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Abstract Many characterized plant disease resistance
genes encode proteins which have conserved motifs such
as the nucleotide binding site. Conservation extends across
different species, therefore resistance genes from one spe-
cies can be used to isolate homol ogous regions from anoth-
er by employing DNA sequences encoding conserved pro-
tein motifs as probes. Here we report the isolation and
characterization of a barley (Hordeum vulgare L.) resis-
tance gene analog family consisting of nine members ho-
mologous to the maize rust resistance gene Rpl-D. Five
barley Rpl-D homologues are clustered within approxi-
mately 400 kb on chromosome 1(7H), near, but not co-seg-
regating with, the barley stem rust resistance gene Rpgl;
while others are localized on chromosomes 3(3H), 5(1H),
6(6H) and 7(5H). Analyses of predicted amino-acid se-
quences of the barley Rp1-D homologues and comparison
with known plant disease resistance genes are presented.

Keywords Resistance gene analogs - Barley - Stem rust
resistance - Rpgl - Rpl-D

Introduction

Advancement of genetic mapping and molecular cloning
techniques has facilitated the characterization of many
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plant disease resistance genes in dicot and monocot
plants (Hammond-Kosack and Jones 1997). Many of
these genes encode proteins containing nucleotide bind-
ing site (NBS) and leucine rich repeat (LRR) domains
(Michelmore 2000; Pan et al. 2000). The complete ge-
nome sequence of Arabidopsis thaliana is predicted to
encode 149 NBS domain-containing proteins, 128 of
which also contain a LRR domain (The Arabidopsis Ge-
nome Initiative 2000). Genes encoding NBS-LRR pro-
teins are found in dicots and monocots, although there
are some differences in gene structure. NBS-LRR pro-
teins which have a N-terminal TIR (Drosophila Toll and
human Interleukin Receptor-like) domain have not been
found in monocot genomes, whereas NBS-LRR proteins
which have an N-terminal coiled-coil domain are present
in both dicots and monocots (Pan et a. 2000). Eighty
five of the A. thaliana genes encode NBS-LRR proteins
with a TIR domain and 36 encode proteins with a coiled-
coil domain at their N termini, while seven genes do not
encode any obvious TIR or coiled-coil domains (The Ar-
abidopsis Genome Initiative 2000).

There are at least 20 genes and gene families encod-
ing NBS-LRR plant disease resistance proteins that
have been characterized in some detail. Several genes
which confer resistance to fungal pathogens and encode
NBS-LRR proteins have been cloned from dicots and
monocots. Examples include the L and M genes from
flax (Linum usitatissimum) conferring resistance to the
flax rust fungus (Melampsora lini) (Lawrence et al.
1995; Anderson et al. 1997). The Rpl gene family from
maize (Zea mays) confers resistance to the maize rust
fungus Puccinia sorghi (Collins et al. 1999). The 12
genes from tomato (Lycopersicon esculentum) confer re-
sistance to wilt caused by Fusarium oxysporum f. sp.
lycopersici (Ori et a. 1997). The Mla genes in barley
(Hordeum vulgare) provide resistance to powdery mil-
dew caused by Blumeria (Erysiphe) graminis f. sp. hor-
dei (Wei et al. 1999).

LRR domains have been shown to be involved in the
recognition of specific pathogen pathotypes (Parniske et
al. 1997; Dodds et al. 2001). DNA seguences encoding



LRR domains generally are not conserved. The NBS do-
main contains several highly conserved amino-acid mo-
tifs, e.qg., P-loop, kinase 2 and GLPLAL (Traut 1994),
and may be involved in activation of resistance path-
ways. This conservation extends across different species.
It has been shown that DNA sequences encoding these
conserved motifs can be used directly as probes or for
the design of PCR primers to isolate homologous se-
guences from the same or from different species, which
could potentially be involved in plant disease resistance
(Kanazin et a. 1996; Leister et al. 1996; Yu et al. 1996).
Despite sequence similarity, there often is little informa-
tion on the function of such homologues, hence they are
referred to as resistance gene analogs (RGASs). RGASs of -
ten map near resistance gene loci (Shen et al. 1998;
Deng et a. 2000). However, resolution of genetic maps
is not sufficient to conclude that an RGA is the resis-
tance gene. For instance, three rice RGAs were isolated
using homology with the A. thaliana RPS2 gene and
were mapped to alocus conferring resistance to bacterial
leaf blight. Transformation of susceptible rice varieties,
however, failed to confirm these RGAS as resistance
genes against the pathogen (Ilag et al. 2000). Since resis-
tance genes are often found in clusters, an RGA geneti-
cally co-segregating with a target gene needs to be fur-
ther confirmed with functional assays.

Besides representing candidate genes for plant disease
resistance, RGAs can also provide an insight into the
evolution of gene families and plant genomes, and in the
generation of disease resistance specificities (Meyers et
al. 1999; Ayliffe et al. 2000; Pan et al. 2000).

The utility of RGAs for the isolation of actual disease
resistance genes was demonstrated in the case of maize
rust resistance gene Rp1-D. Collins et a. (1998) amplified
11 classes of RGAs in maize using oligonucleotide prim-
ers based on conserved motifs in the NBS domain. One of
them, designated pic20, mapped to the maize rust resis-
tance locus Rpl on the short arm of chromosome 10
(Collins et a. 1998; Hulbert and Bennetzen 1991). Rp1-D
was isolated by tagging with Mutator and Dissociation
trangposons and the pic20 probe was used to characterize
the mutants of the rust resistance gene Rp1-D (Callins et
al. 1999). It was further used to characterize related se-
quences in barley, where one of the isolated barley pic20
homol ogues co-segregated with the barley stem rust resis-
tance gene Rpgl among 148 members of the North Amer-
ican Barley Genome Mapping project (NABGMP) Step-
toe x Morex doubled-haploid mapping population (Ayliffe
et a. 2000). This mapping population has been character-
ized and is publicly available (http://www.css.orst.edu/
barley/nabgmp/nabgmp.htm; Kleinhofs et al. 1993).

Our laboratory has been working on the map-based
cloning of two barley stem rust resistance genes Rpgl
and rpg4 (Kilian et a. 1997; Han et al. 1999; Druka et
al. 2000) which confer resistance against the MCC and
QCC pathotypes of the rust fungus Puccinia graminis
f. sp. tritici, respectively.

This study utilized the maize pic20 probe (kindly pro-
vided by Dr. A. Pryor), which has 97% homology with
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the NBS region of the Rp1-D gene, to isolate homolo-
gous barley sequences and determine their location in the
barley genome. Hybridization of the maize pic20 probe
to barley genomic DNA identified nine Hindlll RFLP
bands, five of which mapped very close, but proximal, to
Rpgl in arecombinant population representing 3,072 ga-
metes. Other RFL P bands were mapped to chromosomes
3(3H), 5(1H), 6(6H) and 7(5H). All Morex hybridizing
bands were mapped genetically and none co-segregated
with Rpgl or any other mapped barley disease resistance
gene. Physical mapping and sequence analysisis also re-
ported. A high degree of amino-acid identity among the
proteins encoded by this gene family and to Rp1-D sug-
gests conservation of function and possible involvement
in disease resistance.

Materials and methods

Southern-blot analysis of barley genomic DNA
and the BAC library

The maize pic20 probe provided by Dr. A. Pryor was labeled with
[a-32P] dCTP (New England Nuclear) using the RTS RadPrime
DNA labeling system (Gibco BRL) and hybridized either to barley
genomic DNA blots or to the arrayed barley Morex BAC library
(Yu et al. 2000). For genomic blots, DNA was digested with re-
striction enzymes following the manufacturer's recommendations
(New England Biolabs, MBI Fermentas, Gibco BRL) and trans-
ferred to nylon membranes (New England Nuclear) by the alkaline
transfer procedure. Hybridizations were at 62 °C and the final
wash was at 62 °C with 0.5 x SSC.

Genetic mapping

Initial genetic mapping used the Steptoe x Morex “minimapper”
population consisting of 35 lines selected from the original
NABGMP 150 Hordeum bulbosum-derived doubled-haploid line
(HbDHL) population (Kleinhofs et a. 1993). The “minimapper”
recombinants were selected to allow placement of probes to spe-
cific bins on the Steptoe x Morex map (http://barleygeno-
mics.wsu.edu/Macdraw/1-150.jpg). High resolution mapping was
with recombinants between the Rpgl flanking markers ABG704
and ABGO077 isolated from the following populations: Steptoe x
Morex (Hb and anther culture DHL, 370 gametes), Harrington x
TR306 (HbDHL, 450 gametes), Harrington x Morex (HbDHL,
244 gametes), Steptoe x Q21861 (HbDHL, 144 gametes and F2
derived homozygotes, 1,500 gametes), Dicktoo x Morex (HbDHL,
244 gametes), Q21861 x SM89010 (anther culture DHL, 120 ga-
metes), giving a total of 3,072 gametes. In the case of F2 popula-
tions, the lines with recombination between the flanking markers
were selfed and homozygous recombinants selected by progeny
analysis. Following homozygote recovery the Rpgl phenotype
was determined.

Disease resistance phenotyping

Rpgl disease resistance phenotyping was done as previously de-
scribed (Kilian et al. 1994).

Cloning and sequencing

The Morex BAC clones positive with the maize pic20 probe were

isolated, DNA extracted, digested with Hindlll, Southern blotted
and hybridized with the pic20 probe. Representative BAC clones
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Table 1 List of plasmids, probes and GenBank accession numbers of the barley pic20 homologues

Barley Plasmid used BAC clone Restriction Plasmid(s) used GenBank
pic20 for mapping used for enzyme/insert size for sequencing accession
homologue subcloning number
A p40-50P0.5-7 440K 12 Pstl/0.5 kb p40-50-1 AF414171
B pXba-HIIl 1.8-3 326C19 Xbal-Hindl11/1.8 kb p26-382 AF414172
C pC_EI-P-4,5 326C19 EcoRI-Pstl/0.5 kb p26-572 AF414173
D p40-50P0.5-7 440K 12 Pstl/0.5 kb p40-29;Pst0.8-2a AF414174
E pNRGO015 114A03 Hindl11/2.8 kb pNRGO015 AF414175
F p93-40 693F14 Hindll1/2.2 kb p93-40 AF414176
Gl p76-6 740010 HindI11/2.5 kb pNRG002° AF414177
pNRG002 Hindl11/1.9 kb pNRGOO05P

pNRG006P

p76-6P
G2 pNRGO017 720K 20 Hindl11-Nsil/0.32 kb pNRGO17¢ AF414178

pNRGO018¢
Hd p3231.4-1 568G08 Hindll1/1.4 kb p3231.4-1 AF414179
Id p68-4 568G08 Hindll1/1.2 kb p68-4 AF414179

aComplete sequence of the region homologous to the maize pic20
was obtained by direct sequencing of the BAC clone
bQverlapping plasmid clones cover the 6.3-kb sequence en-
compassing the pic20G1 gene homologous to the maize Rp1-D
gene

containing every band detected in the Morex genomic digest were
digested with Hindlll and shotgun-cloned into plasmid pBlue-
script |1 KS (Stratagene) by standard techniques (Sambrook et al.
1989). Plasmid clones containing the barley pic20 homologue in-
serts were identified by Southern-blot analysis. These were se-
quenced using the BigDye terminator system on an ABI Prizm
377 DNA sequencer (PE Biosystems) at the Bioanalytical Center,
Washington State University, Pullman, Wash. In some cases prim-
ers were designed and the BAC clone DNA sequenced directly.
A list of plasmid clones used for sequencing is given in Table 1.

Barley pic20 homologue cDNAS

Four arrayed barley cDNA libraries Hv_CEb (CI16151),
HvSMEf, HYSMEg and HYSMEh (Morex), consisting of approxi-
mately 50,000 clones each, were hybridized with maize pic20, and
barley pic20C, E, G1 and G2 probes. The arrayed cDNA library
filters were obtained from Dr. R. Wing (Clemson University Ge-
nomics Institute) and are described at (http://www.genome.clem-
son.edu/projects/barley/).

Barley pic20 homologue cDNAs were PCR-amplified from the
barley C116155 cDNA library HV_CEa [E. graminis infected and
uninfected seedling green leaf library prepared and provided to
us by Dr. T. Close (Department of Botany and Plant Sciences,
University of California, Riverside) from plant materials provided
by Dr. R. Wise (Corn Insects and Crop Genetics Research, USDA-
ARS, lowa State University)] and from the barley Morex cDNA
library (ovary 1 day after pollination) provided by Dr. P. Hayes
(Department of Crop and Soil Sciences, Oregon State University).
Degenerate primers designed from the conserved kinase 2 and
GLPLAL motifs in the NBS domain were used. Primer sequences
were: Kin2-F1 (5-ARRTTYYTSMTHGTRMTNGATGAT-3');
Kin2-F2 (5-ARRTTYYTSMTHGTRMTNGATGAC-3'); SPL-R1
(5'-CCCAYWRYWY TKGCHGCYARAGGWGA-3').

Approximately 100 ng of DNA from cDNA library pools were
used for amplification using 20 pmol of each primer and Red Taq
polymerase according to the manufacturer's recommendations
(Sigma) in a 20ul vol. Cycling parameters were: initial denatur-
ation for 5 min at 95 °C followed by 35 cycles of 1 min at 95 °C,
1 min30sat 60°Candl1minat 72 °C, and afinal incubation at
72 °Cfor 7 min.

¢Overlapping plasmid clones cover the region homologous to
maize pic20

dThe H and | bands represent a contiguous stretch of genomic
DNA cleaved by the Hindlll restriction enzyme as confirmed by
direct sequencing of the BAC clone

Rice pic20 homologue BAC clones

The rice cv Nipponbare 11 x BAC genomic clone library OSINBa
(obtained from Dr. R. Wing; Clemson University Genomics Insti-
tute) was screened with the maize pic20 probe under the same
conditions as the barley BAC library. Addresses of positive BAC
clones were used to determine their location in rice BAC finger-
print contigs (http://www.genome.clemson.edu/projects/rice/fpc/)
which are anchored to genetic markers in the rice genome. If the
rice genome sequence was available, blastn was used to identify
regions homologous to the maize pic20 probe.

DNA and deduced amino-acid sequence analysis

DNA and deduced protein sequences were initially analyzed on
the NCBI WWW page (http://www.nchi.nlm.nih.gov/). Alignment
of amino-acid sequences was performed using CLUSTAL_X 1.81
(Thompson et a. 1997). The presence of a coiled-coil motif in
amino-acid sequences was predicted by the PEPCOIL program
(Lupas et al. 1991) from the Emboss package at the UK Human
Genome Mapping Project WWW page (http://www.hgmp.mrc.
ac.uk).

Results

Genetic and physical mapping of the barley
pic20 homol ogues

Hybridization of the maize pic20 probe to Hindlll-
digested barley genomic DNA identified nine bands in
Morex and a lesser number in Steptoe and Q21861. The
nine Morex Hindlll bands were designated A to |
(Fig. 1A). All bands were mapped with the Steptoe x
Morex “minimapper” population (see Materials and
methods). Bands that were not polymorphic in Hindlll
were mapped with other restriction enzymes and their
identity confirmed by hybridization with barley specific
probes developed from BAC clones (Table 1). Genetic



Fig. 1A—C The maize pic20
probe identifies ten RFLP
bandsin the barley Morex ge-
nomic DNA and BAC clones.
A Hybridization of the maize
pic20 probe to Hindl l1-digested
Morex genomic DNA identi-
fied nine RFL P bands designat-
ed A to | starting from the top.
B Hybridization of the pic20
probe to HindllI-digested BAC
clones. The approximate size of
the bandsis indicated on the

on me

left. C Hybridization of the .
pic20 probe to Dral-digested
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Fig. 2 Chromosomal location of the barley pic20 homologues on
the barley Steptoe x Morex bin map. The barley pic20 homo-
logues are designated by letters A—

map locations of the barley pic20 homologues are sum-
marized in Fig. 2. Bands A, B, C, D and F mapped to a
complex locus on chromosome 1(7H) bin 001 near the
barley stem rust resistance gene Rpgl. In fact, the A and
D bands co-segregated with Rpgl in this limited-resolu-
tion mapping population. The E band mapped to chro-
mosome 3(3H) bin 008 and bands H and | co-segregated
and mapped to chromosome 5(1H) bin 013. The H and |
bands appeared to represent the same locus and were
confirmed to be Hindlll fragments of the same gene by
sequencing (see below). Mapping of the G band present-

ed difficulties until it was realized that it consisted of
two different, but identical size, Hindlll fragments
(Fig. 1C). These were subcloned, designated G1 and G2
and mapped to chromosomes 7(5H) bin 014 and 6(6H)
bin 005, respectively.

Bands A, B, C, D and F were mapped at high resolu-
tion using recombinants representing 3,072 gametes (see
Materials and methods). The A and D bands co-segregat-
ed with one another and were located nearest to the Rpgl
gene, but proximal to it by nine cross-overs out of the
3,072 gametes. The F band was proximal to the A/D lo-
cus by one cross-over and the B and C bands co-segre-
gated with one another and were three additiona cross-
overs proximal to the A/D locus (Fig. 3A).

The barley Morex BAC library (Yu et al. 2000) was
screened with the maize pic20 probe. Sixty BAC clones
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Fig. 3A, B Genetic and physi- A
cal map of the barley chromo-
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gion based on recombinant

populations derived from up

Q
. ,3-"{\ Rl
to 3,072 gametes. The genetic h
distances are expressed as the | |

=)
Sﬁ?

Centromere

_—
N § L& N
QO qP qP db q? é§
& PP P

\// \/,, |

number of cross-overs per ga- /a
metes analyzed. B Approxi-

mately 400-kb BAC clone

contig encompassing barley

pic20 homologues A, B, C, D

and F

were selected and their Hindll1 digests confirmed that all
of the RFLP bands of the Morex genomic DNA hybrid-
izing to the maize pic20 probe were recovered (Fig. 1B).
A complete list of BAC clone addresses can be found
at http://barleygenomics.wsu.edu/pic20_BACs.html. De-
tailed analysis showed that the bands A and D, D and F,
F and B, and B and C were sometimes found on the
same BAC clone. Thus, it was possible to assembl e these
BAC clones into a contig covering roughly 400 kb
(Fig. 3B). This contig was further confirmed by finger-
printing using Hindlll digestion and hybridization with
total barley genomic DNA (data not shown). The BAC
clones specific to the bands E, G1, G2 and H/I were
identified, but were not assembled into physical contigs.

Cloning and sequence analysis of the barley
pic20 homol ogues

BAC clones containing barley pic20 homologues were
digested with Hindlll and shotgun-cloned into a plasmid
vector. The maize pic20 probe was used to identify
clones containing barley homologues. Most of the larger
Hindlll clones could not be used for genetic mapping
due to the presence of repetitive sequences, therefore
they were further subcloned. Plasmid clones used for
mapping are listed in Table 1 along with restriction en-
zymes used for subcloning and insert sizes.

Pic20 positive plasmid clones were sequenced in the
region homologous to the maize pic20 probe and sur-
rounding regions. Plasmids used for sequencing and
GenBank accession numbers are given in Table 1.

Sequence analysis of the barley pic20 homologues in-
dicated that most of them were uninterrupted open read-
ing frames similar to the maize Rp1-D gene and thus
represented functional genes. Exceptions were barley
pic20C and pic20G2, which contained a nonsense muta-
tion in the NBS region or a retrotransposon insertion up-

2/3072

9/3072 1!373 2/858 v

& P ot & &
A & & &
Y S o X
q q Q Q Q
A A A A A
v —VvV—v —
054105 807C13
(115 kb) (155 kb)
495P05 459E17
(125 kb) (120 kb)

stream of the kinase 2 motif, respectively. Two barley
cDNASs, identical to the pic20A and pic20C clones, were
identified (GenBank accession numbers AF414181 and
AF414180, respectively). The pic20A cDNA was ampli-
fied from a Morex ovary cDNA library using Kin2-F2
and SPL-R1 primers, while the pic20C cDNA was am-
plified from the CI16155 cDNA library HV_CEa using
Kin2-F1 and SPL-R1 primers. Screening of four arrayed
barley cDNA libraries (see Materials and methods), to-
taling approximately 200,000 clones, with the maize
pic20 probe did not yield positive clones (data not
shown).

Deduced amino-acid sequences (Fig. 4) covering the
region homologous to the maize pic20 were aligned
using Clustal_X 1.81 (Thompson et a. 1997). The ki-
nase 2 motif of the NBS domain was perfectly conserved
among the barley pic20 homologues and with the maize
Rp1-D translated sequence. Similar to Rp1-D, the barley
pic20 homologue amino-acid derived sequence had only
imperfect kinase 3 and GLPLAL motifs.

The only published barley pic20 homologue sequence
(Ayliffe et al. 2000; M1-13 clone) was identical to our
pic20A amino-acid sequence and probably represented
the same gene. The other barley pic20 DNA sequences
appeared to be unique in a search of the non-redundant
barley sequence database, indicating that we have isolat-
ed eight new barley RGAs.

Comparison of the barley pic20G1 band
with the maize Rp1-D

The barley pic20 homologue G1, which is located on
chromosome 7(5H), possibly in a syntenous position to
the maize Rpl locus (see Discussion), was characterized
more extensively. A 6.3-kb sequence was obtained from
overlapping plasmid clones. The NCBI ORF Finder indi-
cated a 1,282 amino-acid open reading frame starting
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Fig. 4 Alignment of the de- B band LLVLDDVWFEPGS-DREWDQLLAPLVSQHPGSKVLVTSGRDTFPVALCCQ--EVRLLKNL
duced amino-acid sequencesof ~ € band LLVLDDVWFEPGS-EREWDQLLAPLVSQQTGSKVLVTSRRYTFPPSLCCV--QVRSLNNL
the barley pic20 homologues A band LLVLDDVWFELGS-EREWDQLLAPLVSRQTGSKVLVTSRRDTFPATLCC---EVCPLEKM
and maize Ro1-D. Onlv regions 2 Pand LLVLDDVWFEPES-ESEWDQLLAPLISQQMGSKVLVTSRRDRFPSTLYC-—--EVCPLENM
pl-D. Onlyregions g ,h9 LLVLDDVWFEPGN-QREWDQLFAPLVSQQTGSRVLVTTRQNSFPAALCCE--KVCPLENM
homologous to pic20 wereused g pang LLVLDDVWFDDSSSQMEWDQLLAPLVSQHKGSKVLVTSRRDTFPSALYCE--KVLRLESM
in the alignment, starting with G1 band LLVLDDVWFEENTNEMEWEKLILSPLVSQQTGSKILITSRSNILPAPLCCD--EIIHLKDM
thekinase-2 motif LLVLD and G2 band LLVLDDVWFEKNSNE-DWEQLLAPLVSRHRGSKVLVTSRSETLPAALCLK--ETINLEEM
encompassing kinase3andthe  HI band LLVLDDVWFEESGTEMEWEQLLRPLVCEQTGSKVLVTSRSNILPASLYCN--KIVPLENM
GLPLAL motifs, which are Rpl-D LLVLDDVWFEKSHNETEWELFLAPLVSKQSGSKVLVTSRSKTLPAAICCEQEHVIHLKNM
underlined. The stop codon in il Pors Wrr..q o xRagda:
the C band sequence is indicat- Kinase 2 Kinase 3
ed by “!". Alignment quality B band GDAQFLALFKHHAFSGPNIRNPQLCARLEAFAE-KIAKRLGKSPLAAKVVGSQLKGKTCI
isindicated below the amino- C band GEAHFLALFKHHAFSGSEIRNVDLRVRLGEFA ! -KVAKRLGQSPLAAKVVGSQLKAKTCT
acid sequences as follows: A band DDAQFLALFKHHAFSGPEIRNPQLREKLEEFSK-KIAKRLGQSPLAAKVMGSQLKGKTDI
“*" _jdentical residues, D band EDAEFLALFKHHAFSGPEIRNPQLRKRLRNFAE-KIAKRLGQSPLVAKVVGSQLKGKTDI
“ . strongly similar residues, F band EDAQFLALFKHHAFSGPEIKNLQLRKRLEDLSRRRISKRLGQSPLAAKNCGFPVEREANT
“» - weakly similar residues E band EDTQFLALFKYYAFTGAQIRDTLLLQRLEAIAE-EIAKRLGQSPLAAKVVGSQLKGKMNV
G1 band EDNDILALFKDHAFSGAATRDQRLRQQOLETIAE-KLAKRIGTSPLAAKTVGSQLSRNKNK
G2 band EDADILALFKDHAFFGTAIGDORVRQOLETIAE-KLCKRLGRSPLAAKTMGSQLSRKKDK
HI band EDAEFLALFKNHAFSGAEVGEHSLROKLEE IAE-KLGTRLGRSPLAAKTVGLOLSRKKDI
Rpl-D DDTEFLALFKHHAFSGAEIKDQLLRTKLEDTAV —EIAKRLGOCPLAAK VLGSRLCRKKDI
. . ***** ** * : . * * ** * % * H
GLPLAL
B band TAWKDALTIKIEKLSEPMSALLWSYEKLNPCLORCFLYCSLFPKGHKYLIGELVHLWMAE
C band TAWKDALTIKINKLSEPMRALLWSYEKLDPCLQRCFLYCSLFPKGHRYCINELVYLWVAE
A band TAWKDALTMKIDKLSDPMRALLWSYEKLDPCLQRCFLYCSLFPKGHKYVIDDLVHFWMAE
D band TAWKDALTIHIDKLSEPMRALLWSYEKLDPILORCFLYCSLFPKGHKFVINELVHLWMAE
F band SAWKDALTIQVDKLSEPMRALLWSYDKLDPRLQRCFLYCSLFPKGHKYVIDELVHLWIAE
E band PSWKDALTLKIDNLSEPRTALLWSYQKLDPRLQRCFVYCSLFPKGHKYNIDELVHLLIAE
Gl band TAWENAL--RIDNLSNPSIALLWSYEKLDPSLORCFLYCSLCPKGHHYVIEELVHMWVVL
G2 band ASWEDAL--KIDNLSDPSRALLWSYEKLDPSLORCFLYCSLYPKGHH-————————————
HI band TSWKDAL--KKDNLSDPTKALLWSYDKLDPHLQRCFLYCSLYPKGYRYEIRELVHLWIAE
Rpl-D AEWKAAL--KLGDLSDPFTSLLWSYEKLDPRLORCFLYCSLFP——————————

.ok, k%

with an ATG. The same ORF was predicted by the
GENSCAN program (http://genes.mit.edu/GENSCAN.
html) using Arabidopsis parameters (Burge and Karlin
1997). The region upstream of the ORF had no signifi-
cant match in Blastn and Blastx searches. The region
downstream from the ORF showed homology to A. thali-
ana putative non-LTR retrotransposon reverse transcrip-
tase.

The best match of the 1,282 amino-acid ORF in
Blastp was with the maize Rp1-D protein (56% identity,
70% similarity), therefore further comparative analysis
was performed. Similar to Rpl1-D, the GENSCAN-pre-
dicted pic20G1 gene did not have introns in the coding
sequence. The Rpl-D mRNA analysis indicated the pres-
ence of introns both in 5'- and 3'-untranslated regions
(Collins et al. 1999). The presence of such intronsin the
pic20G1 gene is possible, since there are potential splice
sites upstream of and downstream from the coding re-
gion, but the cDNA sequence would be required to prove
it.

Amino-acid similarity between Rpl-D and pic20G1
was not confined to the NBS domain, but extended over
the entire length of both sequences. The sequences
N-terminal from the P-loop motif were least homolo-
gous, showing only 45% identity (62% similarity). The
sequences exhibited notable conservation in the NBS re-
gion between the P-loop and GLPLAL motifs (71%
identity, 85% similarity) with the P-loop and kinase 2
motifs being identical. The LRR regions of pic20G1 and
Rp1-D (as defined in Collins et al. 1999) are 56% identi-

LRk gk gkkkkkgkhkgk Kkkkkghkhkkkgk

cal (68% similar) and some parts of the barley sequence
can be arranged into leucine-rich repeat units (data not
shown). Characteristic of monocot NBS-LRR proteins,
Rpl1-D did not have a TIR domain, but it also appeared
to be lacking the coiled-coil or leucine zipper motifs
(Collins et al. 1999). The predicted amino-acid sequence
of the barley pic20G1 also did not have the coiled-cail
characteristics as determined by the PEPCOIL program
(Lupas et a. 1991) from the EMBOSS package run at
the default settings.

Rice pic20 homologues

The rice cv Nipponbare 11x BAC library was screened
with the maize pic20 probe and 20 clones were selected.
A complete list of BAC clone addresses can be found at
http://barleygenomics.wsu.edu/pic20_BACs.html.
Localization of these rice pic20 homologues in the
rice genome was determined by using BAC clone finger-
printing data available from Clemson University Geno-
mics Institute (http://www.genome.clemson.edu/projects/
rice/fpc/). Fifteen BAC clones were from the fingerprint
contig located on rice chromosome 1 near the genetic
marker PIB1. One BAC clone was from a contig on
chromosome 2 near the marker R3393, while another
BAC clone belonged to a contig on chromosome 5 near
the marker S1780. Three of the BAC clone addresses
were not found in the fingerprint database. The chromo-
some 1 region has been sequenced by the Japanese Rice
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Genome Program. Rice pic20 homologue BAC clones
overlapped with sequenced rice PAC clones AP003224
and AP003368. A Blastn search of the maize pic20 se-
guence against PAC clone sequences identified one re-
gion homologous to pic20 on PAC clone AP003224 and
three regions on PAC clone AP003368. These PAC
clones overlapped in one of the pic20 homology regions,
therefore, three different loci homologous to the maize
pic20 probe were identified on rice chromosome 1 and at
least one each on chromosomes 2 and 5.

Discussion

The maize pic20 probe was used to identify, map and
characterize barley homologues of the maize rust resis-
tance gene Rpl-D. We showed that five of the barley
Morex pic20 Hindlll bands map to a complex locus near
the barley stem rust resistance gene Rpgl (Fig. 3A).
High-resolution genetic mapping showed that none of
them co-segregated with the Rpgl locus, and therefore
are not Rpgl. Ayliffe et a. (2000) mapped the barley
pic20 homologues to three loci: pic20a on chromosome
5(1H), pic20b on chromosome 3(3H) and pic20c on
chromosome 1(7H). They suggested that the pic20c lo-
cus might be separated into pic20c1 and pic20c2 loci, the
first of which co-segregated with Rpgl in the NABGMP
148 DHL Steptoe x Morex mapping population they
used (two lines missing). The pic20cl locus (Ayliffe et
al. 2000) probably corresponded to our pic20A or D
bands, which mapped closest to Rpgl, while the pic20c2
may have corresponded to either of pic20F, B or C
bands. Other loci, pic20a and pic20b, mapped to similar
places as our pic20H, | bands and pic20E band, respec-
tively. We have mapped two additional loci (G1 and G2)
on chromosomes 6(6H) and 7(5H), respectively.

Genetic mapping of the pic20A, B, C, D and F bands
in combination with the BAC clone contig encompassing
these bands (Fig. 3) enabled us to estimate the ratio be-
tween genetic and physical distances in this chromosome
region. The genetic distance between the pic20A/D locus
and the pic20B/C locus was estimated to be 0.67 cM
(three cross-overs/450 gametes), considering only the re-
combinants recovered from the Steptoe x Morex cross.
The estimated physical distance between the pic20A and
pic20C bands, based on the Morex BAC clone contig,
was approximately 350 kb which yields a genetic to
physical distance of about 525 kb per cM. However, in a
1,644-gamete Steptoe x Q21861 population, no recombi-
nants were found between the markers pic20A and
S1558 (found on the same BAC clone as pic20C). South-
ern blots of Hindlll-cut DNA suggested that pic20B,
C and F homologues may not be present in the Q21861
parent, or did not cross hybridize with the maize pic20
probe (data not shown). Thus, combining genetic/physi-
cal distance calculations from different crosses may not
be meaningful, particularly in regions of complex dis-
ease resistance loci where different parents may contain
different members of a complex gene family.

The barley chromosome 1(7H) region between RFLP
markers ABG704 and ABGO77 appeared to be rich
in RGAs. Apart from Rpgl, it contained five barley
pic20 homologues, the NBS-LRR type RGA named B9
(Leister et al. 1998), the picl5 locus containing RGASs
picl5, pic25, pic25-1 and pic27 (Collins et a. 2001), as
well as several other RGASs (Brueggeman and Kleinhofs,
unpublished). Recently Tacconi et al. (2001) mapped
a new barley leaf stripe resistance gene Rdg2a to chro-
mosome 1(7H) 2.5 cM distal to the RFLP marker
MWG2018 and 5.8 cM distal to RFLP locus ABG704.
However, in the NABGMP Steptoe x Morex DHL
mapping population MWG2018 mapped approximately
3.4 cM proximal to ABG704. Since both probes hybrid-
ized to several bands it is possible that one or both were
mapped to a different locus by Tacconi et a. (2001). Due
to the genetic proximity, it is nevertheless possible that
the barley pic20 homologues could represent candidate
genes for Rdg2a.

In maize, the Rpl locus mapped to the short arm of
chromosome 10 which has been suggested to be synte-
nous to barley chromosomes 7(5H) and 2(2H) (Moore et
al. 1995; Bennetzen and Freeling 1997). The barley pic20
homologue cluster on chromosome 1(7H) was out of syn-
teny with maize and was not likely to be orthologous to
the Rpl locus (Ayliffe et a. 2000). The barley pic20G1
band is located on the chromosome 7(5H) bin 014 approx-
imately 50 cM distal to the marker CDO504 which is lo-
cated 23 cM proximal to the Rpl locus (Van Deynze et al.
1995). Thus, the barley pic20G1 potentially could repres-
ent an ortholog of one of the maize Rpl genes, athough
other markers linked to maize Rpl1 do not sustain the syn-
tenic relationship. In general, the maize chromosome
10S does not seem to have good synteny with any of the
Triticeae chromosomes (Van Deynze et a. 1995).

Han et al. (1999) analyzed arice BAC clone covering
the region syntenous to barley Rpgl between the markers
B122 and B24. Based on the B24 and B122 map loca-
tions in barley this region should aso include the rice
homologues of maize pic20. Fifteen putative rice genes
were identified in the analyzed region, but none of them
exhibited NBS-LRR characteristics. It was concluded
that a Rpgl homologue was not present in the syntenous
position in rice. Since no genes encoding NBS-LRR pro-
teins were found by us (Han et al. 1999) or the extensive
sequencing reported by the Rice Genome Program
(http://rgp.dna.affrc.go.jp/cgi-bin/statusdb/status.pl), it can
be concluded that this rice genome region does not con-
tain pic20 homologues.

Ayliffe et al. (2000) showed that the maize pic20
probe hybridized to severa rice genomic DNA RFLP
bands. A Blastn search of the rice non-redundant data-
base with the maize pic20 sequence revealed only one
segquence on rice chromosome 1 that may have high-
enough homology to hybridize under standard conditions
(AP003224; average homology approximately 85% over
180 bp). This suggested that most of the rice homologues
of maize pic20 remained to be discovered. Therefore we
screened the rice cv Nipponbare 11x BAC library with



the maize pic20 probe. Pic20-positive BAC clone ad-
dresses were used to find their position in BAC finger-
print contigs (http://www.genome.clemson.edu/projects/
rice/fpc/). We found a cluster of three rice pic20 homo-
logues on chromosome 1 in a region which has been se-
guenced by the Japanese Rice Genome Program
(AP003224 and AP003368), which was similar to the
barley pic20 homologue cluster on chromosome 1(7H),
but out of synteny with barley and maize. Fifteen rice
BAC clones were found for this region in good agree-
ment with the 11x coverage of the BAC library. In addi-
tion, one BAC clone each from chromosome 2 near ge-
netic marker R3393 and from chromosome 5 near mark-
er S1780 was identified with the maize pic20 probe.

Overal amino-acid identity among the barley pic20
homologues ranged between 58% to 84%, while their
identity to maize pic20 remained fairly constant at 59%
to 64%. Sequences of the barley pic20 homologues
clustered on chromosome 1(7H) were more conserved
among themselves (69% to 84% identity) and may re-
present gene-duplication or gene-conversion events.

The translated pic20A (M1-13; Ayliffe et a. 2000)
gene amino-acid sequence exhibited strong homology
and a similar arrangement of protein domains with
Rp1-D (Ayliffe et al. 2000). More-extensive comparison
with Rpl-D was performed in the case of the barley
pic20 homologue, pic20G1l. As in the case of pic20A,
pic20G1 and Rpl-D are homologous over the entire
length of both proteins, although the NBS domain exhib-
ited the highest degree of conservation. All conserved
motifs in the NBS regions of pic20G1 and Rpl-D were
highly similar. Notably, the LRR regions exhibit 56%
identity, although there were regions with little homol o-
gy, as well as amino-acid deletions or insertions that may
be important for specific function of the proteins.

In contrast, comparison of pic20G1 with the barley
NBS-LRR disease resistance gene Mla6 conferring resis-
tance to B. (E.) graminis f. sp. hordei (Halterman et al.
2001) trandlated sequence showed only 27% overall
identity (45% similarity). Homology was limited mostly
to the conserved motifs in the NBS domain and leucine
residues in the LRR domain (data not shown). No ho-
mology was detected between sequences N-terminal to
the P-loop, which is consistent with lack of the coiled-
coil structure in the predicted pic20G1 protein. The dif-
ference of the barley pic20 homologues from Mla6, and
the remarkable homology to Rpl-D, suggested a com-
mon origin and perhaps a similar function. Although
cDNAs were isolated for pic20A and C, the expression
level of the barley pic20 homologues appeared to be low.
No cDNA clones were found among 200,000 arrayed
cDNA clones and only one cDNA of each pic20A and C
were amplified by PCR from bulk libraries using degen-
erate primers. We can not exclude, however, the possibil-
ity that cDNA clones from an inappropriate tissue were
analyzed or that the genes may need to be induced.

In summary, the barley pic20 homologues represent a
gene family that has retained high homology to the
mai ze rust resistance gene Rpl-D. However, they do not
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co-segregate genetically with the barley stem rust resis-
tance gene Rpgl nor with any other well-mapped disease
resistance gene.
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