomato, required for resis-
tance to Pseudomonas syringae pv tomato, is 1824 amino
acids (Salmeron et al., 1996). The remainder of known NBS-
LRR–type resistance products in plants vary from 909
(RPS2, Bent et al., 1994; Mindrinos et al., 1994) to 1361
(RPP5, Parker et al., 1997) amino acids. The N terminus of

the RGC2 proteins comprises a short region with no similar-
ity to proteins in databases, including other resistance gene
products. The NBS region is similar in size and motifs to
other resistance gene products. A short region that again
has no similarity to sequences in the databases separates
the NBS from the LRR domain.

The C-terminal region of RGC2 proteins contains many
LRRs. The RGC2 consensus sequence is related to cyto-
plasmic LRR proteins (Kobe and Deisenhofer, 1994; Jones
and Jones, 1997), although it is more degenerate and more
variable in length. The total of .40 LRRs spanning 1249 to
1380 amino acids is larger than any previously reported LRR
region (Kobe and Deisenhofer, 1994; Jones and Jones,
1997). It is considerably larger than LRR regions found in
similarly sized resistance gene products; those of Xa1,
RPP5, and Prf include z558 (the number of LRRs cannot be
determined because the structure of the Xa1 gene is atypi-
cal), 575 (21 LRRs), and 417 (18 LRRs) amino acids, respec-
tively. Therefore, each LRR domain of the RGC2 proteins
encoded either side of intron 3 (z20 and z21 LRRs) is of
similar size to the entire LRR region encoded by other NBS-
LRR–type resistance genes.

We identified a hypervariable compound microsatellite
within the coding region of RGC2 genes. Although members
of this family containing different sizes of this repeat are
transcribed, it is not known whether this repeat influences
gene function. Some animal genes tolerate hypervariable

Table 3. Subset of Comparisons within the RGC2 Family That Show 
an Alternating Pattern of Positive and Purifying Selectiona

LRR: Interveningb LRR: xx(a)x(a)xxb

Gene Pair G Value P (x2)b G Value P (x2)b

RGC2N vs RGC2O 4.010 0.0452c 6.668 0.0098d

RGC2N vs RGC2J 0.003 0.9558 11.673 0.0006e

RGC2N vs RGC2B 0.207 0.6491 7.698 0.0055d

RGC2N vs RGC2S 0.184 0.6679 7.195 0.0073d

RGC2N vs RGC2D 5.865 0.0154c 9.199 0.0024d

RGC2N vs RGC2K 12.781 0.0004e 9.504 0.0021d

RGC2O vs RGC2J 5.918 0.0150c 14.203 0.0002e

RGC2O vs RGC2D 14.124 0.0002e 7.567 0.0059d

RGC2J vs RGC2D 1.450 0.2285 12.459 0.0004e

RGC2B vs RGC2K 17.426 0.00003e 7.730 0.0054d

RGC2S vs RGC2C 1.984 0.1590 7.211 0.0072d

a All comparisons that show a highly significant deviation (P , 0.01)
from Ka/Ks 5 1 for the region encoding the xx(a)x(a)xx motif are
shown. Another 14 comparisons that were significant at the P , 0.05
level are not shown. The intervening and xx(a)x(a)xx-encoding re-
gions deviated from the null hypothesis of Ka/Ks 5 1 in opposite di-
rections (Figure 6). Low G values for the codons of the intervening
sequence reflect the low proportion of polymorphic sites in the region.
b Calculated for the LRR region encoded 39 to intron 3.
c Significant at the 5% level.
d Significant at the 1% level.
e Significant at the 0.1% level.
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trinucleotide repeats in coding sequences; repeats encoding
polyglutamine have been identified within animal receptors
involved in growth and development, but the function of
these repeats also is not known (Edwards et al., 1991). Tri-
meric repeats within transcribed sequences also have been
identified as the cause of dysfunctional alleles in several hu-
man genes, including the fragile-X syndrome and myotonic
dystrophy in humans (Fu et al., 1991; Brook et al., 1992). In
both cases, phenotypically normal individuals may have
many repeats (,46 for fragile-X or ,27 for myotonic dystro-
phy; Fu et al., 1991; Brook et al., 1992); expansion beyond a
threshold results in a dysfunctional genotype. It remains to
be determined whether the size of the repeat affects the ac-
tivity or the recognition specificity of RGC2 genes. Expan-
sion or contraction of the microsatellite sequence could alter
the spacing of binding surfaces determined by LRRs flank-
ing the repeat.

Intron position and number are conserved between RGC2
family members but differ from other resistance genes. RGC2
genes have seven introns, with five in the coding region. I2C,
RPS2, and RPM1 lack introns (reviewed in Hammond-Kossack
and Jones, 1997). Xa1 has three introns, of which two are in
the coding region 59 to the region encoding the NBS
(Yoshimura et al., 1998). Three intron positions are shared
among the TIR-NBS-LRR class of resistance genes N, L6,
and RPP5 (Parker et al., 1997). Therefore, the size of the
LRR region and the position of the introns indicate that
RGC2 genes are members of a family of resistance genes
that is distinct from those characterized to date.

Diversity in Intron 3 Suggests Distinct Lineages of
RGC2 Genes

Most of the variation in the size of RGC2 genes is due to in-
tron 3, which ranged from ,400 bp to .6 kb. The disparate

sequences and sizes of this intron suggest a complex evolu-
tionary history. The diversity of sequences indicates that in-
tron 3 has evolved independently in different lineages of the
RGC2 gene family. Without knowing the progenitor or an-
cestral gene sequence, we cannot determine whether the
variation in size was due to insertions or deletions. The nu-
merous indels in intron 3 had no homologs in the databases,
terminal inverted repeats characteristic of transposable ele-
ments, obvious secondary structure, or duplications of
sequences flanking the indels (Wessler et al., 1995;
Bennetzen, 1996). Therefore, although the Dm3 region con-
tains transposable elements and retrotransposable ele-
ments in the intergenic regions (Meyers et al., 1998), we
found no evidence for such elements within the RGC2 gene
sequences. Consequently, the mechanisms generating the
variation in intron size are not apparent.

The degree of sequence divergence in the intron might in-
fluence meiotic pairing and hence the frequency of unequal
crossing over between paralogs. Pairing between more di-
verse sequences would tend to be repressed and result in
decreased levels of recombination and gene conversion.
Consequently, a high level of sequence diversity would be
maintained, and individual members would tend to evolve in-
dependently. Genetic analysis of the Rp1 disease resistance
cluster of maize indicates that recombination is lower be-
tween more distantly related haplotypes (Sudupak et al.,
1993). In the Cf-4/9 resistance gene locus of tomato, it has
been proposed that dissimilar intergenic regions suppress
mispairing in homozygotes (Parniske et al., 1997). The cod-
ing region of RGC2 is more than twice as large as that of the
genes in the Cf-4/9 cluster, and divergent intron sequences
in the middle of the gene would be expected to affect pair-
ing behavior. The consistent sequence diversity observed
among members of the RGC2 family supports the hypothe-
sis that there is little sequence exchange to homogenize
these genes.

Table 4. Ka/Ks Ratios in Different Regions of Plant Resistance Genes

Species Genes
Putative Effector
Regionsa

LRR:
Intervening

LRR:
xx(a)x(a)xx

No. of Significant Comparisonsb

GenBank Accession
Numbers,0.1% ,1% ,5% ,10% S

Lettuce RGC2 family 0.374 0.635c 2.060c 3 11 25 28 36 AF072268 to AF072275
Tomato I2C-1 vs I2C-2 0.470 0.580 1.167 1 1 1 AF004878, AF004879
Tomato Mi copy 1 vs copy 2 0.425 0.761 1.927 1 1 AF039681, AF039682
Flax L6 vs M 0.444 0.827 1.571 1 1 1 U27081, U73916
Tomato Cf-4/9 homologs 0.859 0.593d 1.323d 3 9 17 55 AJ002235 to AJ002237
Rice Xa21 copies B, D, Fe 0.423 0.518 2.106 1 2 1 U37133, U72726, U72728

a These regions include the NBS for RGC2, I2C, L6, M, and Mi; the 39 LRR for Cf-4/9; and the kinase region for Xa21.
b The level of significance using the G test for deviation from Ka/Ks 5 1 is shown for the xx(a)x(a)xx-encoding region. The number of significant
pairwise comparisons at each level is given; therefore, the values at lower levels of significance are cumulative. S, total number of pairwise com-
parisons made.
c For the 39 LRR region (abstracted from Figure 5).
d For the 59 LRR region (Parniske et al., 1997); includes both orthologous and paralogous comparisons.
e The Xa21 class of paralogs only (see text).
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Selective Influences Differ across the RGC2 Gene

Nucleotide substitution patterns in the RGC2 family vary
across the gene, particularly within the region encoding the
LRRs. Synonymous substitutions have occurred at a higher
frequency in the 59 end of RGC2. Nonsynonymous substitu-
tions were found at a significantly lower frequency than that
of the synonymous substitutions, particularly within the NBS-
encoding region; therefore, the low Ka/Ks ratio of the NBS-
encoding region, which is the putative effector region, indi-
cates that it has undergone the highest level of purifying se-
lection within the gene. Within the region encoding the LRR
domain, the putative ligand binding domain, there was an
alternating pattern of conserved and variable amino acids.
This was particularly evident in the 39 end of the RGC2 LRR-
encoding region. The conserved regions correspond to
amino acids that may form a structural backbone of the LRR;
the hypervariable amino acids are predicted to form b sheets
that are involved in ligand binding (Kajava et al., 1995; Kobe
and Deisenhofer, 1995; Jones and Jones, 1997). Further-
more, the Ka/Ks ratios in the putative ligand binding surfaces
of the 39-encoded LRRs were .1, implying that divergent se-
lection occurs at these positions. This pattern was found in
the LRR-encoding region of genes from diverse plant spe-
cies that confer resistance to pathogens that include fungi,
bacteria, and nematodes. These genes represent three of
four described structural classes for plant resistance genes
(reviewed in Baker et al., 1997), indicating that the LRR se-
quence of these disparate resistance gene products is influ-
enced by natural selection in a similar manner. This pattern is
further evidence that the LRR region of resistance gene
products is composed of a conserved backbone with varia-
tion localized in solvent-exposed surfaces.

Because patterns of amino acid variability and calcula-
tions of nucleotide substitutions evaluate groups of amino
acids or nucleotides, they are inherently limited and cannot
identify particular amino acids or LRRs critical to ligand
binding. Mutations that alter receptor activity and ligand
binding could occur anywhere in the gene. Also, some LRRs
or portions of the LRR region may have a greater functional
role in ligand binding than others. LRRs in the C-terminal
half of Cf proteins are highly conserved, and the hypervari-
able residues are localized to the N-terminal half of the pro-
tein (Parniske et al., 1997; Thomas et al., 1997). In RGC2
genes, the 39 half of the LRR-encoding region was the more
variable and showed higher Ka/Ks ratios than did the 59-encoded
LRR region. The detection of a hypervariable region within
the LRR in all types of resistance genes analyzed suggests
some biological significance to this pattern. However, fur-
ther experimentation is necessary to confirm and refine con-
clusions derived from Ka and Ks calculations. In flax, domain
swaps between alleles of the L gene indicate that the LRR is
an important determinant of specificity (Ellis et al., 1997).
Domain swaps between homologs followed by site-directed
mutagenesis will focus on delineating regions of RGC2
genes critical for specificity determination.

All classes of LRR-containing resistance gene products
contain hypervariable surfaces within the putative receptor
domain. The statistically significant evidence for divergent
selection acting on many RGC2 genes indicates that they
must have been active in recognition of pathogens. This is
consistent with our expression data. It is in contrast to the
Cf-4/9 data in which many comparisons result in Ka/Ks ratios
<1 (Figure 6), indicating that numerous copies have not
been under recent divergent selection. A large number of
variable LRRs, particularly as found in RGC2, could increase
binding opportunities or form multiple LRR subdomains.
Such diversity in LRRs could increase the breadth of pro-
tein–ligand interactions and provide the flexibility for plants
to coevolve with diverse pathogens.

Few proteins seem to be subject to diversifying selection,
as indicated by a Ka/Ks ratio .1. Analyses of nucleotide
substitution frequencies have detected evidence for diversi-
fying selection in only 17 of 3595 families of sequences, and
more than half of the 17 are antigenic surface proteins of
parasites and viruses (Endo et al., 1996). The selective ad-
vantage of elevated occurrences of nonsynonymous substi-
tutions has been most studied in the antigen recognition site
(ARS) of class I mammalian major histocompatability com-
plex (MHC) genes and the complementarity-determining re-
gion (CDR) of Ig genes (Hughes and Nei, 1988; Tanaka and
Nei, 1989; Nei et al., 1997). Both the ARS and the CDR are
responsible for recognizing and binding a wide range of po-
tential ligands; evidence for diversifying selection in these
genes suggests that variation is evolutionarily advanta-
geous. The proposed ligand binding region of the RGC2
gene products and other plant resistance gene products
also appears to be under diversifying selection. The evolu-
tion of new recognition specificities in MHC and Ig genes in-
volves variation in the individual amino acids as well as
recombination and gene conversion. The relative impor-
tance of each of these sources of variation in the evolution
of plant resistance genes remains to be determined.

Mechanisms Involved in the Evolution of
Resistance Genes

Models describing the evolution of plant resistance genes
have proposed recombination and gene conversion as the
primary forces that generate diversity within these multigene
families (Shepherd and Mayo, 1972; Pryor, 1987; Richter et al.,
1995; Hammond-Kosack and Jones, 1997). The models as-
sume that these events result in the rapid evolution of novel
resistance specificities to counteract variable pathogen popula-
tions. Unequal crossing over is clearly involved in the gener-
ation of duplicated arrays of resistance genes. The size of
multigene families at resistance loci varies between haplotypes
(Parniske et al., 1997; D.T. Lavelle and R.W. Michelmore, un-
published data). The Cf-2 locus of tomato includes two func-
tional genes that are .99.9% identical, suggesting recent
sequence duplication (Dixon et al., 1996). Novel specificities
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may also result from recombination or gene conversion.
Recombination and unequal crossing over at the Rp1 resis-
tance gene complex of maize are involved in meiotic insta-
bility and the generation of new specificities (Sudupak et al.,
1993; Richter et al., 1995; Hulbert, 1997). Sequence analysis
of the Cf-4/9 locus of tomato indicates that sequence ex-
change has occurred between gene family members, result-
ing from either recombination or gene conversion (Dixon et
al., 1996; Parniske et al., 1997). Also, mutants identified at
the M locus of flax may have resulted from intragenic re-
combination (Anderson et al., 1997). Recombination is there-
fore involved in alterations in the copy number of resistance
genes and in the generation of novel resistance specificities.

The importance of single base changes in the evolution of
plant disease resistance genes may have been overlooked.
There is now evidence for diversifying selection in the pre-
dicted b-sheet portion of the LRR consensus in all types of
LRR-encoding resistance genes (Parniske et al., 1997;
Wang et al., 1998; this study). The nonsynonymous substitu-
tions that have accumulated in the region encoding the
putative ligand binding domain may substantially affect rec-
ognition specificity. Recombination between alleles and para-
logs could result in enhanced or novel binding properties by
shuffling LRRs between related genes. The relative impor-
tance of recombination versus single base changes de-
pends on the rate at which each of these events occurs.
Although unequal crossing over has been measured at
some resistance gene clusters (Richter et al., 1995), there
are few data on the point mutation rates in these genes. The
high level of sequence diversity in the RGC2 family indicates
that recombination and gene conversion are not homogeniz-
ing these sequences and are infrequent events (this study;
Meyers et al., 1998). Therefore, novel amino acid substitu-
tions in the solvent-exposed surfaces of the LRR region may
be more important than intergenic recombination and gene
conversion in the rapid evolution of novel specificities.

METHODS 

Sequencing of RGC2 Copies

Genomic sequences of the RGC2 genes and flanking regions were
obtained using a combination of several methods. All RGC2 copies
were sequenced from the bacterial artificial chromosome (BAC)
clones on which they were originally identified (Meyers et al., 1998).
RGC2A and RGC2B copies were primarily sequenced using a primer
walking strategy. Primers were synthesized by Gibco Life Technolo-
gies (Grand Island, NY). When possible, primers generated during the
sequencing of RGC2A and RGC2B were used to sequence further
RGC2 copies; additional primers for the more divergent members
were synthesized as required. Some sequencing was performed us-
ing a modified version of the polymerase chain reaction (PCR)–based
long-distance sequencer method (Hagiwara and Harris, 1996). To
simplify the Hagiwara and Harris (1996) method, we performed a
standard PCR, with 35 cycles, annealing for 30 sec at 588C, and ex-

tension for 2 min at 728C. PCR fragments were purified before se-
quencing by exonuclease I/shrimp alkaline phosphatase treatment
(U.S. Biochemical Corp.) to remove unincorporated deoxynucleotide
triphosphates and excess primers. Restriction digests, ligations, and
agarose gel analysis of DNA fragments were performed according to
standard protocols (Sambrook et al., 1989).

DNA Sequencing and Analysis

DNA sequencing was performed using an ABI 377 automated se-
quencer (Applied Biosystems Inc., Foster City, CA) and the PRISM
Ready Reaction DyeDeoxy Terminator cycle sequencing kit (Applied
Biosystems Inc.) with custom primers or standard Sp6, T7, M13 (-21),
or M13 reverse primers. Sequence data were evaluated using Se-
quencher (GeneCodes, Ann Arbor, MI) for contig assembly and se-
quence editing. Splice site analysis and intron–exon boundaries were
determined by comparison with cDNA sequences and by using
the software program NetPlantGene available at www.cbs.dtu.dk/
services/NetPgene/ (Hebsgaard et al., 1996). GeneDoc (www.cris.
com/zketchup/genedoc.shtml), DNAstar (Lasergene, Madison, WI),
and Genetics Computer Group (Madison, WI) software packages were
used for multiple sequence alignments and sequence comparisons.
Nucleotide substitution rates were calculated by the method of Li
(1993) in the Diverge program in the Genetics Computer Group soft-
ware package. A 2 3 2 contingency table G test was used to test for
the significance of differences in synonymous and nonsynonymous
substitution rates (Zhang et al., 1997). The values for the 2 3 2 contin-
gency table were estimated by using the model of Nei and Gojobori
(1986). Ka and Ks values were plotted with the Freelance Graphics
program (Lotus, Cambridge, MA). Phylogenetic studies were per-
formed with PAUP* version 4.0 (Sinauer Associates, Sunderland, MA).

cDNA Analysis

RNA was isolated from lettuce (Lactuca sativa) cultivar Diana via the
procedure of Jones et al. (1995). First-strand cDNA was synthesized
by use of Superscript reverse transcriptase from 1 mg of total RNA,
as specified by the manufacturer (Gibco Life Technologies). 59 and 39

rapid amplification of cDNA ends (RACE; Frohman et al., 1988) was
performed using the Marathon kit (Clontech, Palo Alto, CA), accord-
ing to the manufacturer’s instructions, with primers designed from the
predicted open reading frames observed in the genomic sequence.

GenBank accession numbers are as follows: RGC2A, AF072268;
RGC2B, AF072267; RGC2C, AF072269; RGC2D, AF072270; RGC2J,
AF072271; RGC2K, AF072272; RGC2N, AF072273; RGC2O, AF072274;
and RGC2S, AF072275.
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