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ABSTRACT Comparative genomic analysis at the genetic-
map level has shown extensive conservation of the gene order
between the different grass genomes in many chromosomal
regions. However, little is known about the gene organization
in grass genomes at the microlevel. Comparison of gene-
coding regions between maize, rice, and sorghum showed that
the distance between the genes is correlated with the genome
size. We have investigated the microcolinearity at Lrk gene loci
in the genomes of four grass species: wheat, barley, maize, and
rice. The Lrk genes, which encode receptor-like kinases, were
found to be consistently associated with another type of
receptor-like kinase (Tak) on chromosome groups 1 and 3 in
Triticeae and on chromosomes homoeologous to Triticeae
group 3 in the other grass genomes. On Triticeae chromosome
group 1, Tak and Lrk together with genes putatively encoding
NBS/LRR proteins form a cluster of genes possibly involved
in signal transduction. Comparison of the gene composition at
orthologous Lrk loci in wheat, barley, and rice revealed a
maximal gene density of one gene per 4-5 kb, very similar to
the gene density in Arabidopsis thaliana. We conclude that
small and large grass genomes contain regions that are highly
enriched in genes with very little or no repetitive DNA. The
comparison of the gene organization suggested various ge-
nome rearrangements during the evolution of the different
grass species.

The extensive contiguous genomic sequencing of the dicot
model species Arabidopsis thaliana (1) has shown that the gene
density is of about one gene every 4-5 kb (2). However, A.
thaliana has a small genome and low amount of repetitive DNA
compared with other plant species with more complex ge-
nomes. Grass genomes are highly variable in size, ranging from
diploid species with 415 Mb in rice to 16,000 Mb in the
hexaploid wheat. The accumulation of repetitive sequences,
which can represent up to 80%;, such as in wheat (3), raises the
question of the gene distribution in these complex genomes.
Comparative mapping studies have established syntenic rela-
tionships between the different chromosome groups in the
grass genomes (4). Most of these studies have been performed
at the genetic map level, and little is known about the
consequences of the evolutionary divergence on the gene
composition and organization at the molecular level. Recent
analysis of large, orthologous genomic fragments from maize,
rice, and sorghum genomes demonstrated that the gene density
varies in correlation with the genome size. Indeed, at the
Sh2/Al region, the intergenic regions were about 7 times
longer in maize compared with the orthologous regions in rice
and sorghum (5). At the Adhl/u22 locus, the genes were
separated by more than 120 kb in maize, whereas the ortholo-
gous genes in sorghum were only 50 kb apart (6). Molecular
analysis of 280 kb at the maize Adhl locus demonstrated the
presence of 10 retroelement families representing 60% of the
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DNA (7). These studies suggested that the discrepancy in the
size of the intergenic regions in different grasses correlated
with the accumulation of repeated elements between the genes
in large genome species. Very little data are available on the
gene distribution in large and complex genomes of barley and
wheat. In barley, a gene density of one gene every 20 kb was
found in the region surrounding the mlo gene (8). In wheat,
Gill et al. (9) demonstrated by deletion mapping that the genes
are distributed nonrandomly in gene-rich regions at the distal
end of chromosome group 1. Recently, the analysis of a
genomic fragment at a starch-branching enzyme I locus on
chromosome 7D in Triticum tauschii (10) showed the presence
of three tandemly repeated genes within 16 kb.

Here, we isolated and compared genomic fragments up to 23
kb in size surrounding the receptor-like kinase gene Lrk10 (11)
on Triticeae homoeologous chromosome groups 1 and 3 in
wheat, barley, maize, and rice. Comparison of the gene com-
position and organization at both chromosomal locations
revealed at the microlevel the presence of gene-rich regions in
the different grass genomes and indicated the emergence of
different receptor-like kinase gene families during evolution.
The finding of high-gene-density regions independent of the
genome size is of importance for map-based cloning in large
genomes.

MATERIALS AND METHODS

A and Yeast Artificial Chromosome (YAC) Library Screen-
ing. Genomic libraries from wheat (Triticum aestivum, var.
ThatcherLr10) and barley (Hordeum vulgare, var. Igri) (Strat-
agene) were screened with the 3?P-labeled pLrk10-A wheat
probe (12) under high (65°C) stringency. The barley genomic
library was also screened under high stringency with a 32P-
labeled 610-bp HindIII/EcoRV fragment of the wheat clone
3ASLrk. Genomic libraries from rice (Oryza sativa, var. IR36)
and maize (Zea mays, var. B73) (CLONTECH) were screened
with the 3?P-labeled pLrk10-A probe under low (50°C) strin-
gency. A barley (H. vulgare, var. Franka) YAC library
(MALTAGEN) was screened by PCR by using primers (5'-
GGAAGTTAGCATGCTCGG-3" and 5'-CATACCGCCAG-
GCATACAG-3’) designed in conserved sequences of the
extracellular domain of the HvlLrk1 and HvlLrk2 genes. The
YAC sublibrary was constructed in AZAPII (Stratagene)
according to Whittaker and Rakesh (13). The library was
screened with the 32P-labeled probe pLrk10-A as well as probes
corresponding to the nucleotide-binding site (NBS) regions of
HVI1LRR1 and HV1LRR2. The NBS region of HVILRRI1 was
obtained by PCR amplification on HvlLrrl (AF108008) with
the primers 5-CACTCTTGTTGATCATGTGT-3" and 5'-

Abbreviations: NBS, nucleotide-binding site; LRR, leucine-rich re-
peats; YAC, yeast artificial chromosome.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. U76215, U78762,
AF085164-AF085169, AF100764-AF100771, and AF108008-
AF108015).
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AAGCTGACCTTTAGGATC-3". The NBS region of
HVI1LRR2 consisted of a EcoRI/Notl fragment of 1.4 kb
isolated from Hv1Lrr2 (AF108010).

Sequence Analysis. Sequencing reactions were performed
with the Thermo Sequenase cycle sequencing kit (Amersham)
according to the instructions of the manufacturer and subse-
quently were run on an automatic DNA sequencer. The
sequences were analyzed with GCG software (Wisconsin
Package), BCM GENEFINDER software, and the BLAST program
of the National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov/).

Genetic Mapping. Linkage analysis in wheat and barley was
performed as described previously (14). Mapping in maize was
performed on 56 F, plants from a cross between the inbred
lines Tx303 and CO159 at the University of Missouri-
Columbia.

RESULTS

A Cluster of Receptor-Like Kinase Genes Is Located in a
Gene-Rich Region on Wheat and Barley Chromosome Group
1. To investigate the gene density and gene organization at the
Lrk10 locus (11) in wheat, a genomic fragment of 13,887 bp
(AW1AS) containing the Lrkl0 gene was isolated and char-
acterized. Two additional genes were found upstream from
Lrk10 (Fig. 1a). At a 620-bp distance from the LrkI0 transla-
tion start site, a second gene encoding another receptor-like
kinase (Tukl0, U78762) starts in reverse orientation. The
TAKI10 protein showed high homology (68%) to LRK10 in the
Ser/Thr kinase domain. In addition, the Takl0 gene contains
two introns at positions similar to those of Lrk10, i.e., the first
intron at the end of the extracellular domain and the second
one within the transmembrane domain. No extensive homo-
logy was detected at the nucleotide and amino acid sequence
levels between the extracellular domains, the transmembrane,
and the charged domains of LRK10 and TAK10. However, a
number of amino acids were conserved at similar positions
between the two proteins. The best conservation was found in
a stretch of 10 residues (GXYXVS/TAIXY) between posi-
tions 87 and 96 of the LRK10 sequence and positions 83 and
92 in TAK10. This suggests that Lrk10 and Tak10 have evolved
from a common ancestor gene.

At 618 bp upstream from Tak!l0, we found a gene of 2,630
bp (yLrr10) (Fig. la), which showed 50% homology at the
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nucleotide sequence level with RPM1, a resistance gene from
A. thaliana against a bacterial disease (15). RPM1 belongs to
the resistance gene class encoding intracellular NBS/LRR
types of proteins. However, yLrrl0 (U76215) is probably a
pseudogene because the coding sequence for the first 70 aa at
the N-terminal sequence is lacking compared with RPM1. In
addition, there is a frameshift mutation at position 943 and an
in-frame stop codon at position 1327. Thus, within 14 kb, at the
locus encoding the leaf rust-resistance gene LrI/0 (11) on
chromosome 1AS, there are two genes encoding receptor-like
kinases and one pseudogene homologous to resistance genes.

To compare the conservation of gene organization between
the Triticeae genomes, we isolated the corresponding region
from barley. Under high stringency, the extracellular domain
of Lrkl10 (pLrk10-A) hybridized with two unique Xbal frag-
ments that cosegregated on barley chromosome 1HS (14). We
screened a barley genomic library and isolated fragments
corresponding to the two loci (XHvI.1 and XHv1.2) detected
by Southern hybridization (Fig. 15). DNA stretches of 23 and
5 kb were sequenced at the XHv1.1 and XHvI1.2 loci, respec-
tively. At the XHvI.I locus, we detected two genes, HvILrkl
and HvITakl, homologous to Lrk10 and Takl10, respectively.
Similarly, two genes, HvILrk2 and HvITak2, were found at the
XHvl1.2 locus (Fig. 1b). The relative orientation of the HvILrk
and HvITak genes was identical to the gene organization found
on wheat chromosome 1AS (Fig. 1a), i.e., HvILrk and HvITak
genes were found in opposite orientation (Fig. 1»). Compar-
ison of both barley HvlLRK1/HvILRK2 and HvITAK1/
HvITAK2 proteins with the wheat LRK10 and TAKI10, re-
spectively, showed up to 79% homology at the amino acid level.

Three additional genes (HvILrrl, HvILrr2, and HvIPST)
were found at the XHv1.1 locus, upstream from HvITak! (Fig.
1b). HviLrrl and HvILrr2 encode proteins with sequences
characteristic for NBS/LRR proteins. HvILrrl had an ORF of
865 aa and showed 85% homology with ¢yLRR10 at the amino
acid level. Hv1Lrr2, which had an ORF of 591 aa, was only 45%
homologous to HV1LRR1 and showed the best homology with
R6, a resistance gene analogue isolated by PCR from rice by
Leister et al. (16). Because of the presence of two successive
stop codons at position 1832, Hv1LRR2 had a shorter LRR
domain compared with Hv1LRR1 and RPM1. Alternatively,
HvIiLrr2 could be a pseudogene because the 890 bp after the
stop codons showed homology at the amino acid level to the
LRR domains of Hv1LRR1 and RPM1. A GENEFINDER anal-
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FiG. 1. Physical maps of the wheat and barley loci orthologous to Lrk10. (a) Wheat genomic fragment (\W1AS) containing the three genes,
Lrk10, Tak10, and Lrr10. (b) Two barley loci, XHvI.1 and XHvI1.2, containing the HvILrkl, HviLrk2, HvITakl, HvlTak2, HvlLrrl, and HvILrr2
genes homologous to the wheat Lrk10, Takl0, and Lrr10, respectively. The HvIPST gene corresponds to an ORF of 226 aa detected by BcM
GENEFINDER. The solid arrows start at the putative translation start sites (ATG) and indicate the direction of transcription. The black boxes represent
the introns (I1 and 12) found in the receptor-like kinase genes whereas the open arrows indicate interruptions in ORFs.
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ysis with the nucleotide sequence between HvILrrl and
HviLrr2 detected an ORF of 226 aa (HvIPST), showing no
homology with known proteins in the databases. A DNA
stretch of 1.5 kb between HvIPST and HvILrr2 showed 50%
homology with a putative reverse transcriptase of A. thaliana.
These data demonstrated a very good conservation of the gene
organization between wheat and barley in a region with a high
gene density (five genes in 23 kb) in the distal part of the short
arm of chromosome group 1.

The gene density was studied in an extended region around
the XHvI loci. A barley YAC library was screened by PCR by
using primers corresponding to conserved sequences of the
extracellular domain of HvILrkl and HviLrk2. A YAC clone
(Y102) of about 160 kb was isolated and analyzed. Restriction
digests and subsequent hybridization with Lrk10 and Tak10 as
probes demonstrated that the HvILrkl, HviTakl, HvILrk2,
and HvITak2 genes were all present on this YAC. Moreover,
PCR amplification products were obtained from Y102 DNA by
using primers that were specific for either HvILrkl or
HviLrk2. To confirm these data at the sequence level, a A
library was constructed from Y102 DNA and screened with the
pLrk10-A probe. Sequencing of both A clones and specific PCR
products confirmed that the HviLrkl/Takl and HvILrk2/
Tak2 gene clusters were present on this fragment. Thus, the
XHvl.1 and XHv1.2 loci are not separated from each other by
more than 150 kb.

Southern hybridization of restricted Y102 DNA with probes
corresponding to the NBS sequence derived from HvILrrl and
HvIiLrr2 suggested that several genes containing a NBS similar
to HvILrrl and one gene containing a NBS similar to HvILrr2
were present on the 160-kb fragment. Partial sequences of
several genes (AF108011-AF108015) were obtained after iso-
lation of clones either by screening the A library with the
HviLrrl NBS probe or by PCR amplification on YAC 102
DNA with primers encompassing this NBS region. Compari-
son at the nucleotide level of independent clones demonstrated
the presence of at least five different genes containing NBS
motives similar to HvILrrl in this region. These results show
that a total of at least 11 genes are present in this barley
genomic region of 160 kb corresponding to a gene density of
at least 1 gene per 15 kb. Thus, the Lrk/Tak genes are located
in a region of very high gene density on chromosome 1 in the
Triticeae.

Lrki10-Related Genes Are Present on Homoeologous Chro-
mosome Group 3 in the Triticeae and in the Homologous
Chromosomes in Rice and Maize. We have shown that LrkI0
belongs to a gene family that is located on group 1 chromo-
somes in wheat. Under high stringency, hybridization with the
extracellular domain of Lrk10 detected only fragments located
on chromosomes 1A, 1B, and 1D (12). However, when the
kinase domain of Lrk10 was hybridized at high stringency or
the extracellular domain at low stringency, we detected hy-
bridizing fragments on chromosomes 3A and 3B (14). We
isolated and characterized two wheat genomic sequences
(3ASLrk and 3BSLrk) on group 3 chromosomes. Linkage
analysis in wheat demonstrated that 34SLrk and 3BSLrk were
located on chromosomes 3A and 3B, respectively. Sequencing
analysis showed that 34SLrk contained a Lrk type of gene with
the same intron/exon organization as LrkI0 (Fig. 2). When
compared with the Lrkl0 sequence, an insertion of 8 bp
(AATAATAG), which could correspond to a transposon
footprint, introduced a frameshift after amino acid 34. How-
ever, an in-frame ATG codon after the frameshift could be an
alternative translation start site leading to a LRK protein
without signal peptide. The 3BSLrk fragment contains, at one
end, the last 220 aa of a Ser/Thr kinase domain of the TAK
type and, at the other end, the first 130 aa of an extracellular
domain of the LRK type (Fig. 2). This suggests that both Lrk
and Tak types of genes are present on wheat chromosome
group 3.
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FiG. 2. Physical maps of two genomic fragments (34SLrk and
3BSLrk) located in wheat chromosome group 3. The black boxes show
the two introns (I1 and 12) of 34SLrk. The solid arrows indicate the
direction of the transcription. The open arrow indicates a frameshift
in the ORF of the 34SLrk sequence. ATG and TAA indicate the
translation start site and the stop codon of the Lrk and Tak types of
genes found on 3BSLrk, respectively.

To compare the gene composition and organization at
orthologous loci on the Triticeae chromosome group 3, the
corresponding region on barley chromosome 3HS was ana-
lyzed. A gene of the Lrk type (Hv3Lrk) was found in opposite
orientation to a gene of the Tak type (Hv3Tak) (Fig. 3a). A
frameshift resulting from a deletion event occurred at the
N-terminal sequence of Hv3Lrk at amino acid 35, i.e., at a very
similar but not identical position as in the 34SLrk gene in
wheat. The intron/exon positions were identical to the Lrk10
type. In Hv3Tak, only the positions of exons 1 and 3 were well
conserved.

To study the conservation of the Lrk/Tak locus in other
grass genomes, the orthologous loci were isolated from maize
and rice. On a rice genomic fragment, (AOs8, 14,185 bp), three
genes (Os8Takl, Os8Tak2, and Os8Tak3) homologous to
Tak10 were found as well as one gene (Os8Lrk) homologous
to Lrk10 (Fig. 3b). The distance between the different genes
did not exceed 2 kb. When compared with the sequence of
Lrk10, a point mutation was detected at the translation start
(AAQG) site of OsSLrk. Analysis of the three Os8Tak genes
showed similar size and spacing for exons 1 and exon 3
compared with Takl0. A short, isolated sequence of 184 bp
located between the Os8Tak1 and the Os8Tak2 genes was 92%
identical to the kinase domain VII of Os8Tak2 between
positions 3,334 and 3,518. This suggests that rearrangements
occurred in this region. This very high gene density was
confirmed by the partial analysis of other rice A clones (data
not shown). This result confirms the Southern hybridization
data that indicated the presence of a large gene family of
receptor-like kinase related to Lrk10 at the distal end of
chromosome 1 in rice (14). Interestingly, this region has been
shown to be syntenic to the chromosome group 3S of the
Triticeae (17).

On the maize genomic fragment, two genes (Zm2Lrk and
Zm2Tak) homologous to Lrk10 and Takl0 were found (Fig.
3c). A retrotransposon (RT) showing 98% identity at the
nucleotide level with the maize RT colonistl interrupted the
sequence within the first intron of Zm2Lrk. Downstream of
the retrotransposon, the sequence showed 70% homology
with the noncoding region of the 22-kDa zein cluster de-
scribed by Llaca and Messing (18). Genetic mapping of
Zm2Lrk showed that two loci cosegregated on the short arm
of chromosome 8. This region (bin 8.02) has been shown to
be homologous to Triticeae chromosome group 3 (19). Thus,
the Lrk- and Tak-related genes that were isolated here from
maize and rice are located in chromosomal regions homol-
ogous to group 3 of the Triticeae. No orthologous genes of
the group 1 loci in the Triticeae were found in maize or rice,
either by genetic mapping or by gene isolation.
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F1G. 3. Physical maps of the genetic loci orthologous to wheat chromosome group 3 from barley (), rice (b), and maize (c). The solid arrows
start at the translation start site (ATG) and indicate the orientation of the transcription. The open arrows indicate the frameshift in the Hv3Lrk
sequence and the point mutation at the Os8Lrk translation start site. The black boxes indicate the introns (I1, 12, and I3). The arrowhead indicates
the 184-bp partial kinase sequence found between Os8Takl and Os8Tak2. The hatched box indicates the location of the retrotransposon (RT)
homologous to colonist 1 in intron 1 of Zm2Lrkl1. The dotted box indicates the sequence showing 70% homology with the maize 22-kDa zein cluster.

Comparison of the Orthologous Lrk/Tak Clusters Sug-
gested Various Rearrangements During the Evolution in the
Different Grass Genomes. Comparison of the extracellular
domains of the Lrk genes located on chromosome group 3
(34SLrk) and group 1 (Lrk10) in wheat showed about 48%
homology at the amino acid level. Similarly, in barley Hv3Lrk
(on chromosome 3HS) and HvILrkl/HvILrk2 (on chromo-
some 1HS) are 50% homologous at the amino acid level. In
contrast, there is about 72% homology between Lrk10 from
wheat and HvILrkl/HvILrk2 from barley, which are located
on chromosome 1AS and 1HS, respectively. Likewise, there is
78% homology between 34SLrk from wheat and Hv3Lrk from
barley. The same comparison was made with the Lrk genes of
maize and rice, which are located on chromosomes corre-
sponding to group 3 of the Triticeae. The best homology (59%)
was found with the wheat and barley Lrk genes of group 3.
Comparison of all the sequences resulted in two clearly distinct
groups of genes corresponding to the two different chromo-
somal locations on Triticeae chromosome groups 1 and 3 (Fig.
4). These results confirmed the orthologous relationships
established by cross-genome restriction fragment length poly-
morphism analysis between the different grass chromosomes
at the sequence level. A model of the origin and the evolution
of the Lrk/Tak clusters in the Poaceae family is given in Fig.
5. Lrk and Tak would have arisen from a common ancestor
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Lrk10 J
3ASLrk )

— Hv3Lrk
—— Os8Lrk
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Fi1G. 4. Amino acid sequence comparison of Lrk gene products
isolated from barley (HvILrkl, HvILrk2, and Hv3Lrk), wheat (Lrk10
and 3ASLrk), rice (Os8Lrk), and maize (Zm2Lrk). The extracellular
domains of genes related to wheat gene Lrk/0 showed two groups of
homology corresponding to the Triticeae-homologous chromosome
groups 1 and 3.

gene by duplication followed by an inversion on a chromosome
homologous to the actual Triticeae group 3. The cluster then
evolved by differential rearrangements in the different sub-
families. In the Pooideae subfamily, a duplication followed by
a translocation occurred between segments of chromosomes 3
and 1 leading to the Lrk/Tak clusters found on the Triticeae
chromosome groups 3 and 1. In maize, the detection of two loci
on chromosome 8§ also suggested duplication whereas the gene
organization in rice indicated that several duplications and
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F1G. 5. Schematic representation of the putative evolution of the
receptor-like kinase gene families Lrk and Tak in grass genomes. RT,
retrotransposon; shaded boxes represent rearrangements such as
deletions by unequal crossing over.
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rearrangements occurred possibly because of unequal crossing
over.

DISCUSSION

Organization and Gene Density at Receptor-Like Kinase
Gene Clusters in Grass Genomes. On Triticeae chromosome
group 1, we identified and analyzed a high-gene-density region
with four genes encoding receptor-like kinases (Lrk/Tak) and
six or more genes encoding sequences that are characteristic
for NBS and LRR. The molecular characterization of a
gene-rich region at the distal end of chromosome group 1
confirms the conclusion of Gill er al. (9) from cytogenetic
analysis in wheat. The authors identified small regions of high
marker density interspersed by large chromosomal regions that
were poor in markers. Two major marker clusters were defined
on the short arm of chromosome group 1. One of them (FL
0.85) containing several genes of agronomic interest encom-
passes the genomic regions that were analyzed in this study. By
sequencing wheat and barley fragments isolated from this
region we found that the distance between the genes ranged
from 450 bp to a maximum of 7 kb. Interestingly, Rahman et
al. (10) found three genes within 16 kb encoding starch-
branching enzymes I on chromosome 7DS of T. tauschii.
However, these genes were tandemly repeated sequences. In
the rice cluster on chromosome 1, the maximal distance found
between the receptor-like kinase genes was 2 kb. The gene
density observed around the LrkI0 gene and its homologues is
considerably higher than what has been found in rice, maize,
and sorghum at the Adhl/u22 and Sh2/AI loci (5, 6, 20). At
these loci, the genes were separated from each other by 20- to
140-kb regions of noncoding and/or repeated sequences. In
barley, Panstruga et al. (8) found a gene density of one gene
per 20 kb around the mlo gene. In this study, we found regions
with a gene density of one gene every 4-5 kb similar to the gene
density observed in A. thaliana (2). Bennetzen et al. (6)
suggested that the length of the intergenic regions is correlated
with the genome size, i.e., larger genomes would have accu-
mulated noncoding sequences between the single-copy genes.
Despite the genome size difference between rice (415 Mbp),
barley (5,000 Mbp), and wheat (16,000 Mbp), the intergenic
regions at the Lrk loci were of comparable length. In addition,
we did not detect extensive repeated structures in the vicinity
of the genes characterized in the different genomic regions.
Interestingly, in rice, sorghum (5), and barley (8), the analysis
of the intergenic regions also showed the presence of very few
retroelements as compared with their abundance in maize (7).
This might indicate that the dynamic structure of the maize
genome with its active transposable element system is very
distinct from the genomes of other grass species.

Genes and Gene Families at the Lrk/Tak Loci in Grass
Genomes. We analyzed and compared the gene composition at
loci of the receptor-like kinase gene family Lrk (12) in wheat,
barley, rice, and maize. In all cases, a second, distinct type of
receptor-like kinase (Tak, Triticum aestivum kinase) was found
in association with the Lrk type of genes. Moreover, the
relative position and orientation of both genes were identical
for all the species, i.e., the Lrk genes were always found in
opposite orientation to the 7ak genes. The physical distance
between the genes varied between 450 bp and 1.2 kb, suggest-
ing that both genes share a bidirectional promoter. The
conservation of the gene organization of Lrk and Tak during
the evolution without any obvious rearrangement raises the
question of whether there is a selection pressure to maintain
this organization as a functional unit. The clustering of dif-
ferent genes that are involved in specific signal transduction
pathways already has been reported at several disease-
resistance loci in plants. For example, the Ml-al2 gene and a
modifier gene of its action are linked closely in barley (21).
There is also a tight linkage between the Pfo and Pfr genes in
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tomato (22). However, in the examples mentioned above, the
genes were physically separated by some kilobases and en-
coded different protein types. To our knowledge, Lrk and Tak
genes represent the first example of a tight association of
receptor-like kinase genes in plants.

On the distal end of the Triticeae chromosome group 1,
receptor-like kinase genes are found in the vicinity of genes
that putatively encode proteins containing NBS and LRR.
Moreover, the analysis of a large genomic region in barley
suggested the presence of several NBS/LRR genes. Although
we cannot ensure yet that they are all functional, the finding
of a number of genes that possibly are involved in signal
transduction in the vicinity of disease-resistance loci (Lr10/
Pm3 in wheat; Ml-a alleles in barley) is highly interesting. In
regard to the studies of disease-resistance gene loci, the type
of genes (receptor-like kinase- and LRR-containing genes)
that are associated here is intriguing. Indeed, two different
types of genes, i.e., genes having a kinase domain and/or a
leucine-rich repeat domain, have been found at disease-
resistance loci (23), and the question of whether both com-
ponents are necessary for resistance expression is still open
(24). In the case of the resistance to Pseudomonas syringae in
tomato, it is clear that both the Pfo kinase and the Pfr
NBS/LRR genes are necessary to express a specific resistance
reaction (22).

Molecular Evolution at the Lrk/Tak Receptor-Like Kinase
in Grass Genomes. Lrk/Tak gene clusters were found on
homologous chromosomes of the Triticeae group 3 in the four
grass species examined whereas the locus on chromosome
group 1 was found only in barley and wheat. This suggests that
the emergence of the group 1 Lrk/Tak cluster occurred after
the Triticeae speciation, about 10 millions years ago, relatively
late in the evolution of the Poaceae family. Comparison of the
gene organization and gene composition at both chromosomal
locations between the different species showed that there is
more homology between the genes located on homoeologous
chromosomes in different plant species than between the genes
located on different chromosomes within the same species.
This confirms the hypothesis of a common ancestor with
Lrk/Tak genes on chromosome group 3, which led, during the
evolution, to the orthologous genes that were detected here on
wheat chromosome group 3, barley chromosome 3H, rice
chromosome 1, and maize chromosome 8. The conservation of
several residues between the extracellular domain of LRK and
TAK as well as the identical position of their intron suggested
that both receptor-like kinase genes have arisen from a
common ancestor gene. The evolutionary scheme we propose
(Fig. 5) starts with the duplication of an ancestral, receptor-like
kinase gene followed by an inversion in the ancestor species of
the Poaceae family. Future work on the isolation of Lrk/Tak
gene homologues from other monocot and dicot species
should allow checking this hypothesis and should estimate at
which time in the evolution this duplication occurred. If the Lrk
and Tak genes then have descended side by side during the
evolution, they could be defined as paralogs (25).

Duplications have been identified already between different
chromosomes in grass species. Short fragments of a few
centimorgans (26), large segments such as chromosome arms
(27), or whole genomes such as in maize (28) were duplicated.
The possible origin of the duplication of the Lrk/Tak cluster
from chromosome group 3 to chromosome group 1 in the
Triticeae species is highly interesting. On the circular align-
ment of the grass genome maps proposed by Devos and Gale
(4), the distal ends of the short arms of Triticeae chromosome
groups 1 and 3 face each other, similar to rice chromosomes 1
and 5 and the sorghum chromosomes III and V. In maize, the
corresponding regions span chromosome 8. Interestingly, a
duplication of a region spanning about 27 cM detected by
Kishimoto et al. (29) between rice chromosomes 1 and 5 also
was found in sorghum chromosomes III and V (30). Kishimoto
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et al. (29) suggested an ancestral relationship (homoeology)
between the two chromosomes. In the case of the Lrk/Tak
cluster we suggest that in the Poaceae ancestor, the cluster
might have been duplicated on the ancestor chromosome
group 3 (based on the Triticeae nomenclature). This situation
remained in maize and in rice whereas in the Triticeae, a
translocation occurred between chromosomes 3 and 1 (Fig. 5).
During the evolution of rice, the cluster was duplicated several
times and probably rearranged by unequal crossing over, as
indicated by the presence of a partial kinase sequence between
the Os8Takl and Os8Tak2 genes.

Genome conservation at the submegabase level is the basis
for the use of model species in cross-genome map-based
cloning strategies. The use of rice as a reference genome in the
isolation of genes from barley (31, 32) and wheat (33) has
shown the limits of colinearity with the presence of internal
rearrangements within colinear regions. Together with the
data obtained from the molecular analysis of large genomic
regions in maize, rice, and sorghum, our results argue in favor
of using a model species as related as possible to the species of
interest. In this regard, barley represents a better reference
genome for wheat than rice. Additional comparative studies at
the molecular level between grass genomes will provide new
insight into gene conservation and genome evolution, allowing
to use the best model species for cross-genome map-based
cloning.
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