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The maize rp1 rust resistance gene identifies homologues
in barley that have been subjected to diversifying selection
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Abstract A number of agronomically important grasses
(sorghum, wheat, panicum, sugar cane, oats, rice and
barley) are shown to contain sequences homologous to
rpl, a maize gene that confers race-specific resistance to
the rust fungus Puccinia sorghi. Mapping of rpl-related
sequences in barley identified three unlinked loci on
chromosomes 1HL, 3HL and 7HS. The locus located on
chromosome 7HS comprises a small gene family of at
least four members, two of which were isolated and are
predicted to encode nucleotide binding site-leucine-rich
repeat (NBS-LRR) proteins that are respectively 58%
and 60% identical to the maize rpl protein. Evidence of
positive selection for sequence diversification acting up-
on these two barley genes was observed; however, diver-
sifying selection was restricted to the carboxy terminal
half of the LRR domain. One of these rpl homologous
genes cosegregated with the barley Rpgl stem rust resis-
tance gene amongst 148 members of the Steptoe x Mo-
rex double haploid mapping family. Three other unrelat-
ed resistance gene-like sequences, potentially encoding
NBS-LRR proteins, are also shown to be linked to the
Rpgl locus but not cosegregating with the gene.

Key words Rust resistance - rpl - Barley - Maize - Rpgl -
Puccinia

Introduction

Three plant genes have been isolated which confer race-
specific resistance against fungal rust pathogens. Two of
these, L and M, have been isolated from the flax plant
(Linum usitatissimum) and confer resistance to the flax
rust fungus (Melampsora lini) (Lawrence et al. 1995;
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Anderson et al. 1997), while the rpl gene isolated
from maize confers resistance to common maize rust
(Puccinia sorghi) (Collins et a. 1999). The maizerpl lo-
cus, located on chromosome 10S, comprises a small
family of related genes. The number of family members
differs for different rust resistance specificities which
map at the rpl locus. In the case of Rp1-D, nine family
members are present, one of which encodes the Rpl-D
specificity. The Rpl-D resistance gene specifies an in-
tron-less open reading frame (ORF) of 3876 bp which
encodes a 1292 amino acid protein (Collins et a. 1999).
All three cloned rust resistance genes are members of
a plant disease resistance gene class which encode pro-
teins containing an ATP or GTP nucleotide binding site
(NBS) and C-terminal leucine-rich repeat region (LRR).
The LRR domain comprises a series of tandem repeat
units containing a consensus sequence of leucine resi-
dues and other aliphatic amino acids which form the
backbone of the repeat (Kobe and Deisenhofer, 1993;
1994; Jones and Jones 1997). NBS-LRR-encoding dis-
ease resistance genes have been shown to confer race-
specific resistance to a range of viral, bacterial, fungal,
nematode and insect pathogens (Staskawicz et al. 1995).
Several other classes of plant disease resistance genes
also encode proteins containing LRR domains. The Cf
genes from tomato which confer resistance to the fungal
pathogen Cladosporium fulvum are predicted to encode
membrane-anchored, extracellular proteins containing an
LRR domain (reviewed in Jones and Jones 1997;
Parniske et al. 1997). Another class of resistance gene,
represented by the Xa21 gene family in rice, is predicted
to encode receptor-kinase proteins containing an extra-
cellular LRR domain coupled via a transmembrane do-
main to an intracellular protein kinase (Song et a. 1995).
Contrastingly, a member of the Xa2l gene family,
Xa21D, encodes only a predicted extracellular LRR do-
main which provides an identical spectrum, but less ef-
fective form, of resistance as the Xa21 gene (Wang et al.
1998). The structural similarity of the Xa21D gene prod-
uct to that of the tomato Cf genes suggests that an evolu-
tionary relationship exists between these two families.



The LRR domain is therefore common to a number of
plant disease resistance genes. By structural analogy to
the porcine ribonuclease inhibitor protein, another LRR-
containing protein (Kobe and Deisenhofer 1993, 1994),
the LRR domain of plant disease resistance genesis pre-
dicted to form a [3-sheet structure that has been suggest-
ed to interact with a pathogen ligand (Thomas et al.
1997; Parniske et al. 1997; Jones and Jones 1997). Con-
tained within the LRR repeat unit is a subrepest,
xX(A)x(A)xx, which is predicted to form a (-strand/p-
turn with the conserved aliphatic residues (A) of the pep-
tide sequence directed into the hydrophobic core of the
protein. The remaining residues of the subrepeat (x) are
predicted to remain solvent exposed (Kobe and
Deisenhofer 1993, 1994; Jones and Jones 1997).

Sequence analysis of several LRR-containing resis-
tance genes has shown that the solvent-exposed residues
of the B-strand/B-turn region have been subjected to di-
versifying selection. The type of selection acting upon a
gene can be predicted by a comparison of nonsynomous
(Ka) and synomous (Ks) nucleotide substitution rates. A
KalKsratio of less than 1 suggests that selection favours
seguence conservation, while a ratio greater than 1 sug-
gests that positive selection for sequence diversification
has occurred (Hughes and Nei 1988; Parniske et al.
1997). A KalKs ratio of 1 occurs under neutral selection
pressure (Hughes 1995). Diversifying selection is rarely
observed and is frequently associated with genes which
encode either antigens or antigen recognition proteins
(Hughes and Nei 1988; Tanaka and Nel 1989; Endo et al.
1996). In astudy of 3595 gene families, only 17 families
showed evidence of positive selection for sequence di-
versification (Endo et a. 1996).

Sequence analysis has identified diversifying selec-
tion having acted upon the solvent-exposed residues of
the B-strand/B-turn region of extracellular LRR domains
in the tomato Cf genes (Parniske et al. 1997) and the rice
Xa2l gene family (Wang et al. 1998). Positive selection
for sequence diversification has also been identified
amongst the solvent-exposed B-strand/B-turn residues of
NBS-LRR genes. The RPP8 and RPP1 gene families
from Arabidopsis, which confer resistance to the fungal
pathogen Peronospora parasitica (McDowell et al.
1998; Botella et al. 1998), and the RGC2 gene family in
lettuce, which confers resistance to the fungal pathogen
Bremia lactucae (Meyers et al. 1998), al encode NBS-
LRR genes which show diversifying selection acting up-
on the xx(A)x(A)xx motif of the LRR domain.

In the study reported here we demonstrated that the
maize rpl gene identifies homologous gene familiesin a
number of agronomically important grass species. |sola-
tion and sequence analysis of two of these sequences
from barley identified genes encoding NBS-LRR pro-
teins that are highly homologous to the maize Rpl-D
protein. Analysis of the nucleotide substitution patterns
between these two barley sequences showed evidence of
diversifying selection having acted upon the solvent-ex-
posed residues present within the (3-strand/B-turn region
of the LRR of these genes. This selection, however, is
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confined to the carboxy terminal half of the LRR do-
main. Mapping of barley sequences homologous to the
maize rpl gene identified a gene family linked to the
barley Rpgl stem rust resistance locus. Other NBS-LRR-
like genes were also shown to map within the vicinity of
the Rpgl stem rust resistance gene.

Materials and methods

Isolation of barley genomic DNA and DNA blot analysis

Barley genomic DNA was isolated by the CTAB method of
Saghai-Maroof et al. (1984) and restricted with endonucleases un-
der conditions recommended by the manufacturer (New England
Biolabs). DNA blot analysis of genomic DNA was performed as
previously described (Collins et al. 1998). DNA probes used for
hybridisation were labelled with [P32]-dCTP using a Megaprime
DNA labelling system (Amersham).

Barley genomic DNA library construction and screening

A genomic DNA library constructed from barley var. Morex was
obtained from Dr. T.J. Close (University of California, Riverside,
Calif.) under the auspices of the North American Genome Map-
ping Project. Thislibrary was constructed from genomic DNA that
was partially digested with the restriction enzyme Mbol, size-se-
lected on a glycerol gradient and ligated to EcoRI/BamHI-double-
digested lambda EMBL3cos cloning vector (Whittaker et al.
1988). A primary library titre of 5 x 106 pfu was obtained, equiva-
lent to approximately 13 haploid barley genomes. This library was
screened under standard hybridisation conditions (4 x SSC, 65°C)
essentially as described by Sambrook et al. (1989).

Genomic polymerase chain reaction (PCR) amplification
of regions flanking a sequence contained by lambda clone M1-13
(PCR walking)

Genomic DNA which flanked a known sequence contained by
lambda clone M1-13 was PCR-amplified essentially as described
by Siebert et al. (1995). Total Morex genomic DNA was digested
with restriction enzymes Dral, EcoRV, Pwull, Smal and Sspl, re-
spectively, and a blunt-ended DNA adaptor ligated to the restric-
tion products. Adaptor-ligated DNA template was then PCR-am-
plified using an adaptor-specific primer and a primer specific for
the sequence present in lambda clone M1-13. The resultant ampli-
fication products were then diluted 100-fold and reamplified using
the same adaptor-specific primer in conjunction with a second
PCR primer specific for the sequence contained on clone M1-13.
A 1.6-kbp genomic amplification product was obtained from
Dral-restricted Morex DNA, cloned into a T-easy cloning vector
(Promega) and subsequently sequenced (see Fig. 1C).

DNA identity between a 635-bp overlap existing between
lambda clone M1-13 and the cloned genomic PCR product was
100%, demonstrating that this amplified fragment was derived
from the same gene contained by lambda clone M1-13. Subse-
quently, a pair of PCR primers were designed, one based on the
sequence from clone M1-13 (called P13a) and the other based on
the sequence of the PCR-amplified 5 flanking region (called
P13b) (Fig. 1C). PCR amplification of Morex genomic DNA us-
ing these primers generated a product of 1095 bp, consistent with
the DNA sequence of clone M1-13 being co-linear with the se-
quence of the previously PCR-amplified 5 flanking region. This
amplified product was then sequenced directly, thereby ruling out
any potential sequencing errors arising from PCR, and shown to
be identical to the overlapping region of clone M1-13 and differ-
ing by three base pairs to the cloned 5 flanking region. These
three base differences were presumed to represent PCR errors con-
tained within the cloned PCR product.
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Cloning and sequencing

Cloning was carried out essentially as described in Sambrook et
al. (1989). DNA sequence was obtained using an ABI dye-primer

sequencing kit (Applied Biosystems) and ABI Prism 377 model
DNA seguencer.
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Mapping and linkage analysis

Barley homolgues of the maize rpl gene were mapped in a Step-
toe X Morex double haploid family constructed using Hordeum
bulbosum (Chen and Hayes 1989) and obtained from Dr. P. Hayes,
Oregon State University, Corvallis, Oregon, USA. Disease pheno-
typing of the Rpgl resistance gene segregating in this family was
conducted by Dr. B. Steffenson using Puccinia graminis race Pgt-
MCC (Steffenson et al. 1993; Kleinhofs et a. 1993). Restriction
fragment length polymorphism (RFLP) marker data of the Steptoe
x Morex mapping family (Kleinhofs et a. 1993) was downloaded
from the Grain Genes database, available online. Linkage analysis
was performed using the MAPMAKER version |l program (Lander et
al. 1987).

DNA and protein sequence comparisons
Database searches and DNA and protein sequence comparisons

were performed using programs from the University of Wisconsin
Genetics Computer Group (GCG) package (Devereux et al. 1984).

Results

The maize rpl rust resistance gene probe detects
related genes in other grasses

DNA isolated from a number of grass species was analy-
sed by DNA blot hybridisation using a probe homolo-
gous to the maize Rp-1D rust resistance gene (Fig. 1A).
A cloned 480-bp fragment, called PIC20 (Collins et al.
1998), which is 98% homologous to the NBS region of
the maize Rp1-D gene, was used as a DNA probe for hy-
bridisation analysis. This rpl probe identifies gene fami-
lies of varying complexity in all species examined,

Fig. 1A-C Identification of rpl gene homologues in grass species
and characterisation of two homologues from barley. A DNA blot
hybridisation of PIC20 to genomic DNA isolated from; sorghum
(lanes 1, 10), Panicum miliaceum (Indian millet, lanes 2, 11),
maize (lane 3), sugar cane (lanes 4, 12), barley (lanes 5, 13),
wheat (lanes 6, 14), oats (lanes 7, 15), Triticum tauschii, which is
the D-genome progenitor of wheat (lanes 8, 16) and rice (lanes 9,
17). DNAs in lanes 1-9 and 10-17 were restricted with Ncol and
Bolll, respectively. Arrows indicate molecular-weight markers of
8.5, 7.4, 6.1 and 4.8 kbp. B Schematic diagram of an 8.2-kbp
EcoRI/Sall fragment subcloned from lambda clone M1-2 and se-
quenced. The rpl homologous ORF is indicated as a white box
with the PIC20 homologous region of this sequence shown as a
hatched box. The predicted direction of transcription of this se-
guence is indicated as an arrow. The obtusely hatched box repre-
sents an ORF with homology to retroviral related RNA polym-
erases. Numbers in brackets represent nucleotide positions and | et-
ters E, D, V and S indicate the position of EcoRl, Dral, ECORV
and Sall restriction sites, respectively. Lines above the figure de-
lineate a PIC20 homologous 6018-bp Dral restriction fragment
and a 4902-bp EcoRV/Dral restriction fragment that are described
in the text in relation to Figs. 4B and 4D. C Schematic diagram
showing the 4.3-kbp Sall restriction fragment subcloned from
lambda clone M1-13 and sequenced (represented as a cross
hatched box) and the 1.6-kbp fragment PCR amplified from adap-
tor-ligated Morex genomic DNA (shown beneath as a smaller
hatched box). Annealing sites of primers P13a, b, ¢ and d, which
are described in the text, are shown as horizontal arrows. The po-
sition of Bglll restriction sites that give rise to a 3.8-kbp restriction
fragment are indicated with vertical arrows. The full length ORF
of the rpl homologous gene is indicated as a white box.
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Fig. 2 Bestfit protein sequence comparison between the Rpl-D  cate that families of NBS-LRR genes, closely related to
protein and the related protein partiadly encoded by lambda the maize rpl gene, occur in a number of grass species.

M1-13. The Rp1-D protein shown as the upper sequence is ar-
ranged into domains A to E as described by Collins et al. (1999),

Barley sequences related to the maize rpl gene were

although with minor modification. Domain A of the protein con-  Subsequently mapped and characterised.
tains the nucleotide binding site of the protein with the P-loop and
kinase 2a domains underlined and shown in bold. Domains B and

D are arranged into leucine-rich repeat units, with conserved ali-
phatic amino acids that form the repeat unit shown in bold. The

Characterisation of barley rpl homologues

Xx(A)x(A)xx motifs present in domains B and D are separated
from the rest of the sequence by a gap and underlined. SectionsC A Morex genomic DNA library was screened with the

and E can not be arranged into this repeat structure. The full-  pjc20 probe to isolate barley homologues of the maize

length protein partially encoded by clone M1-13 is shown as the
lower sequence. Identical amino acids are indicated as a vertical

rpl rust resistance gene. Five haploid genome equiva-

line, while similar amino acids are indicated as either one or two lents of alambda genomic library were screened, result-

dots, depending upon the degree of similarity.

ing in the isolation of 17 lambda clones (called M1-1 to
M1-17). Two lambda clones, M1-2 and M1-13, were

including barley, under standard hybridisation condi- subsequently analysed in more detail.

tions, (Fig. 1A, lanes 5 and 13). DNA blot analysis with An 8. 2 kb EcoRI/Sall fragment was isolated from
a probe derived from the LRR of the Rp1-D geneidenti- clone M1-2 and sequenced. Contained within this 8.2-kb
fies similar hybridisation patterns in the above grass spe-  fragment is a contiguous ORF of 3885 bp which encodes
cies, including fragments that are homologous to both aprotein of 1294 amino acids (Fig. 1B). A bestfit (GCG)
probes, suggesting the presence of full-length, homolo- sequence comparision between the protein encoded by
gous genes in these species (not shown). These dataindi- this ORF and the maize Rpl-D protein identified 64%



1148

and 58% protein similarity and identity, respectively,
while 70% DNA identity was observed between the
ORFs of these two genes. From this comparison it is ap-
parent that, like the maize Rpl-D gene, the ORF of
lambda M1-2 encodes an NBS-LRR protein and that no
introns are contained within the ORF.

A second ORF is located 879 bp upstream of the
trangation initiation site of the rpl homologous ORF
contained upon the 8.2-kb fragment subcloned from
lambda M 1-2 (Fig. 1B). This second ORF encodes a 619
amino acid protein which shows homology to a large
number of retroviral-like RNA polymerases and is most
related to a mouse retroviral RNA polymerase (30%
identity, 44% similarity, over 399 amino acids; Swissprot
accession number p11369). Presumably this sequence is
derived from a retrotransposable element present within
the barley genome and suggests that the promoter of the
M1-2 ORF lies within the 879-bp intervening stretch be-
tween these two ORFs.

A 4.3-kbp Sall restriction fragment was isolated from
lambda clone M1-13 and also sequenced (Fig. 1C). This
fragment contains a 3057-bp ORF encoding for a 1019
amino acid polypeptide that is 66% similar to amino ac-
ids 263 to 1292 of the Rpl-D protein. As this ORF is
juxtaposed next to an arm of the lambda cloning vector
and encodes a protein that is smaller than that encoded
by both the Rp1-D gene and lambda clone M1-2, it was
concluded that lambda clone M1-13 does not contain the
entire gene. A 1.6-kbp fragment of genomic DNA that
flanks the partially encoded gene on clone M1-13 was
PCR amplified from Morex genomic DNA (Fig. 1C) as
described in the Materials and methods. By combining
the sequence data obtained from clone M1-13 with that
of the genomic DNA PCR amplification product it is ap-
parent that the full-length gene contains an 3840 bp ORF
(Fig. 1C) which encodes a 1279 amino acid protein that
is 66% similar and 60% identical to the Rpl-D protein
(Fig. 2) and 78% similar and 74% identical to the rpl
homologous protein encoded by lambda clone M1-2
(not shown).

Comparison between the maize Rp1-D protein
and predicted proteins encoded by lambda clones M1-2
and M1-13

The Rpl-D protein has previously been arranged into
five separate domains, A to E (Fig. 2) (Collins et al.
1999). The NBS region of the protein is defined by do-
main A, while the remainder of the protein is subdivid-
ed into domains B to E (Fig. 2). Domains B and D of
the Rp1-D protein consist of a number of degenerate re-
peat units which contain conserved leucine-residues in
addition to other aliphatic amino acids which form a
consensus leucine-rich repeat backbone (Collins et al.
1999). Domains C and E of the protein do not readily
fit the consensus leucine rich repeat structure, with do-
main C essentially bisecting the LRR region of the pro-
tein.

Table 1 Amino acid identities (similarities) between Rpl-D and
predicted barley proteins encoded by clones M1-2 and M1-13

Domain Rp1-D vs. Rp1-D vs. M1-2vs.
M1-2 M1-13 M1-13
A 60 (67) 65 (71) 81 (85)
B 60 (66) 59 (67) 73 (77)
C 37 (43) 43 (48) 60 (62)
D 58 (64) 55 (61) 68 (72)
E 63 (67) 75 (79) 78 (81)

The predicted proteins encoded by clones M1-2 (not
shown) and M1-13 (Fig. 2) can aso be arranged into
these five domains. Domain C of these two barley pro-
teins also does not readily fit the consensus LRR repeat
structure, and segquence comparisons between the maize
and barley proteins show that domain C is the most vari-
able region of al three proteins (Table 1). BLAST
searches with domain C from each protein do not identi-
fy any homologies common to these sequences on the
database. The terminal half of the LRR region (domain
D) is the second most variable between the three proteins
(Table 1). Domains, B, A and E, in that order generally
show increasing levels of amino acid identity within a
protein comparison (Table 1).

Regions B and D of the Rp1-D protein contain a total
of 169 aiphatic amino acids (shown in bold in Fig. 2)
which form the backbone of the leucine-rich repeat units.
Sequence comparison between the Rp1-D protein and pre-
dicted barley proteins encoded by clones M1-2 and
M1-13 for these aiphatic amino acids show 75% identity
(84% similarity) and 76% identity (87% similarity), re-
spectively. The level of homology existing between these
aliphatic amino acidsis higher than that observed between
all other regions of these proteins, suggesting that the leu-
cine-rich repeat backbone is structurally conserved.

Diversifying selection has acted upon the (3-strand/-turn
motif of domain D of clones M1-2 and M1-13

The GCG programme Diverge was used to analyse the
pattern of nucleotide substitutions existing between the
genes encoded by clones M1-2 and M1-13. A similar
comparison between these barley genes and the maize
Rp1-D gene was also attempted, however the levels of
nucleotide substitutions existing between the barley and
maize sequences were too high to give a meaningful
analysis. The type of selection having acted upon these
genes was analysed by a comparison of nonsynomous
(Ka) and synomous (Ks) nucleotide substitution rates.
Table 2 shows the Ka/Ks ratios calculated for the ORFs
of clones M1-2 and M1-13 and individual subregions
encoding domains A to E of the predicted proteins. Evi-
dence for diversifying selection (KalKs > 1) was ob-
served only for domain D of these two genes, where a
Ka/Ksratio of 1.206 was obtained. The remainder of the
genes were subjected to purifying selection (Ka/Ks<1)
(Table 2).



Sequence encoding the [-strand/B-turn  motifs
[xx(A)x(A)xx] of the LRR domains were also analysed
for nucleotide substitution patterns, however, codons
specifying the conserved aliphatic core (A) of this con-
sensus sequence were not included in the analysis.
Strong evidence for diversifying selection acting upon
these predicted solvent-exposed residues (x) in domain
D was provided by a Ka/lKs ratio of 3.4 (Table 2). The
remainder of domain D showed little evidence of posi-
tive selection for sequence diversification when codons
encoding the B-strand/3-turn region were excluded from
the analysis (Table 2). A similar analysis of domain B
did not provide any strong indication that this region has
been subjected to diversifying selection, including the
solvent exposed residues of the xx(A)x(A)xx motif alone
(Table 2).

Table 2 Comparison of nonsynomous (Ka) and synomous (Ks)
nucleotide substitution rates between the ORFs of lambda clones
M1-2 and M1-13 and subregions encoding domains A to E of the
predicted proteins

Domain Ka
KS
Entire ORF 0.670
A-entire 0.423
B-entire 0.644
Ba-entire minus Xx(A)x(A)xx 0.563
Bb-xx(A)X(A)xx 1.038
C-entire 0.887
D-entire 1.206
Da-entire minus xx(A)X(A)xx 1.035
Db- xx(A)X(A)xx 3.400
E-entire 0.214

a Codons encoding the B-strand/p-turn motif were excluded from
the analysis
b Only codons encoding the B-strand/(3-turn motifs were analysed

Fig. 3A, B Mapping of barley sequences homologous to the
maize rpl gene. A Mapping of barley rpl gene homologuesin the
Steptoe X Morex doubled haploid family. Lanes 1, 2 contain Mo-
rex and Steptoe genomic DNA, respectively, lanes 4—7 contain ge-
nomic DNA isolated from F2 dihaploid individuals SM-199, 179,
164 and 99 which do not contain the Rpgl resistance gene, lanes
8-13 DNAs isolated from the Rpgl resistant dihaploid progeny
SM-152, 135, 57, 55, 30 and 11, respectively. DNASs were restrict-
ed with Ncol and hybridised with the PIC20 probe. Bands marked
with *, + and x in lanes land 2 are derived from loci pic20a,
pic20b and pic20c, respectively, and map to chromosome 1HL,
3HL and 7HS, respectively. A band marked with x in lane 9 aso
maps to the pic20c locus and has been inherited from the Morex
parent. Arrows indicate molecular-weight markers of 8.5, 7.4, 6.1
and 4.8 kbp. A 4.5-kbp Morex derived band is difficult to observe
in lane 11 of this figure due to alower DNA loading. B Map posi-
tions of loci identified by NBS encoding RFLP probes in relation
to the barley Rpgl resistance gene (boxed). RFLP probes PIC20,
PIC15, Hv-b9 and ssCH4 are derived from the NBS region of pre-
dicted NBS-LRR genes, and the loci on chromosome 7HS detect-
ed by these probes are indicated. Both the PIC20 and PIC15
probes were isolated from maize genomic DNA, while the Hv-b9
and ssCH4 probes were derived from barley and wheat, respec-
tively. Numbers on the left-hand side of the figure indicate map
distances in centiMorgans
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rpl homologues map to three loci in barley

Barley sequences identified by the maize resistance gene
probe were mapped in 148 doubled haploid barley prog-
eny derived from a cross between vs. Steptoe and Morex
(Kleinhofs et al. 1993). The maize rpl probe identified
nine polymorphic and four monomorphic restriction
fragments between the two barley parental DNAs when
digested with the restriction enzyme Ncol (Fig. 3A, lanes
1 and 2). Segregation analysis of these RFLPs amongst
148 doubled haploid progeny mapped rpl homologous
sequences to three loci — pic20a, pic20b and pic20c. One
RFLP fragment inherited from the Morex parent and two
fragments derived from the Steptoe parent segregated as
aleles (marked by * in Fig. 3A) and were mapped to
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chromosome 1HL (locus pic20a), between RFLP mark-
ers cMWG733 and ABG702, at 6.4 and 2.1 map units,
respectively. One pair of RFLP fragments (marked by +
in Fig. 3A) also behaved as alleles and were mapped to
chromosome 3HL (locus pic20b), between RFLP mark-
ers Rrn5S2 and ABG453, at 2.8 and 8.6 map units, re-
spectively. Although difficult to score in an Ncol digest
this latter map location was subsequently confirmed us-
ing an Nsil digest (not shown). No known resistance
genes are located at these two map locations. Three
RFLP fragments inherited from the Morex parent and
one fragment from the Steptoe parent (marked by x in
Fig. 3A) were mapped to chromosome 7HS between
RFLP markers ABG704 and MWG851 (locus pic20c)
(Fig. 3B).

rpl related genes are linked to the barley Rpgl
stem rust resistance locus

No known barley disease resistance phenotypes map to
loci pic20a and pic20b; however, the pic20c locus shows
linkage to the Rpgl resistance gene, which confers race-
specific resistance to stem rust (Puccinia graminis f.sp.
tritici) (Steffenson 1992; Kleinhofs et al. 1993). The rpl
homologous barley RFLP fragments mapping at the
pic20c locus (Fig. 3A, marked with an X) cosegregate
with the barley Rpgl genein all individual DNASs exam-
ined, except for progeny 135 (SM-135) of the doubled
haploid family. SM-135 is phenotypically Rpgl-resistant
but contains only one out of the three Morex-derived
bands mapping to the pic20c locus (Fig. 3A, marked
with an x in lane 9). A single Ncol fragment derived
from the Steptoe parent mapped to the pic20c locus and
this was also absent in individual SM-135 (Fig. 3A, lane
9). From the Steptoe x Morex genetic mapping data

Fig. 4A-D Additional mapping of rpl homologues and map loca-
tions of clones M1-2 and M1-13. A Hybridisation of the rpl
probe to EcoRV- and Dral restricted barley DNAs. Lanes 1, 2 Mo-
rex and Steptoe genomic DNA, respectively, lanes 3-22 DNA iso-
lated from doubled haploid progeny. DNAs in lanes 1 and 3-12
were isolated from plants containing the Rpgl resistance gene,
while the remaining DNASs were isolated from susceptible plants.
Bands marked with an asterix in lanes 1 and 2 map to the Rpgl lo-
cus. Arrows indicate molecular-weight markers of 8.5, 4.8, 2.8 and
1.2 kbp. B Hybridisation of PIC20 to Morex genomic DNA (lane
1) and lambda clone M1-2 DNA (lane 2) after restriction with
EcoRV and Dral. The 4.9-kbp band present in lanes 1 and 2 was
shown to be linked to the Rpgl gene in Fig. 4A. Arrows indicate
molecular weights of 8.5, 4.8, 2.8 and 1.2 kbp. C Hybridisation of
the rpl gene probe to Dral-restricted barley DNA isolated from 20
doubled haploid progeny of the Steptoe x Morex mapping family.
Lanes 1-10 DNAs isolated from individuals containing the Rpgl
resistance gene, lanes 11-20 contain DNAs isolated from suscepti-
ble individuals. Bands marked with an asterix in lane 1 are linked
to the Rpgl locus. Arrows indicate molecular weights of 8.5, 4.8
and 2.8 kbp. D Hybridisation of the PIC20 probe to Morex ge-
nomic DNA (lane 1) and lambda clone M1-2 (lane 2) after re-
striction with Dral. Arrows indicate molecular weights of 8.5, 4.8
and 2.8 kbp. A 6-kbp Dral restriction fragment in lane 2 can be
seen to comigrate with a Morex Dral restriction fragment (lane 1)
that islinked to the Rpgl locus (Fig. 4C)

available on the Grain Genes database it is also apparent
that in SM-135 a recombination event has occurred be-
tween RFLP markers ABG704 and MWGS851, which
flank the Rpgl locus (Fig. 3B) (Killian et al. 1995).
These data suggest that the RFLP pattern of SM-135 has
arisen from a recombination event within the rpl homol-
ogous gene cluster that cosegregates with the Rpgl gene,
resulting in the loss of some, but not all, bands derived
from the Morex parent. An aternative interpretation of
this data, shown in Fig. 3B, is that two rpl homologous
loci are located on chromosome 7HS, with one locus
(pic20cl) cosegregating with the Rpgl gene amongst
148 dihaploid progeny, while the second locus (pic20c2)
islocated 0.7 cM proximal to the Rpgl gene.

The segregation of the rpl homologous gene family
was further characterised by co-restriction with EcCoRV
and Dral endonucleases. A subset of the Steptoe x Mo-
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rex dihaploid mapping family is shown in Fig. 4A. In
this digest, four polymorphic restriction fragments were
identified that are linked to the Rpgl locus (marked by *
in Fig. 4A). A 4.9-kb band derived from the Steptoe par-
ent and mapping to chromosome 1HL (pic20a) had an
electrophoretic mobility similar to that of a Morex band
which is linked to the Rpgl locus (Fig. 4A). However,
this 4.9-kb Steptoe fragment can be readily distinguished
from the similar-sized Morex band, in susceptible indi-
viduals, by its reduced hybridisation intensity and its al-
ternative segregation pattern, with a 2-kb Morex alele
mapping to chromosome 1HL (pic20a). Analysis of the
RFLP pattern of SM-135 (Fig. 4A, lane 12) demonstrat-
ed that thisindividual has only one out of the three poly-
morphic Morex bands mapping to the Rpgl locus but
also possesses an RFLP fragment derived from the Step-
toe parent which maps to the Rpgl locus (Fig. 4A).
Again this data suggests that if the PIC20 hybridising
bands that are linked to the Rpgl locus are members of
the same gene family, then the RFLP pattern of SM-135
has arisen by a recombination event within the family
cluster.

Map location of barley clones M1-2 and M1-13

Sequence analysis of lambda clone M1-2 identified a 6-
kbp Dral restriction fragment contained within the clone
(Figs. 1B, 4D). Two Dral restriction fragments of 6-kbp
can be seen in Fig. 4C which map to the pic20c locus,
suggesting that the 6-kbp Dral fragment of clone M1-2
(Fig. 4D) is derived from this locus. To verify this map
location we subsequently restricted lambda clone M1-2
with both EcoRV and Dral, where a 4.9-kbp fragment
homologous to the maize probe was predicted from se-
guence analysis (Fig. 1B). A 4.9-kb band homologous to
the rpl probe was identified in this lambda clones that
comigrated with a EcoRV/Dral Morex genomic DNA
fragment (Fig. 4B) mapping to the pic20c locus (Fig.
4A). From this analysis it was apparent that lambda
clone M1-2 encodes a member of the rpl homologous
gene family mapping to the pic20c2 locus and linked to
the Rpgl gene. However, as this 4.9-kbp EcoRV/Dral re-
striction fragment was not present in DNA isolated from
individual SM-135 (Fig. 4A, lane 12), presumably the
gene encoded on this fragment is not responsible for the
Rpg1l resistance phenotype.

Sequence analysis of clone M1-13 and the 5" flank-
ing region identified by PCR showed that this Morex ge-
nomic sequence contains a 3.8-kbp Bglll restriction frag-
ment which is homologous to the PIC20 probe (Fig. 1C).
Morex genomic DNA was PCR-amplified with primers
P13c and P13d (Fig. 1C), and the resultant 4-kbp product
restricted with Bglll to generate a 3.8-kbp restriction
fragment (Fig. 5, lanel). This fragment co-migrates with
a 3.8-kbp, rpl homologous, Bglll restriction fragment of
Morex genomic DNA (Fig. 5, lane 2). The Bglll restric-
tion fragment was polymorphic between vs. Morex and
Steptoe (Fig. 5, lanes 2 and 3) and shown to map to the
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Fig. 5 The rpl-related sequence contained on lambda clone
M1-13 cosegregates with the Rpgl resistance gene amongst 148
dihaploid progeny. Hybridisation of the PIC20 probe to Bglll re-
stricted DNAs. Lanes 2, 3 Genomic DNASs of barley vs. Morex
and Steptoe, respectively, lanes 4-10 DNAs isolated from Rpgl
resistant dihaploid progeny SM-150, 151, 152, 155, 156, 157 and
135, respectively. Lanes 11-14 Genomic DNA isolated from Rpgl
susceptible dihaploid progeny, SM-158, 164, 168 and 169. Lane 1
a Bglll restricted PCR product amplified from Morex genomic
DNA using PCR primers P13c and P13d (see Fig. 1C) and loaded
with 5 ug of Bglll-restricted human genomic DNA. Lane 15 Ge-
nomic DNA isolated from SM-135 that has been spiked with an
equivalent amount of the PCR product contained in lane 1. Arrows
indicate molecular-weight mobilities of 8.5, 6.1, 4.3 and 3.6 kbp,
respectively.

Rpgl locus amongst 30 SM doubled haploid progeny, 11
of which are shown in Fig. 5. DNA blot analysis of SM-
135 showed that this individual contains the 3.8-kbp
Bglll fragment inherited from the Morex parent (Fig. 5,
lane 10). Therefore, the gene partially contained on
lambda clone M1-13 is derived from the pic20cl locus
and cosegregates with the Rpgl locus amongst 148 di-
haploid progeny and may potentially encode the Rpgl
resistance phenotype.

Other resistance gene analogues in the Rpgl region

In a previous study, NBS-LRR-like genes were PCR-
amplified from maize genomic DNA using primer se-
guences based upon conserved regions present within the
NBS domain of known NBS-LRR resistance proteins
(Collins et al. 1998). Preliminary RFLP mapping in barley
of one these maize resistance gene-like sequences (PIC15)
identified a gene family also located at the Rpgl region.
Of the 148 Steptoe x Morex doubled haploid progeny ex-
amined with the PIC15 probe, 2 individuals (SM-135 and
SM-194) possessed a recombinant phenotype with respect
to the Rpgl locus and PIC15 homologous gene family,
thereby placing this gene family 1.4 cM proxima to the
Rpgl gene (Fig. 3B). A BLAST search identified 77%
DNA identity between the PIC15 probe and the barley
Hv-b9 resistance genelike sequence (GenBank
AF032687), which has been previousy mapped near the
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Rpgl locus (Leister et a. 1998), suggesting that PIC15
probably is a maize orthologue of Hv-b9.

A resistance gene-like sequence PCR amplified from
wheat genomic DNA (called ssCH4/RIcs4) also identi-
fies homologous sequences in barley which map in the
vicinity of the Rpgl locus (Seah et al. 1998). Three Step-
toe x Morex doubled haploid progeny (SM-135, SM-194
and SM-185) were recombinant for the ssCH4 locus and
Rpgl gene, placing the ssCH4 locus 2.1 ¢cM proximal to
the Rpgl gene (Fig. 3B). No significant DNA identity
exists between the PIC15, ssCH4 and rpl probes, a-
though each is derived from an NBS-encoding sequence.
Thus, three different resistance gene-like families are lo-
cated within 2.1 cM of the Rpgl gene, and a member of
one family, which is related to the maize rpl rust resis-
tance gene, cosegregates with this barley stem rust resis-
tance gene in a Steptoe x Morex dihaploid family of 148
individuals.

Discussion

The PIC20 probe, derived from the maize rpl gene fami-
ly located on chromosome 10S, identifies homologous
sequences which map to chromosomes 1HL, 3HL and
7HS of barley. Comparative mapping between cered
species has identified gene and marker colinearity over
much of the genome, with comparative studies identify-
ing 92% marker colinearity between the maize and Triti-
ceae maps (Van Deynze et a. 1995). In contrast to much
of the maize genome, chromosome 10 S shows little syn-
tenic relationship to other cereal chromosomes. For ex-
ample, two RFLP markers, cdol127B and bcd1072B,
which are located 13 cM proximal to the maize rpl gene,
map to Triticeae chromosome 1L, while marker cdo504,
which is 23 cM proximal to rpl, is located on chromo-
some 5L (Van Deynze et al. 1995). Therefore, while the
maize rpl gene identifies a related family of sequences
on chromosome 7HS of barley, these genes are probably
not orthologous to the maize gene.

Cosegregation of at least one member of the rpl ho-
mologous barley gene family and the Rpgl resistance
phenotype, located on chromosome 7HS, suggests that a
member of this family may encode the Rpgl resistance
specificity. However, cosegregation does not demon-
strate gene function. Mapping of resistance gene ana
logues in potato, soybean, maize and wheat has shown
that NBS-LRR genes (of unknown function) tend to
cluster (Leister et al. 1996, 1998; Yu et a. 1996; Collins
et al. 1998; Spielmeyer et a. 1998). From our study it
can be seen that three different families of NBS-LRR re-
sistance gene-like sequences map within a 2.1-cM inter-
val surrounding the Rpgl gene. Likewise, functiona re-
sistance genes can also cluster. Within a 1- to 3-cM re-
gion of the maize genome four genes conferring rust re-
sistance have been identified — rpl, rp5, rp6 and rpp9
(Saxena and Hooker 1968; Wilkinson and Hooker 1968;
Hulbert and Bennetzen 1991) — while embedded in the
Pto resistance gene cluster of tomato, which encodes

serine-threonine protein kinases, is an NBS-LRR gene,
Prf, which is essential for Pto-mediated resistance
(Sameron et al. 1996). Our future aim is to determine if
a member of the PIC20 homologous gene family located
on chromosome 7HS can confer the Rpgl rust resistance
specificity. Two transgenic strategies have been adopted
utilising complementation and cosuppression.

The two barley sequences characterised in this study,
which are derived from chromosome 7HS, show evi-
dence of positive selection for sequence diversification.
Diversifying selection is rarely observed amongst gene
families (Endo et al. 1996); however, analysis of a num-
ber of disease resistance gene families shows evidence of
just such selection (Parniske et al. 1997; Wang et al.
1998, McDowell et a. 1998; Meyers et a. 1998; Botella
et al. 1998). This selection appears to act exclusively up-
on the predicted solvent-exposed residues of the [-
strand/B-turn motif of the LRR domain of these genes,
while the remainder of the gene shows evidence of con-
servative selection (Meyers et a. 1998). Structural anal-
ysis of the porcine ribonuclease inhibitor suggests that
the 3 sheet and Ba loops of this molecule interact direct-
ly with the ribonuclease protein ligand (Kobe and
Deisenhofer 1993, 1994). By analogy, the predicted sol-
vent-exposed residues of the B-strand/B-turn motif of
plant disease resistance genes have also been suggested
to be involved in ligand binding; specifically binding of
the corresponding pathogen avirulence gene ligand
(Jones and Jones 1997; Thomas et al. 1997; Parniske et
al. 1997).

Positive selection for sequence diversification does
not always encompass all of the xx(A)x(A)xx motifs
present within the LRR domain of disease resistance
genes. The Cf4/Cf9 genes of tomato show evidence of
diversifying selection acting upon the first 16 amino ter-
minal LRR repeat units but not the remaining 11 carboxy
terminal repeat units (Parniske et a. 1997). Similarly, the
lettuce RC2 gene family shows a high frequency of non-
synomous substitutions in  sequence encoding the
xX(A)x(A)xx motif of the carboxy terminal half of the
LRR domain and not over the rest of the gene (Meyers et
al. 1998).

The pattern of diversifying selection observed for the
two barley genes analysed in this study most closely re-
sembles that observed for the lettuce RC2 gene family.
Some interesting parallels exist between these two gene
families. Both genes encode NBS-LRR proteins that
have had diversifying selection acting upon the solvent-
exposed residues of the (3-strand/p-turn motif of the LRR
domain, but this selection is localised exclusively to the
carboxy terminus of the LRR domain. The LRR encod-
ing region of the RC2 genes is bisected by an intron,
while the LRR domain encoded by clones M1-2 and
M1-13 is bisected by domain C, a region encoding an
amino acid sequence that does not readily fit the LRR
consensus. This analysis suggests that it is the carboxy
terminus of the LRR domain of these two families of re-
sistance proteins that is potentially involved in ligand
binding.



No isolated LRR encoding resistance gene has yet
been shown to interact directly with a pathogen ligand,
even though the corresponding ligand has been identified
in a number of cases. Potentially, a second host compo-
nent may also be required to mediate such a recognition
event (Jones and Jones 1997). However, evidence of di-
versifying selection acting upon the LRR domain of
these molecules is consistent with their postulated rolein
ligand recognition.

In summary, the maize rpl rust resistance gene identi-
fies homologous sequences in barley, some of which are
located on chromosome 7HS and are linked to the barley
Rpgl stem rust resistance gene. Several other resistance
gene-like sequences have also been mapped within the
vicinity of the Rpgl gene; however, members of the rpl-
related gene family identified in this study are located
nearest this barley stem rust resistance gene. Future work
will determine if barley sequences homologous to the
maize rpl gene play arolein barley disease resistance.
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