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ABSTRACT

The objectives of this study were to isolate and physically localize expressed resistance (R) genes on
wheat chromosomes. Irrespective of the host or pest type, most of the 46 cloned R genes from 12 plant
species share a strong sequence similarity, especially for protein domains and motifs. By utilizing this
structural similarity to perform modified RNA fingerprinting and data mining, we identified 184 putative
expressed R genes of wheat. These include 87 NB/LRR types, 16 receptor-like kinases, and 13 Plolike
kinases. The remaining were seven HmI and two HsI"' homologs, 17 pathogenicity related, and 42 unique
NB/kinases. About 76% of the expressed Rgene candidates were rare transcripts, including 42 novel
sequences. Physical mapping of 121 candidate R-gene sequences using 339 deletion lines localized 310
loci to 26 chromosomal regions encompassing ~16% of the wheat genome. Five major R-gene clusters
that spanned only ~3% of the wheat genome but contained ~47% of the candidate R genes were observed.
Comparative mapping localized 91% (82 of 90) of the phenotypically characterized R genes to 18 regions

where 118 of the Rgene sequences mapped.

HEAT crop is attacked by a variety of pests, in-

cluding insects, pathogens, viruses, and nema-
todes. On average, these pests cause 20-37% yield loss
worldwide, translating to ~$70 billion/year (http://pseru.
ars.usda.gov; PIMENTAL et al. 1997). Genetic manipula-
tion of resistance (R) genes is an efficient, economical,
and well-tested method of controlling wheat pests.
About 269 Rgenes conferring resistance to various pests
have been identified in wheat or its wild relatives (McIN-
TOSH et al. 2000). Of the 110 that are well studied, 80
R genes show single-gene inheritance (3:1 ratio in F,)
and seem to have the gene-for-gene interaction with the
pests. Inheritance of the remaining 30 genes is complex
and the resistance seems to be manifested in a nonspe-
cific manner. The wheat genome is ~16 million kb/hap-
loid cell (ARUMUGANATHAN and FARLE 1991). About 95—
99% of the genome is nontranscribing (SANDHU and
GiLL 2003). Most of the wheat genes are present in
clusters spanning physically small regions (gene-rich re-
gions) of varying gene densities and numbers (GILL et
al. 1996a,b; SANDHU and GiLL 2002a; M. DILBIRLIGI,
M. ErRayMAN, D. SaNDHU and K. S. GILL, unpublished
results). The gene-rich regions are spaced by variously
sized blocks of nested retrotransposons and duplicated
genes (SANMIGUEL et al. 1996; PANSTRUGA et al. 1998;
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WENDEL 2000; WICKER et al. 2001). Although itis feasible
to target the gene-rich regions, nontranscribing re-
peated DNA interspersing these regions poses a serious
hindrance to genomic manipulation of genes (FEUILLET
and KeLLER 1999, 2002; STEIN et al. 2000; WICKER et al.
2001; SANMIGUEL et al. 2002; YAN et al. 2003). Further-
more, in addition to the repeated DNA, most wheat
genes have multiple orthologs and in some cases para-
logs. Nonfunctional or diverged-function gene copies
may further complicate genome manipulation. As a re-
sult, very few genes with known function have been
cloned in wheat. Therefore, approaches that specifically
target an expressed part of the genome are particularly
desirable for cloning wheat genes.

Thus far, 46 R genes conferring resistance against
pathogens, insects, nematodes, and viruses attacking 12
plant species have been cloned (DiLBIRLIGI and GILL
2004). Most of the cloned R genes are structurally con-
served and can be grouped into four distinct classes on
the basis of the presence of one or more of the nucleo-
tide-binding (NB) sites, receptor-like transmembrane
kinase (RLK), cytoplasmic protein kinase (PK), and leu-
cinerich repeat (LRR) domains (HAMMOND-KOSACK
and JoNES 1997; MEYERS ¢! al. 1999; MONDRAGON-PALO-
MINO et al. 2002). The class I, containing NB and LRR
(NB/LRR), is the largest with 31 members. This group
of genes can have either a N-terminal coiled coil or a
tool-interleukin receptor-like (TIR) domain (MEYERS et
al. 1999; MONDRAGON-PALOMINO et al. 2002). The TIR
domain is found mainly in the dicots. Class II R genes
encode proteins that carry an extracellular N-terminal
LRR region and a C-terminal transmembrane domain.
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Class III genes carry an extracellular LRR and a cytosolic
kinase domain that are connected by a single pass trans-
membrane domain. Class IV genes contain only the CPK
domain. Significant structural and functional differ-
ences, however, may exist among R genes within each
class. For instance, the LRR domain present in the
Hs1"' gene is intercellular compared to Cf2, Cf4, Cf5,
Cf9, Xa2l, Vel, and Ve2, where it is extracellular (D1xon
et al. 1996; CAar1 et al. 1997; KAWCHUK et al. 2001).

The motifs present in the plant R-gene domains are
highly conserved, and the sequence and order of the
conserved amino acids is often unique for the R genes.
The LRR domain of plant R genes contains 9-41 imper-
fect repeats, each ~25 amino acids long with a consen-
sus amino acid sequence of xx(L)x(L)xxxx (COOLEY et
al. 2000). The PK domain of both Pto and Xa2l genes
contains up to 25-amino-acid-long motifs where the first
three (DFG) and the last two (PE) residues are highly
conserved (L1u et al. 2002). Internal threonine (T) and
serine (S) residues are essential for autophosphoryla-
tion and thus are conserved (L1u et al. 2002). The kinase-
la (p-loop), kinase-2, and putative kinase-3a motifs of
the NB domain of plant R genes have a consensus se-
quence of GxxGxGK(T/S)T, LxxxDDVW, and Gxxxx
TxR, respectively. These sequences are considerably dif-
ferent from that present in other NB-encoding proteins
(HammoNnD-Kosack and JonNEs 1997, MEYERS el al.
1999).

Genomic DNA sequence analyses revealed that there
are 166 putative NB/LRR-containing genes in Arabi-
dopsis thaliana and ~600 in rice (Oryza sativa; ARABI-
poprsis GENOME INITIATIVE 2000; GOFF et al. 2002;
RicHLY et al. 2002). The number of functional or ex-
pressed R genes, however, is not known. Analyses of
NB/LRR-containing genomic sequences from various
crop plants suggested that only a small fraction of the
R genes may be functional (CHIN e al. 2001; SUN et al.
2001; SHEN et al. 2002). With the objective to clone
resistance genes en masse, primers complementary to
the conserved sequences have been used to amplify ge-
nomic DNA of various crop plants (LEISTER e al. 1996;
YU et al. 1996; COLLINS et al. 1998). Expressed sequence
tagged (EST) transcripts for only 9 of the 173 resistant
gene analogs (RGAs) isolated from six major crop spe-
cies have been observed (M. DiLBIrLIGI and K. S. GILL,
unpublished results; http:/www.ncbi.nlm.nih.gov/
entrez). The proportion of expressed R genes is ex-
pected to be even smaller in wheat because of the larger
genome size.

It is well documented that recombination is highly
uneven on the wheat and other eukaryotic chromo-
somes. Detailed analysis of wheat homeologous group
1 chromosomes showed that recombination occurs
mainly in gene-rich regions encompassing ~13% of the
genome (SANDHU and GiLL 2002b). Distribution of re-
combination is very similar in other wheat chromosomes
(M. DiLBIRLIGI, M. ERAYMAN, D. SANDHU and K. S.

GiLL, unpublished results). Most of the recombination
occurs in the distal 50% of the chromosomes. There
may be as much as a 20-fold difference in the rate of
recombination even among various gene-rich regions
(SanpHU and GiLL 2002a; M. DILBIRLIGI, M. ERAYMAN,
D. SanpnaU and K. S. GILL, unpublished results). In
many plants, R genes have been shown to cluster on
the chromosomes usually in the highly recombinogenic
subtelomeric ends (BOTELLA et al. 1997; MEYERS et al.
1999; SakamoTo et al. 1999; HALTERMAN et al. 2001;
BRUEGGEMAN et al. 2002; ERNST et al. 2002; GOFF et al.
2002; RicHLY et al. 2002; AKHUNOV et al. 2003). Recombi-
nation in regions immediately around the Rgenes, how-
ever, is usually suppressed (NOEL et al. 1999; CHIN et al.
2001; SuN et al. 2001; SHEN et al. 2002). Because of
the massive differences in the extent of recombination
particularly around the Rgenes, the linkage-based analy-
sis may be misleading. It is, therefore, imperative to
reveal the physical location of the Rgenes. Furthermore,
it should be possible to use this unique structural and
functional organization of R-gene-containing regions to
verify the Rgene candidacy of any sequence.

The objectives of this study were: (i) to isolate and
characterize the expressed fraction of the wheat Rgenes
belonging to all known classes and (ii) to physically
map both phenotypically characterized R genes and the
cloned Rgene candidates via comparative analysis and
deletion mapping to understand their distribution in
the wheat genome.

MATERIALS AND METHODS

Plant material: Fifty-four wheat lines possessing one or more
R genes were used for the modified RNA fingerprinting
method. Nineteen nullisomic-tetrasomic lines (missing a pair
of chromosomes, the deficiency of which is compensated for
by a pair of homeologous chromosomes) and 13 ditelosomic
lines (missing a pair of chromosome arms; SEARs 1954) were
used for arm location of the gene fragments. High-resolution
physical mapping of the R-gene sequences was accomplished
using 339 wheat deletion lines (ENpO and GiLL 1996).

RNA methods: Total RNA was isolated from the pooled
leaf tissue from 3- to 4-week-old seedlings of the 54 Rgene-
containing wheat lines using the guanidinium thiocyanate-
cesium chloride method (SAMBROOK et al. 1989) with a few
modifications. The tissue was ground to a fine powder in liquid
nitrogen and suspended in guanidinium thiocyanate buffer
containing 1% mercaptoethanol and 0.5% sodium lauryl sar-
cosinate. After removing the cell debris by centrifugation,
supernatantwas layered ona 5.7 M CsCl/0.01 M EDTA solution
in an ultracentrifuge tube and centrifuged in a swinging
bucket rotor (SW55Ti) at 40,000 rpm for ~16 hr. The RNA
pellet was washed with 70% ethanol and resuspended in TE
containing 0.1% SDS. The poly(A) © RNA was isolated follow-
ing the standard protocol (SAMBROOK et al. 1989).

Modified RNA fingerprinting and cloning: First-strand
cDNA synthesis and the subsequent PCR amplification for the
RNA fingerprinting reactions were carried out using the Delta
RNA fingerprinting kit (CLONTECH, Palo Alto, CA) follow-
ing the recommended protocols, except that *S isotope was
used instead of ¥P. In addition to degenerate primers for the
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TABLE 1

Oligonucleotides used for RNA fingerprinting

Primer” Sequence (5'-3")" Degeneracy
p-loop AAGAATTCGGNGTNGGNAAAACAAC 64
GLPLAL AACTCGAGAGNGCNAGNGGNAGGCC 256
T1 CATTATGCTGAGTGATATCTTTTTTTTTAA —
T2 CATTATGCTGAGTGATATCTTTTTTTTTAC —
T3 CATTATGCTGAGTGATATCTTTTTTTTTAG —
T4 CATTATGCTGAGTGATATCTTTTTTTTTCA —
T5 CATTATGCTGAGTGATATCTTTTTTTTTCC —
T6 CATTATGCTGAGTGATATCTTTTTTTTTCG —
T7 CATTATGCTGAGTGATATCTTTTTTTTTGA —
T8 CATTATGCTGAGTGATATCTTTTTTTTTGC —
T9 CATTATGCTGAGTGATATCTTTTTTTTTGG —

“Each T primer contains two underlined variant nucleotides at the 3’ end.
"Each underlined N within the p-loop and GLPLAL primers corresponds randomly to A, T, C, and G

nucleotides.

ploop (GVGKTT) and the hydrophobic (GLPLAL) domains
of the cloned R genes, nine T primers were also used. The T
primers had a common 19-bp sequence at the 5’ end followed
by nine thymidine and two variable bases at the 3’ end in all
possible pairwise combinations of A, G, and G (Table 1). The
PCR reactions were performed in a total volume of 20 pl
containing 5 uM each of dNTPs, 0.4 ul of Advantage cDNA
polymerase mix (CLONTECH), 20 pMm of each primer, 50 ng
of the firststrand cDNA, 2 pl of 10X ¢cDNA PCR reaction
buffer, and 0.2 pl of [*¥*S]dATP. The PCR conditions were the
following: one cycle of 5 min at 94°, 5 min at 45°, 5 min at
68° 2 cycles of 2 min at 94°, 5 min at 45°, 5 min at 68°% 25
cycles of 1 min at 94°, 1 min at 60°, and 2 min at 68°, followed
by 7 min at 68°. The amplification products were size separated
on a 0.4-mm denaturing 5% polyacrylamide/8 M urea gel,
following standard sequencing gel protocol (SAMBROOK et al.
1989). The gel containing 10 ul of amplification product was
run at 70 W for 3—4 hr. The gel was then rinsed in TE buffer
for ~5 min, blotted onto a Whatman 3MM paper, and dried
using a gel dryer (Bio-Rad, Richmond, CA) at 80° for 2 hr.
An X-ray film was placed on the dried gel and exposed for 3
to 4 days. The fragment bands were cut out of the gel and
eluted by boiling in 50 pl of TE for 5 min. The eluted DNA
was reamplified using the corresponding primer pair, size
separated on a 1% agarose gel, and purified using GENE-
CLEAN II KIT (Q-BIOgene). The fragments were cloned
using the pGEM-T easy cloning system I (Promega, Madison,
WI). The DNA sequencing was done commercially (http:/
geneseek.com). The Sequencer 6.0 program and VecScreen
(http:/www.ncbi.nlmn.nih.gov/) function were used to trim
vector contamination. The trimmed sequences were grouped
at 90% nucleotide identity level and the longest sequence
from each group was used for further analysis. The TBLASTX
(nucleotide query-translated database), BLASTX (nucleotide
query-protein database), and BLASTN (nucleotide-nucleotide
comparison) version 2.1.2 (http:/www.ncbinlm.nih.gov) were
used to assign putative functions to the sequences (ALTSCHUL
et al. 1997). Numerical options were used at default values
during the BLAST searches.

R-gene identification by data mining: For data mining, 22
putative protein sequences corresponding to four major
Rgene classes were used to perform TBLASTN (protein query-
translated database) searches at the National Center for Bio-
technology Information (NCBI) GenBank EST database (non-
mouse and nonhuman EST entries; est_others; http:/www.

ncbi.nlm.nih.gov; ALTSCHUL et al. 1997). By comparing do-
main search, individual and multiple motif search, consensus
sequence search, and individual fulllength search, we ob-
served that the individual full-length search is the most suc-
cessful method for mining plant R genes (M. DILBIRLIGI and
K. S. GiLL, unpublished results). Therefore, the individual full-
length BLAST search was performed for the putative protein
sequences of 22 R genes (Table 2) belonging to all R-gene
classes. Numerical options were left at the default values for
all BLAST searches.

Sequence analysis: The BestFit [Genetic Computer Group
(GCG); Wisconsin Package Version 10.1, Madison, WI] se-
quence comparison was performed to calculate the homology
between the identified sequences and the known Rgenes (gap
opening penalty of 3.0 and gap extension penalty of 1.0). The
identified wheat sequences were compared with the known R
genes to show their structural resemblance. Overall sequence
similarity; presence and order of domains and motifs; se-
quence, location, and order of the conserved amino acids
within the motifs; and size of the regions interspersing various
motifs and domains were the criteria for structural resem-
blance comparisons. The MEME function of GCG and the
CLUSTALW function of Vector NTI (default values) were
used to identify the motifs. Additional details of the analysis
of the identified sequences are given by M. DILBIRLIGI and
K. S. GiLL (unpublished results).

Physical mapping of phenotypically characterized wheat R
genes: Physical localization of phenotypically characterized
wheat R genes was accomplished by comparative mapping.
There are 269 Rgenes, including quantitative traitloci (QTL),
known in wheat or its wild relatives, of which 229 have been
mapped on chromosomes, 147 have been mapped on chromo-
some arms, and 90 have been mapped relative to molecular
markers (McINTOSH et al. 2000; http:/wheat.pw.usda.gov/
ggpages/maps.shtml). A comprehensive wheat consensus ge-
netic linkage map containing 1380 commonly used DNA mark-
ers has been constructed by combining information from 137
published maps (M. DiLBIRLIGI, M. ERAYMAN, D. SANDHU
and K. S. GIiLL, unpublished results). To reveal the physical
location of wheat R genes, 90 phenotypically characterized R
genes were first placed on the consensus genetic linkage map
by using the following criteria: First, the genes and markers
present on multiple wheat genetic linkage maps were used as
anchor markers for the construction of the consensus genetic
maps. Second, the markers and R genes present between two
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Plant R genes used for data mining

TABLE 2

Plant R genes” Protein ID Structure’ Reference/source
Wheat CRE3 AACO05834 NB/LRR LAGUDAH et al. (1997)
VRGA1 AAF19148 NB/LRR SEAH et al. (2000)
YRIO AAG42168 NB/LRR NCBI sequence no. AF149114
Barley MILAG6 CAC29241 NB/LRR HALTERMAN et al. (2001)
Tomato PRF AAC49408 NB/LRR SALMERON et al. (1996)
MI-1 AAC67238 NB/LRR MILLIGAN et al. (1998)
12C-1 AAB63274 NB/LRR ORI et al. (1997)
PTO AAF76313 PK MARTIN et al. (1993)
Rice XAl BAA25068 NB/LRR YosHIMURA et al. (1998)
PIB BAA76282 NB/LRR WANG et al. (1999)
RPRI BAA75812 NB/LRR SARKAMOTO et al. (1999)
XA21 T10725 PK/LRR (RLK) SONG et al. (1995)
Maize RPI-D AAD47197 NB/LRR CoLLINS et al. (1999)
HM1I T03970 Toxin reductase JoHAL and Brices (1992)
Arabidopsis RPPI AACT72977 NB/LRR BoOTELLA et al. (1998)
RPS2 AAA21874 NB/LRR BENT et al. (1994)
RPS5 AAC26126 NB/LRR WARREN et al. (1998)
RPPS AAC83165 NB/LRR McDowEeLL et al. (1998)
RPP13 AAF42832 NB/LRR BITTNER-EDDY et al. (2000)
RPM1 CAA61131 NB/LRR GRANT et al. (1995)
Flax L6 AAD25965 NB/LRR LAWRENCE et al. (1995)
Sugarbeet HS P! AAB48305 LRR Car et al. (1997)

“Underlined R genes are functionally not proven.

*Only the common domains were considered.

anchor markers on multiple maps were integrated relative to
the anchors. Genetic distances among the integrated markers
were standardized relative to the flanking anchors. Third,
markers and R genes with a consistent location on various
maps were incorporated. Finally, the R genes present on only
one or two genetic linkage maps were placed on the consensus
genetic maps via common markers. If only one linked marker
was available, the R gene was mapped in a window around
the marker. Genetic distances used for the construction of
the consensus genetic linkage map are relative.

The consensus genetic linkage map was then compared with
the consensus physical maps to reveal the physical location
of the phenotypically characterized R genes. First, flanking
markers for each physical region were identified on the con-
sensus genetic linkage map to localize encompassed R genes
to the corresponding physical region. The R genes that were
present very close to the flanking markers were also placed
but were marked with an asterisk (*). Additionally, the physi-
cal location of 17 group 5 R genes (marked “}”) was extrap-
olated on the basis of the location of other R genes present
on the arm.

Physical mapping of the R-gene candidates: A two-step map-
ping strategy was followed to physically map the putative
Rgene sequences. First the sequence clones were used as
probes for gel-blot DNA hybridization analysis of 19 nulli-
somic-tetrasomic and 13 ditelosomic lines to reveal chromo-
some and arm location of the sequences. Either EcoRI or
HindIII restriction enzymes were used for the analysis, except
for BF201229 where Dral was used. The sequences were then
analyzed on deletion lines for the corresponding chromo-
some. The names of the deletion lines along with the fraction
length (FL) of the retained arm are given on the left of the
chromosomes (Figure 2). Genomic DNA isolation and gel-
blot analysis methods were as previously described (GILL et

al. 1993). The aneuploid stocks and the EST clones were kindly
provided by Bikram S. Gill and Olin Anderson, respectively.

Each fragment band was mapped to a chromosomal region
flanked by the breakpoints of the smallest deletion lacking the
fragment band and the largest deletion possessing it. Multiple
fragment bands mapping on a chromosome arm were scored
to be nonallelic (shown by a, b, and c at the end of the probe
name) if the bands mapped to different chromosomal regions.
The physical mapping information from the three homeo-
logues (A, B, and D) was combined to localize the known R
genes as well as the Rgene candidates to the smallest possible
physical regions. The consensus physical map for each of the
seven wheat homeologous groups was constructed as pre-
viously described (GILL et al. 1996a).

RESULTS

RNA fingerprinting: Size separation of the RNA finger-
printing PCR product showed 76 bands with the p-loop/
GLPL primer combination. The p-loop/T primer combi-
nations generated 80-100 bands each (Figure la). The
size of the fragment bands ranged between ~150 and
1300 bp except for the p-loop/GLPL primer combina-
tion in which the size of the smallest band was ~300
bp. Many fragment bands amplified by different primer
combinations appeared to be the same because of the
size. About 900 fragment bands were observed on the
fingerprinting gels. About 220 bands that appeared to
be unique on the basis of size and intensity were excised
from the gels, reamplified, and cloned (Figure 1b). Two
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Ficure 1.—Cloning of expressed candidate R-gene frag-
ments using modified RNA fingerprinting. (a) **S-labeled PCR
productsize separated on a polyacrylamide-urea gel. The prod-
uct of each primer combination was loaded in two adjacent
lanes. Approximate size of the fragments is shown on the left.
(b) The excised bands were reamplified and size separated
on a 1% agarose gel. The order of the PCR products on the
agarose gel from left to right follows that of the polyacrylamide
gel from top to bottom.

clones corresponding to each band were sequenced.
Additional clones were sequenced if two clones from
a sample were different. A total of 385 clones were
sequenced and analyzed. ContigExpress analysis of the
sequences resulted in 121 unique contigs. The longest
sequence of each contig was used for further analysis
after sequences were confirmed to contain a p-loop (ki-
nase-la) motif. Individual Gap (GCG) analysis showed that
121 sequences shared 21% (UNL115-UNL175) to 90%
(UNL184-UNL185, UNL201-UNL202 and UNL208, and
UNLI139-UNLI160) sequence similarity. Only ~27% of
the sequences were closely related and sequence similar-
ity for the remaining 73% was <50%. Putative protein
sequences of the 121 clones were analyzed by BLASTX
(ALTscHUL el al. 1997; http:/www.ncbi.nlm.nih.gov/
BLAST). Only 48 of these sequences showed homology
to the known or annotated genes and the remaining
73 were unique. Sequence similarity for 19 of the 48 was
>80% (E=10"*) and for the remaining was between 35
and 80% (E = 107"). Twenty-six sequences were Rgene
candidates because of their homology to NB/LRR, Pio,
Xa2l, or other types of R genes (Table 3 and Table 4).
Twenty-two sequences were homologous (BLASTX E
values were =<107% to =107) to genes controlling cell

structural and metabolic activities and thus were not
analyzed further.

Motif analysis of the unique sequences: The Mo-
tifSearch (GCG) was performed for the 73 unique se-
quences to identify putative functional motifs and do-
mains. In addition to the conserved p-loop (kinase-1a),
38 also had the predicted kinase-2 and kinase-3a motifs
(Tables 3 and 4). Of these, 17 contained an NB domain
similar to that of the NB/LRR type of R genes and
the remaining 21 were putative kinases. The consensus
among the 17 NB/LRR types of sequences was GVGKTT
for p-loop along with (L/V) (L/V) (L/V) (L/1/D) D
(D/1/V/L) for kinase-2 and (E/G/F/V) (T/S/G/Q) X
(T/Y) (T/S) R for kinase-3a. The 21 putative kinases
had an invariant aspartate (D) in kinase-2 and an argi-
nine (R) in kinase-3a. Of the remaining 35 sequences,
21 had either a kinase-2 or a kinase-3a along with a
p-loop motif as found in NB or kinase-encoding pro-
teins. Fourteen sequences were not analyzed further as
no motif other than a p-loop was observed.

Data mining: The full-length sequence comparisons
identified 344 sequences homologous to 22 known R
genes with E values ranging from =10~' to <107!"".
Detailed structural analysis of these sequences was re-
ported by M. DiLBIrLIGI and K. S. GiLL (unpublished
results). Briefly, comparison of the cloned R genes
showed that the sequence, order, and gap length among
various motifs and domains was unique to R genes even
though the R-gene domains and motifs are also present
in other proteins. Therefore, these structural features
of the selected 344 sequences were compared with those
of the cloned R genes. These analyses selected 176 se-
quences that were then used as query for BLASTX
search in the nonredundant protein database. Only the
sequences in which the best hit was a cloned Rgene were
selected. The selected 163 sequences were analyzed with
VecScreen ORF Finder BLASTP programs (http:/www.
ncbi.nlm.nih.gov). These sequences assembled into 99
contigs representing 67 NB/LRR types, 12 Xa2l-like
(RLK), 11 Piolike (PK), 7 Hml-like, and 2 HsI/"-like
sequences (Table 3). For physical mapping, the largest
clone from each contig was used as a probe.

Physical mapping of R-gene candidates: A total of
166 best R-gene candidates, including 85 from RNA
fingerprinting and 81 from data mining experiments,
were physically mapped using wheat aneuploid stocks
(Tables 3 and 4). These Rgene candidates belonged to
all known classes. Forty-five of these sequences were
unmappable because of either smear pattern or unre-
solved fragment bands on nullisomic-tetrasomic lines
(Table 4). Physical location of 121 sequences was re-
vealed using 335 deletion lines for all 21 wheat chromo-
somes (Figure 2). Four (4BL-6, 4BL-9, 5BL-11, and 6BS-
9) of the 339 deletion lines were not used for the final
analysis because of the discrepant results.

The 121 probes detected 664 fragment bands of which
371 were mapped on chromosomes using either EcoRI
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TABLE 3

Summary of the type of R-gene sequences used for deletion mapping

Rgene classes RNAF Data mining Total sequence Total attempted Total mapped’
NB/LRR type 20 67 87 80 66 (82)

PK type 2 11 13 8 6 (9)
RLK type 4 12 16 12 5 (8)
Hml type — 7 7 5 3 (3)
Hs1™! type — 2 2 2 -

PR related 17 — 17 17 13 (14)
NB/kinase encoding* 42 — 42 42 28 (35)
Total 85 99 184 166 121 (151)

“Novel sequences annotated by MotifSearch analysis.

" Numbers within parentheses show the loci detected on the consensus physical maps by the sequences given

outside the parentheses.

or HindIIl enzymes (Table 4). These 371 fragment
bands represented 310 loci. Of these, 94 mapped on
the A-genome, 120 on the Bgenome, and 96 on the
D-genome chromosomes (Figure 2; Table 4). Forty-
seven loci were detected for wheat homeologous group
1, 34 for 2, 45 for 3, 27 for 4, 67 for 5, 42 for 6, and 48
were for group 7 chromosomes. The highest number
of loci was detected on homeologous group 5 (22%)
and the lowest was detected on homeologous group 4
(9%). The difference was not significant among other
homeologous groups. Of the 121 probes, 17 detected
loci for only one, 21 for two, and the remaining 83
detected loci for all three homeologous chromosomes
(Table 4).

Twenty-three probes detected paralogous loci. The
probes UNL214, UNL216, BE426789, BF200008, and
BE427790 detected loci on three different homeologous
groups (Table 4). The number of bands detected by
these probes ranged between 7 and 15. Eighteen probes
detected two paralogous loci each. The paralogous loci
detected by 6 of these probes were on the same chromo-
some (Table 4). The loci corresponding to these 23
probes were 25 on the A-, 34 on the B, and 25 on the
D-genome chromosomes (Figure 2; Table 4). These 23
probes included 11 NB/LRR, six unique NB/kinases,
and three of the PK class of R genes. Some differences
were observed among the various types of sequences
for the number of bands detected. The average number
of bands for the NB/LRR, RLK, and PK classes of R
geneswas 6.1, 6.6, and 7.3, respectively. The unique NB/
kinases, HmI, and the other types of Rgenes detected an
average of ~4 bands.

The physical maps of the wheat chromosomes are
shown in Figure 2. The 121 probes detected loci on all
21 wheat chromosomes. The highest number (67) of
loci was detected on group 5 chromosomes and the
lowest (27) on group 4. The number of loci for the
remaining homeologous groups was between 35 and 48
(Figure 2). Most of the R-gene candidate loci mapped
to the distal regions of the chromosomes. About 75%

of the loci (231 of 310) mapped to the distal 20% of
the chromosomes. The only exception was Xunl200,
which mapped in the proximal regions of group 7 chro-
mosomes (Figure 2). The majority of the NB/LRR and
NB/kinase types of Rgene candidates mapped to the
distal regions of the chromosomes. The Hm1 and PK-
like gene sequences mapped in both distal and proximal
regions (Figures 2 and 3). Also, the fragments belonging
to the NB/LRR and NB/kinase classes of R genes
mapped to all homeologous groups of wheat. The PR
and RLK types of fragments mapped to five of the seven
homeologous groups. The PR type did not map on
groups 2and 3, and the RLK type was absent on groups
Iand 3. The PK type was absent on homeologous groups
4, 6, and 7.

Various orthologous loci on the homeologues were
in the syntenic regions; therefore, it was possible to
combine the physical mapping information from the
three homeologous chromosomes to generate a consen-
sus physical map (Figure 3). About 43% of the loci
mapped to the short arms and 57% to the long arms
(Figure 3; Table 5). Most of the candidate R-gene loci
localized to 26 chromosomal regions. These regions
encompassed ~16% of the wheat genome. Major differ-
ences were observed among various regions for both
the size and the number of the candidate Rgene loci.
The size of the regions ranged from 1 to 11% of the
respective chromosome and the number of loci ranged
from 2 to 29. Some of these regions were very small in
size but contained a large number of the candidate
R-gene loci. Five of these regions (short arm of groups
1, 2, and 3 and long arm of groups 5 and 6) contained
~47% of the loci but encompassed only ~3.5% of the
genome (Figure 3). These regions of higher loci density
were present mainly at the distal ends of the chromo-
somes.

Physical mapping of phenotypically characterized R
genes: Physical mapping results of phenotypically char-
acterized wheat R genes are summarized in Figure 3
and Tables 5 and 6. Of the total 269 wheat R genes, 90
have been mapped relative to molecular markers and
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TABLE 4

Gel-blot DNA analysis of the putative R genes using aneuploid stocks

No. of fragments

R-gene sequences” Structure®” A B D HindIII EcoRI Chromosome
unll35 NB/kinase*¥ — 1 — 7 1
unll43a NB/kinase*¥ — — 1 7 1
unll43b NB/kinase*¥ —_ 1 —_ 7 1
unl220 NB/kinase*¥ 1 1 1 3 1
unll28 NB/LRR* — 1 — 5 1
BE406625 NB/LRR** — 1 1 4 1
BE444145 NB/LRR** — 1 1 3 1
BE498831 NB/LRR** — 1 — 11 1
BE499561 NB/LRR** — 1 1 5 1
BE605005 NB/LRR** 1 1 1 3 1
BF473313 NB/LRR** 1 1 2 4 1
BF474204 NB/LRR** 1 1 — 2 1
BF475048 NB/LRR** 2 2 3 11 1
BF483881 NB/LRR** 2 2 — 12 1
BE405778 NB/LRR*#3 1 1 1 6 1
BE518223 NB/LRR*# 1 1 — 5 1
BG606866 NB/LRR*# 2 2 — 9 1
BM135313 NB/LRR*#:* 1 1 — 5 1
BE492937a" PK:* 1 1 1 8 1
BE637867 PR 1 1 — 3 1
unllll PR 1 1 1 3 1
unl207 PR 1 1 1 3 1
BE518335 Hml like®*** — 1 1 3 2
BE591764 Hml like®*** 1 2 1 6 2
unll10 NB/kinase*¥ — 1 2 4 2
unll36 NB/kinase*¥ — 1 1 3 2
unll49 NB/kinase*¥ 1 1 1 4 2
unll45 NB/LRR* 1 1 1 4 2
unll47 NB/LRR* 1 1 1 4 2
BE404328 NB/LRR** — 1 — 7 2
BE497251a NB/LRR** — 1 1 7 2
BE499523 NB/LRR** 1 1 1 4 2
BF200166 NB/LRR** 1 2 — 5 2
BF483292 NB/LRR** — — 1 2 2
BF184266 NB/LRR** 1 3 1 7 2
BE442802a‘ PK* — 2 — 14 2
BE442854a PK:#* — 2 — 14 2
unl216a RLK** — 3 1 15 2
BE607045 Hml like®*** 1 1 1 3 3
unll30a NB/kinase*¥ — 2 — 8 3
unl130b NB/kinase*" 2 2 1 8 3
unll32 NB/LRR* 1 1 1 4 3
unll50 NB/LRR* 1 1 1 3 3
unll53 NB/LRR* 1 1 1 5 3
unll67 NB/LRR* 1 1 1 4 3
BE405711 NB/LRR** 1 1 1 3 3
BE444148 NB/LRR** 1 1 — 2 3
BE499177 NB/LRR** 1 1 1 3 3
BE499910 NB/LRR** 1 1 — 2 3
BF200008a NB/LRR** 1 1 1 9 3
BF482366 NB/LRR** 1 1 1 5 3
BF483203 NB/LRR** — 2 — 5 3
BE591154 NB/LRR*#3 1 1 — 2 3
BE442854b PK:* 1 1 1 14 3
BE492937b" PK#* 1 1 1 8 3
BE637850° PK* 1 — — 5 3

(continued)
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TABLE 4

(Continued)

No. of fragments

Rgene sequences’ Structure” A B D HindIII EcoRI Chromosome
unll29 NB/kinase*¥ — — 1 2 4
unll33 NB/kinase*¥ 2 1 1 5 4
unll64a NB/kinase*¥ 1 1 2 9 4
unll64b NB/kinase*¥ — — 1 9 4
unll81 NB/kinase*¥ 1 — 1 3 4
unll 98 NB/kinase*¥ 1 —_ 1 7 4
unll24 NB/LRR* — 2 — 9 4
BE403251) NB/LRR** 1 — — 17 4
BE426789¢ NB/LRR** 1 — — 12 4
BE426790c¢ NB/LRR** 1 — — 12 4
BE444404 NB/LRR** 2 — — 8 4
BE445244a NB/LRR** 1 — — 8 4
BE497251) NB/LRR** 1 — — 7 4
BF201403 NB/LRR** 2 — — 8 4
BF482358 NB/LRR** 1 1 1 7 4
unll63 PR — 1 1 5 4
unl216b RLK** — 1 1 15 4
unll09 NB/kinase*¥ 1 1 1 4 5
unll4la NB/kinase*¥ 1 1 1 15 5
unll66 NB/kinase*¥ 1 — 1 3 5
unll69 NB/kinase*¥ 1 1 1 3 5
unll91 NB/kinase*" 1 1 1 3 5
uni214a NB/kinase*¥ — 1 1 7 5
unl217 NB/kinase*¥ 2 1 2 6 5
unl218 NB/kinase*¥ — 1 1 4 5
unlll7 NB/LRR* 1 1 1 5 5
unll19a NB/LRR* — 1 1 11 5
unll23 NB/LRR* 1 1 1 3 5
unll 74 NB/LRR* 1 2 — 3 5
BE406845a NB/LRR** 1 — — 11 5
BE406845b NB/LRR** — 1 1 11 5
BE445244b NB/LRR** — 1 — 8 5
BE498327 NB/LRR** — 1 — 2 5
BF482744 NB/LRR** 1 1 — 2 5
BF484437 NB/LRR** 1 1 — 2 5
BG604429 NB/LRR** 2 — — 3 5
BM136556a NB/LRR** — 1 — 6 5
BM136556b NB/LRR** 1 2 1 10 5
BM137909 NB/LRR** — 1 1 7 5
BE442802b! PK#* — — 1 14 5
BF201229 PR — 1 1 2¢ 5
unll 04 PR 1 1 1 3 5
unlll3 PR 1 1 1 3 5
unll21 PR 1 1 1 3 5
unll38 PR — 1 1 2 5
unll140 PR — 1 1 2 5
unl213a PR##** — 1 — 4 5
unl216¢ RLK** — 1 — 15 5
unll52a RLK:#:% 1 — 1 9 5
unll41b NB/kinase*¥ — — 1 15 6
unl214b NB/kinase*¥ 1 — 1 7 6
unll19b NB/LRR* — 1 — 11 6
unll27 NB/LRR* 2 1 2 5 6
unll 94a NB/LRR* — 1 — 7 6
BE403251a NB/LRR** 2 4 2 17 6
BE405507b NB/LRR** — 1 2 6 6
BE42678% NB/LRR** 1 1 — 12 6

(continued)
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TABLE 4

(Continued)

No. of fragments

R-gene sequences” Structure” A B D HindIII EcoRI Chromosome
BE426790a NB/LRR** 1 1 — 12 6
BE500158 NB/LRR** 3 2 1 11 6
BEG638124 NB/LRR** 1 — — 5 6
BF199778 NB/LRR** 1 2 1 12 6
BF200008b NB/LRR** — 1 — 9 6
BF478914 NB/LRR** — 2 1 7 6
BG607637 NB/LRR** — 1 2 6 6
BM137173 NB/LRR** — 1 1 2 6
unll05 PR** 1 1 1 3 6
unll54 PR — 1 2 4 6
unl213b PR 1 — 1 4 6
unll22 RLK** 1 1 1 4 6
unll52b RLEK*#3% — — 1 9 6
unlll5 NB/kinase*¥ — — 1 3 7
unll20 NB/kinase*¥ — — 1 3 7
unll34 NB/kinase*¥ 1 1 1 3 7
unll57 NB/kinase*" 1 1 1 3 7
unll70 NB/kinase*¥ — 2 — 3 7
unll79 NB/kinase*¥ — 1 1 3 7
unll88 NB/kinase*¥ 1 1 1 4 7
unl214c NB/kinase*¥ 1 — — 7 7
unl219 NB/kinase*" 1 1 1 6 7
unll73 NB/LRR* 1 1 1 4 7
unll 94b NB/LRR* 1 — — 7 7
unl204 NB/LRR* — 2 — 7 7
BE405003 NB/LRR** 1 1 1 4 7
BE405507a NB/LRR** 1 — — 6 7
BE426789 NB/LRR** —_ 1 — 12 7
BE426790b NB/LRR** — 1 — 12 7
BE518338a NB/LRR** 1 6 7
BE518338b NB/LRR** 1 1 1 6 7
BE591190 NB/LRR** 1 1 1 7 7
BF200008¢ NB/LRR** 1 1 — 9 7
unll51 PR 1 2 1 6 7
unl200 PR 1 1 1 3 7
BE403270 RLK** 1 — — 2 7
BE443579 RLK** 1 1 1 3 7

BE415090, BE604247, BE213346, BE499505, BE403520, BF482232, BE405531, BE443325, BE445978, BE492332,
BE518042, BF473126, BF473851, BE425456, BE429766, BM134978, BI479697, BE517538, BM138661, BF445532,
UNL177, UNL215, UNL172, UNL159, UNL176, UNL203, UNL101, UNL103, UNL186, UNL102, UNL193,
UNLZ205, UNL108, UNLI114, UNL137, UNL180, UNL195, UNL131, UNL156, UNL158, UNL162, UNL165,
UNL175, UNL178, UNL210, and UNL221 probes showed either smear pattern or unmappable bands. *¥ Novel
sequences that show structural similarities to NB and kinase function rather than sequence homology.

“a, b, and ¢ suffixes show multiple loci for a certain probe.

" Asterisks represent the identity level of sequences to the cloned R genes: *, <40%; **, 40-60%; ***, >60%.

“Sequences with NB/kinase structure are identified using MotifSearch as proposed by TrRauT (1994).

¢Fragments contain >50% sequence homology to the kinase domain of both Xa2I and Ptlo genes.

*Dral enzyme was used.

147 have been localized to chromosomes (Table 5;
McINTOosH et al. 2000). These wheat R genes confer
resistance against 18 different wheat pests (see Table
5). The number of genes corresponding to the five
major wheat pests Lr, S, Yr, Pm, and H are 45, 46, 47,
34, and 24, respectively. The number of resistance genes
corresponding to the remaining 13 pests is 27 (McInN-
TOSH et al. 2000).

An example of the comparison of the consensus physi-
cal with the genetic linkage maps is shown in online
supplemental Figure 4 available at http:/www.genetics.
org/supplemental/. The 90 phenotypically character-
ized R genes were reliably mapped to small chromo-
somal regions by the comparative mapping approach.
Seventeen additional R genes were tentatively localized
to physical regions on the basis of the location of candi-
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and FL of the retained arms are marked by arrows on the left of the chromosomes. Location of the candidate R-gene loci is
given on the right.
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date R genes (marked “1’, Figure 3). These group 5 R
genes (mainly H) were localized to a region where sev-
eral candidate Rgenes mapped (Figure 3). These genes,
however, were not included in any further analysis. Phys-
ically mapped wheat R genes included 31 Lr, 30 Sr, 8 Y7,
16 Pm, and an H resistance gene loci. The remaining 4
wheat Rgene loci were for Crr, Kb, and fusarium patho-
gens (Figure 3; Table 5). The short arms of the wheat
chromosomes contained 50 of the 90 R genes and the
long arms contained 40 (Figure 3; Tables 5 and 6).
While wheat group I and 2 chromosomes contained
41% of the R genes, homeologous group 3 had the least
(6%) number. The five major types of wheat R genes
were present in all seven groups (Figure 3, Table 5).
No specific pattern was observed for the type of wheat
R genes.

Both the location and the distribution pattern be-
tween the phenotypically characterized wheat R genes
and the candidate Rgene sequences were very similar.
Of the 26 regions, 18 contained ~78% of the Rgene
candidate loci and ~90% of the phenotypically charac-
terized wheat R genes (Figure 3; Table 5). The propor-
tional number in these regions was also similar. The
exception was the long arm of group 2 chromosomes
that contained eight of the known wheat R genes but
lacked any of the candidate loci (Figure 3; Table 5).

The size of these regions totaled <16% of the wheat
genome. About 50% of both the phenotypically charac-
terized wheat R genes and the candidate R-gene loci
mapped to five distal regions of chromosome groups I,
2,and 3shortarms and 5and 6long arms encompassing
<3% of the genome (Figure 3).

DISCUSSION

Resistance mechanism seems to be conserved among
plants as most of the R genes share a strong structural
similarity irrespective of the host or the pest type. With
an objective to utilize this structural similarity to isolate
R genes en masse, RGAs were amplified from genomic
DNA using conserved motif primers (KANAZIN ef al.
1996; LEISTER et al. 1996; SANMIGUEL et al. 1996; YU et
al. 1996; AARTS et al. 1998; COLLINS et al. 1998; SEAH et
al. 1998; SHEN et al. 1998). This approach was not very
successful probably because of the presence of pseu-
dogenes that have structural similarities to the func-
tional R genes. Furthermore, most of the functional R
genes have been shown to be single or few copies that
will be out-competed by multiple-copy nonfunctional
RGAs during random cloning and sequencing of the
amplified genomic fragments. Analyses of ~800 RGAs
from 20 plant species have identified only one functional
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Expressed R Genes of Wheat

TABLE 5

Physical localization of phenotypically characterized wheat R loci based on mapping results

of the putative R-gene sequences

Unknown Short/long arm* Wheat R loci Candidate loci’ DL and FL value
Group 1
Bi4 H>5 Lr10 XBE492937a (3) 1BS-4-1BS-19
Bt5 Sr45 Lr21 XBE405778 (1) 1.47-1.54 (sat)
Bi6 Yr24 Lr26 XBE474204 (1)
Gb2 QLr.sfr-1B Pm3a XBE499561 (1)
Gb6 Pm8 XBE498831 (1)
HiI Sr21° XBF475048 (1)
H22 Sr31 XBF483881 (1)
Lrl¢ Sr33 XBG606866 (1)
L2 Yr10 XBM135313 (1)
Lr24° Yrl5 XBE518223 (1)
Lr42 QPm.sfr-1BD* Xunll43a‘ (5)
Lrd4 Yr9
Lr46 YrH52 Xunl220 (5) 1BS-21-1BS-10
PmlI0 Sri4 Xunll35/ (5) 0.49-0.50
Pml17 OLr.sfr-1B
Pm22 Sr18
Yr21 Dn4 XBEG637867 (3) 1BL-1-1BL-7
Yr25 Sr18 XBE444145 (1) 0.47-0.47
Yr3 Lr38° Xunl207 (6) 1BL-14-1BL-9
Yr8° Lr33 Xunll43b (5) 0.61-0.73
Srl4 XBE473313 (1) 1BL-5-1BL-10
XBE406625 (1) 0.84-0.89
XBE605005 (1)
Xunllll (6)
Xunl128 (1)
Group 2
Btl Lr37 Lri6 XBE442854a (2) 2BS-7 to telomere
Bt7 Lr4l Lrl7 XBE442802a (2) 0.89-1.00
Cred Sr40 Lr22 XBF200166 (1)
H20 Yr27 Lr38 XBE497251a (1)
H21 Sr38 XBE499523 (1)
Lrll Sr23 XBF484266 (1)
Lrd5 QPm.sfr-A Xunl216a (2)
Pmé6 Yrl7 Xunll45 (1)
Sr32 L2 2BS-3-2BS-14
Sr34 Lrl5° 0.79-0.84
S§r39 Lr23
Yrl Lr28°
Yrio Sr6
Yr27 Lri3 XBE518335a (4) 2BS-1-2DS-5
Yr8° Sr19 XBE591764 (4) 0.47-0.53
YrSte Sr36 XBF483292° (1)
Yrv23 Xunll47 (1)
Xunll49 (5)
Crel Lr35¢ XBE404328 (1) 2DL-4-2BL-3
Snb2 Sr21° Xunll10 (5) 0.26-0.35
Sr20 Sr9 2DL-3-2DIL-10
Ut-x Yr7 0.47-0.47
Y5
Sr28 nd" 2DL-6 to telomere
Srl6 0.95-1.00
Pm4
Qpm.sfr-D
Q.Fhs.ndsu-A

(continued)
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TABLE 5
(Continued)

Unknown

Short/long arm*

Wheat R loci

Candidate loci’

DL and FL value

H24
Rkn-mnl
Sr27

YrS

YrSte2 YrTr2

H26
Lri2
Lrl6*
Pml6
Sr41
Yr22
YrCle
YrHVIIYr
YrMor
YrND
YrYam

H3
H6
H7
H9
HI10
HIi2
HI14
HI5
HIo6
HI17
H28
H29
Pm23
Yrl9
YrDa2
YrDru

Sri2
Lr38¢

Snbl
SnbTM

Yr28

H25
Lr3
Lr30
Sr37
Wsm 1

Lr38°
QPm.sfr-A
Snb3

Group 3
Lr27
Lr32
Pm13
Sr2
YrnsB1
QFhs.ndsu-B

Qpm.sfr-D

Sri2

Lr24t
Sr24
Sr35

Group 4

Lr25
Pm7
Lr30

Lr28°
Sr7

Qpm.sfr-D

Group 5
Pm2

Crr

Lrl8

Sr30¢

Lrl%¢
Qkb.cnl.5A.2

XBE442854b (3)
XBE492937b (3)
XBF483203 (1)
XBE444148 (1)
XBE499177 (1)
XBF200008a (1)
XBE637850" (3)
Xunll67 (1)
Xunll53 (1)
XBE607075 (1)
Xunll50 (1)
XBE405711 (1)
XBE499910 (1)
Xunl130b (5)
XBF482366 (1)
XBE591154 (1)
Xunll32 (1)

XBE445244a (1)
Xunl216b (2)
Xunll64b (5)
Xunll98b (5)
XBE403251b (1)
XBE426789 (1)
XBE426790c (1)
Xunll98a (5)
Xunll33 (5)
Xunll64a (5)
Xunll81 (5)
XBIF201403 (1)
XBE444404 (1)
Xunll63 (6)
XBE497251b (1)
Xunll24 (1)
Xunl129 (5)

XBE406845a’ (1)
XBM136556a (1)
XBF201229 (3)
XBE498327 (1)
XBM137909 (1)
XBE406845b (1)
XBE445244b(1)
Xunl140° (3)
XBM136556b(1)
XBF484437 (1)
Xunl216¢! (2)
XBG604429 (1)
XBF482744 (1)
Xunl218 (5)
Xunl123 (1)
Xunlll9a (1)
Xunll74 (1)
Xunll17 (1)

3BS-3 to telomere
0.87-1.00

3DL-1-3BL-2
0.23-0.27

3AL-5 to telomere
0.78-1.00

4DS-2 to telomere
0.82-1.00

4DS-1-4DS-3
0.53 to 0.67

4DL-1-4DL-3
0.46-0.51

4BL-1 to telomere
0.86-1.00

5DS-5-5AS-3
0.67-0.75
5BL-1-5BL-16
0.55-0.78

(continued)
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TABLE 5
(Continued)
Unknown Short/long arm* Wheat R loci Candidate loci’ DL and FL value
Xunll21 (6)
Xunll04 (3)
Xunll09 (5)
Xunll52a (2)
Xunlll3 (3)
Xunll38 (6)
Xunll4la (5)
Xunll66 (5)
Xunll69 (5)
Xunl191 (5)
Xunl213a (6)
Xunl214a (5)
Xunl217 (5)
XBE442802b° (3)
Group 6
Pm14 Cml Lr36 XBF478914 (1) 6BS-8 to telomere
Pm24 Pmll Sr5 XBG607637 (1) 0.90%-1.00
Yr20 PmlI2 Sr8 XBF200008b (1)
Yr23 Pm21 Lr9 XBF478914 (1)
Yrd Pm27 Qpm.sfr-B Xunl190 (5)
YD Sr42 Xunl127 (1) 6DS-1-6AS-5
YrDru Yr26 Xunll22 (2) 0.54-0.65
YrDru2Yr Xunl213b (6)
H46 Xunl214b/ (5)
YrTrl H23 HI3 XBE500158 (1) 6AL-8 to telomere
YrTy e H24 Lr3 XBF199778 (1) 0.90-1.00
H25 Sril XBE403251a (1)
Lr38° Sri3 XBE426789% (1)
Pm20 Sr29 XBE426790a (1)
Sr26 XBM137173 (1)
XBE405507° (1)
Xunll54° (6)
Xunll194° (1)
Group 7
Dnl Budl XBE591190 (1) 7AS1 to telomere
Gb3 Lr2 Xunll15 (5) 0.89-1.00
Lr43 Pml>5 Xunl120 (5)
PmlI9 Pml8 Lr34¢ Xunll73 (1) 7AS-10-7DS-4
Yr2 Sr44 Lr Mod Xunll34 (5) 0.45-0.61
Yri8 Xunll57 (5)
Yro Xunl214c® (5)
Dn2 Pm5 XBE403270 (2) 7AL-11-7BL-7
Dn5 Lr19 BE443579 (2) 0.40-0.48
Lr20 Sr25 Xunll51 (6)
LrVPM Sr22 Xunll88 (5)
Pchl Xunl219 (5)
Pch2 Xunll79 (5)
Srl5 XBE518335b (4) 7AL-5-7BL-5
Srd XBE426789% (1) 0.63-0.69
XBE426790b (1)
Xunll70 (5) 7BL-10-7BL-13
Xunl204 (1) 0.78-0.79
Pml XBE405003 (1) 7BL-11 to telomere
Sr20 XBE405507a (1) 0.86-1.00
Lrl5° XBF200008¢ (1)

(continued)
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TABLE 5
(Continued)
Unknown Short/long arm* Wheat Rloci Candidate loci’ DL and FL value
Sr17 XBE518338a (1)
Pm9 Xunl194b (1)
Lrl4a
QPm.sfr-B2
QLr.stf-B

“Bt, reaction to Tulletia spp.; Cm, reaction to Eriophyes tulipae; Cre, reaction to Heterodera avenae; Crr, reaction
to Cochliobolus sativus; Dn, reaction to Diuraphis noxia; Gb, reaction to Toxoptera graminum; H, reaction to Mayetiola
destructor; Kb, reaction to Tilletia indica; Lr, reaction to Puccinia recondite; Pch, reaction to Pseudocercosporella
herpotrichoides; Pm, reaction to Erysiphe graminis; Rkn, reaction to Meloidogyne spp.; Snb, reaction to Phaeosphaeria
nodorum; Sr, reaction to Puccinia graminis; Ut, reaction to Ustilago tritici; Wsm, reaction to Wheat streak mosaic
virus; Yr, reaction to Puccinia striiformis.

"The numbers in parentheses stand for the following: I, NB/LRR type; 2, RLK type; 3, PK type; 4, Hml

type; 5, NB/kinase encoding; 6, PR type.

‘The genes are reported to be mapped to more than one chromosome.
¢ QTL associated with markers with a <10-cM interval were included.
‘Locus is placed in the regions; however, mapping information is lacking on A, B, or D genomes or on any

two genomes.

/Locus is outside of the region in parentheses, although in very close proximity.

¢ Rgene loci may be outside of the region.
"Regions did not contain any candidate R gene.
‘The FL values are given tentatively.

R gene (DM3; http://www.ncbi.nlm.nih.gov/entrez; SHEN
et al. 2002). Our comparison for six major plants, each
with an average of 200,000 ESTs, revealed that only
~5% of the RGAs are expressed (data not shown). The
remaining are either nonfunctional or rare transcripts.

Pattern of gene expression is very different among
the cloned R genes. About 81% of the R genes appear
to be rare transcripts as no EST is present for 32% and
only one or two for the remaining (data not shown).
Expression of 19% of the cloned R genes is very high,
making it very difficult to clone the rare transcripts by
any random cloning and sequencing approaches. We

targeted the expressed R genes by using cDNA instead
of the genomic DNA. We made our approach indepen-
dent of expression by size separating on denaturing
polyacrylamide gels. As a result, bands corresponding
to abundant as well as rare transcripts were visible with
similar intensity. Success of this approach can be real-
ized from the fact that sequencing only 385 clones iden-
tified 121 unique sequences. Of these, 92 were rare
transcripts, including 73 unique sequences for which no
wheat homologs or ESTs were observed in the database.
Only a subset of the identified sequences contained the
GLPL motif, as observed among the cloned R genes.

TABLE 6

Comparison of phenotypically characterized wheat R genes and mapped candidate R-gene sequences

Morphologically confirmed R genes’

Candidate R-gene sequences’

Groups* Short Long Total Short Long Total
1 16 (4) — (5) 16 (44) 13 9 22
2 16 (4) 10 (4) 26 (51) 13 2 15
3 7 (2) 4 (2) 11 (17) 9 8 17
4 3 (1) 3 (5) 6 (24) 8 8 16
5 1 (2) 5 (1) 6 (25) 2 29 31
6 5 (7) 6 (5) 11 (34) 9 10 19
7 2 (7) 12 (8) 14 (34) 7 16 23
Total 50 (77) 40 (70) 90 (229) 61 82 143

“Each group represents a consensus physical chromosome in Figure 2.
’Numbers outside and inside the parentheses represent the number of wheat R genes located and not

located, respectively, in any physical region in Table 4.

‘Some sequences map to multiple loci.
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These results suggest that using both GLPL and the
poly(A)™ tail primers was a worthwhile approach.

Various approaches to compare structural resem-
blance to the known Rgenes identified 99 Rgene candi-
dates from the identified EST sequences. Including the
121 identified by RNA fingerprinting, all 220 expressed
sequences showed varying levels of structural similarity
to the known R genes. Detailed sequence analysis of
these R-gene candidates is given by M. DILBIRLIGI and
K. S. GiLL (unpublished results). Of these R-gene candi-
dates, 129 belong to the NB/LRR class, 38 to other
types of R genes, and 17 are PR genes. The sequence
similarity, presence, and location of the domains and
motifs and other structural features of the 38 sequences
matched with those of Pto, Xa21, Hml, or HsI""! R genes
(Table 3). The remaining 36 of the 220 sequences had
only a p-loop. No other R-gene motif or domain was
observed, probably because of the shorter size of the
sequences. Although many of these may structurally re-
semble known R genes, these sequences were not used
for physical mapping.

A total of 229 genes conferring resistance to various
wheat pests have been characterized and mapped on
the chromosomes. Of these, 110 have been mapped
relative to DNA markers whereas only arm location is
known for 57. We were able to precisely localize 90 of
these genes relative to deletion breakpoints (Figure 2;
online supplemental Figure 4 at http:/www.genetics.
org/supplemental/; Table 5). It was not possible to
physically map 20 R genes because the markers linked
to these were mainly randomly amplified polymorphic
DNA or amplified fragment length polymorphism types
and thus were not present on the consensus genetic
linkage map.

Although the phenotypically characterized R genes
were present on all chromosomes, wheat homeologous
groups I and 2 had the greatest number: 92 of the 229.
Wheat groups 3 and 4 contained the lowest number:
44 of 229. Most of the wheat R genes are present in the
telomeric or subtelomeric regions. About 75% of the
wheat R genes mapped in the distal 20% of the chromo-
somes. All 90 R genes were clustered in ~12% of the
wheat genome present as 20 small chromosomal re-
gions. Five of these regions contained major R-gene
clusters, accounting for ~50% of the R genes (Figure
3). Clustering of R genes has also been observed in
other plant species such as Arabidopsis, soybean, maize,
and lettuce (BOTELLA et al. 1997; MEYERS ef al. 1999;
CHIN et al. 2001; RicHLY et al. 2002). This clustering
of R genes may have resulted from duplication events
caused by unusual types of recombination that have
been observed around R genes of various plants (CHIN
et al. 2001; SuN et al. 2001; SHEN et al. 2002).

The distribution of the R-gene candidates on wheat
chromosomes was very similar to that of the phenotypi-
cally characterized R genes. All 121 R-gene candidates
mapped in 26 chromosomal regions, including the 20

in which phenotypically characterized wheat R genes
mapped. The relative distribution of R-gene candidates
among various regions roughly matched that of the
known R genes (Figure 3; Table 5). The five major R
gene cluster regions that account for ~50% of the
known R genes contained 43 of the Rgene candidates
(Figure 3; Table 5). Further characterization is neces-
sary for finding a particular Rgene candidate corre-
sponding to a particular disease.
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