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Abstract The deduced peptide sequences of 25 gene
fragments of NBS-LRR resistance (R) gene homologues
from rice and barley and of characterized R genes were
compared, revealing a string of six conserved motifs.
Mapping of the R-gene candidates in rice showed link-
age to genes conferring race-specific resistance to rice
blast (Pi-k, Pi-f and Pi-1) and bacterial blight disease
(Xa-1, Xa-3 and Xa-4), in barley to powdery mildew
(Mla) and the rust fungus (Rpgl). In rice four mixed
clusters were detected, each harboring at least two
highly dissimilar NBS-LRR genes. A YAC-contig was
established for one of these mixed clusters. YAC frag-
mentation experiments revealed the presence of at least
five NBS-LRR genes within 200 kb in head-to-tail
orientation.
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Introduction

The arrest of attempted pathogen attack is mediated in
almost every characterized plant pathogen interaction
by cognate genes in the host (resistance gene; R gene)
and pathogen (avirulence gene; Avr gene; Flor 1971).
These gene-for-gene relationships explain disease res-
istance to all classes of plant pathogens. The specificity
of these interactions has been used as an argument that
a host resistance reaction is triggered by a recognition
event in which R and Avr genes are either directly or
indirectly involved. Several R genes corresponding to
race-specific interactions have been isolated by trans-
poson tagging or map-based cloning approaches (re-
viewed in Baker et al. 1997). Although these genes were
isolated from distantly related species (tomato, to-
bacco, Arabidopsis, flax and rice) and although they
control resistance to viral, bacterial or fungal isolates,
their deduced gene products reveal structural similarit-
ies. A comparison of the shared motifs has led to the
definition of at least two R-gene classes (Hammond-
Kosack and Jones 1997; Jones and Jones 1997). The
major class comprises genes containing both a 5’ ter-
minal nucleotide binding site (NBS; Traut 1994) and 3’
terminal leucine-rich repeats (LRR) of various length.
This NBS-LRR class consists of Rps2, Rpmi, N, L6, M,
Rpp5 and Xa-1 (Bent etal. 1994; Mindrinos et al.
1994; Whitham et al. 1994; Grant et al. 1995; Lawrence
etal. 1995; Anderson et al. 1997; Parker et al. 1997
Yoshimura et al. 1998).

Although the overall sequence homology among
members of the NBS-LRR class is low and insufficient
to be detected by cross-hybridization, short stretches of
peptide sequences are well-conserved (Staskawicz et al.
1995; Dangl 1995; Hammond-Kosack and Jones 1997,
Jones and Jones 1997). The conserved motifs, adjacent
to the NBS, enabled a novel polymerase chain reaction
(PCR)-based approach that used degenerate primers to
amplify resistance gene homologous sequences from
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plant genomes. This approach was successfully applied
to isolate NBS-LRR genes from several monocot and
dicot species (Leister et al. 1996, 1998; Kanazin et al.
1996; Yu etal. 1996). The possible functions of the
homologue sequences were evaluated by testing their
linkage to characterized resistance specificities by
means of restriction fragment length polymorphism
(RFLP) mapping. Twelve NBS-LRR genes represent-
ing 7 different classes in potato were isolated and sub-
sequently, revealed either linkage or cosegregation with
a fungal and nematode resistance locus (Leister et al.
1996). Similar results were obtained independently by
Kanazin et al. (1996) and Yu et al. (1996) who isolated
9 and 11 different classes of NBS-LRR genes in
soybean, respectively, and detected correlations with
characterized resistance loci.

A common feature of many but not all R genes is
their apparent complex physical organization (Hulbert
and Michelmore 1985; Hulbert and Bennetzen 1991;
Ellis et al. 1995; Holub and Beynon 1996). This was
shown for both NBS-LRR and LRR/Kinase-type
R genes. The R genes N from tobacco, Pto and the Cf
genes in tomato, Xa-21 in rice and M in flax were found
to detect several cross-hybridizing homologues, often
at the same genetic loci, forming small gene families
(Whitham et al. 1994; Martin et al. 1993; Jones et al.
1994; Song etal. 1995, 1997; Anderson et al. 1997).
A characterization of the complex organization of Pto
revealed the presence of several Pto homologues in
a region of approximately 70 kb (Jia et al. 1997), for
M approximately 15 related genes clustered in less than
1,000 kb (Anderson et al. 1997) and for the Cf-9 family
in L. pimpinellifolium 5 copies clustered within 50 kb
(Parniske et al. 1997). This complex structure may sug-
gest mechanisms of R-gene evolution, but it compli-
cates map-based cloning approaches since it increases
the number of R-gene candidates in the region of
interest.

Comparative mapping of rice and barley NBS-LRR
homologues in rice, barley and foxtail millet frequently
revealed a lack of co-linearity (synteny) among these
closely related species. This indicates a faster gene di-
versification for NBS-LRR genes than for the rest of
monocot genomes (Leister et al. 1998). In this study
we describe the analysis of NBS-LRR homologue se-
quence diversity and conservation and their linkage to
genetically characterized R genes in rice and barley. We
also provide a detailed analysis of the physical organ-
ization of a detected R-gene homologue cluster in rice.

Materials and methods

RFLP and Southern analysis

RFLP and Southern analysis with rice and barley genomic DNA
was performed as described earlier (Leister et al. 1998). For Southern
analysis of YACs total yeast DNA (100 ng) was digested with

HindIIl, submitted to electrophoresis on a 0.6 % (w/v) agarose gel
and transferred to nylon membranes using standard protocols (Sam-
brook et al. 1989). Hybridization experiments with yeast and rice
DNA were performed using the ECL system (Amersham) and in
barley by use of [*?P]-labeled probes.

Sequence analysis

Sequence data were analysed with the Genetics Computer Group,
Wisconsin Programme, version 8 (GCG; Devereux et al. 1984). Dis-
play of aligned deduced amino acid sequences was carried out by
using the programme “BOXSHADE”.

Construction of the rice YAC contig

DNA sequences of the five RFLP markers R1506, Y6854L, 1.1044,
Y2668L and G181, previously mapped in the telomeric region of rice
chromosome 11 (Kurata et al. 1994), were obtained from the Gen-
Bank database, and primers were derived for the generation of PCR
markers (Table 1). Sequences of YAC termini were obtained accord-
ing to Leister et al. (1997) and converted into PCR-based markers
(Table 1). The insert size of the identified rice YACs was evaluated
by the preparation of high-molecular-weight (HMW) DNA accord-
ing to Kleine et al. (1993). Subsequent pulsed field gel electrophoresis
(PFGE) analysis was carried out by using the CHEF-DR III System
(Biorad) using the following parameters: 28-h run time, 120°, switch
time of 15-100s, 1% (w/v) agarose, 5.5 V/cm. Southern blots of
PFGE-separated yeast HMW DNA were hybridized by probing
with HindIII-cut pYAC4 vector DNA.

Table 1 PCR primer sequences

Primer Sequences (5" — 3')

R2s TCTTCGTAATATGGGAATTCGA
R2as TCTCTTGGTTGATGTTCATGC

R10s GTTCTTAGTAATATGAAAATTCATT
R10as CCTGTGTCCCGTAGATTTTTC
2668Ls GAATTCACCGGAATGGATTTTC
2668Las CACTATAGGGAGACTGTGGA
6854Ls CGGCCGCCTCAGCCTCGC

6854Las GAATTCGGATATCCTTTTTCAC
L1044s GATCCTAAAATTATCCTCCATG
L1044as CCAGGGATGCCACCAACAGC
G181s CTGCAGGGAAGGGAAGTTCA
Gl8las TGAAGAACAATAGACCTCATGG
R1506s CTGGTGATTTGGTGAAAGTCT
R1506as ACTCTCCTGACCACCAAAGC

2977Ls GAATTCCAAACTTTAGAAGC
2977Las GATATCTATTTTAAAAGTTATGG
0043Ls GAATTCCAGTTCGATCTACGG
0043Las AAGCTTTGCTTTTAAAAGAAATGTC
2977Rs GAATTCATCCTTTTTCCTTTTGAA
2977Ras GTTGCAGATTTGGGGGAGTGA
5131Ls GAATTCTTCAGGTTTTGCTGGA
5131Las AGCGGATTCATCCTGAAAGTAGT
6416Ls GATGCGGCACGGAGATGCTA
6416Las GGAGATACCATGAGGTATTATAAG
2668Rs CATAGACTGCACCTGATCTATG
2668Ras GCGACCAGAGGTATCTCCAA
2668Ls GAATTCACCGGAATGGATTTTC
2668Las TCCCCGGAATAAGGGAAGACAT
5131Rs GAATTCTACAGCTACATATTTTTTTG
5131Ras GTCGACTGAAATAAGCATGATAA
6416Rs TACGGCCGGATGCAACGTGC
6416Ras GAAACTGACATGTGGGTCCC
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(I) P-Loop/Kinase-1a (IT) Kinase-2 (TIT) (IV) "GLPLAL"
Rps2 rg g yGpGG GETTLmMgsS nne rgKrf LDDVWee ckVMETTRs1 cgGLPLALitLGgaMah
Rpmli rivva 'vG GGsGKTTLsan ks gsKRyIVVLDDVWE . sr TTRdAm CgGLPLA as’ —smist
Rpp5 ar/ /g w@gsG GK T gra.l sg nhKiv LDDV. .. sr iTgdr vgsLPL - Lsvi.ssL..
Prf 1dV s vGpG GKTTLakk 'nd 1tERf DDVWd. sr TTR1n CcrGLPLEVV1VAgvLEg
2ci la//p v@ GG GKTTLaka 'nd ngKrfLVVLDDVWNnd sk TTRke ck@GLPLA kal.AgmLrs
N vr g wG GEGGKTT ara’ dt rsKEvVLIVLDDI. .. sr TTRdAk akGLPLA kvwislL. .
L6 vtiiglyG GG GKTTtaka 'nk srfKiLVVLDDV. .. srfIITSRsm taGLPLtLkvICslL. .
M vtiglyG GG GKTTtaka 'nk sksKiLVVLDDV. . . trfIITSRNg tgGLPLtLkvtCsfL. .
Xal itV p vGnGG GETTLagl ckd ksK VLDDVWel nm TTRig 1lkGnPLAaktVcslLgt
rl Vs Lp vEIGG GETTLtgl  'nd egKrfLLVLDDVWNne sr TTRnk 1kGLPLAaka “slLct
r2 vykla vGLGGE GETTLagk 'nd anKsf fIL.VLDDVWn . gv TTRAA CgGLPLATrvIAtvLas
o Lagk ‘ne rgKsviLVLDDVWk . sh TSRnl gy------
T T Larfvyrd reKrf LDDMWed caVLaTTRrn 1k------
s e Lagk '‘nd seKsfLLVLDDVWG. gv TTR1d4 Gy ——————
I e Laan’’rn mdqgiy L IVLDDVWv . sr TTRid Ger———mr
7 m—e——— L...Veqgk keqiyliViDg. ... srivhiT..e tg--=----
s = Lvay' ‘ya hgkKry LDDVWa. .rfVITSRih CE————=—
e I Lagm. ‘nd gdm £ £ L. VLDN VWY gm TTRdAe eg-=—mr=—m
rl0 0 mm———— Lagkiind adKsffI.VvLDDVWh. gi TTRde cgGLPLA ra “kvLas
1T, 0000 === Lagl 'nd kKhEmv. I VLDDLWne cm TTRse ckGLPLA kti smLcy
riz2 —————— Laglvynd gqgKRsfr.L.VLDDVWte G TTRne Cr—=—=—=—=
rl3 —————— Ltglvynd kgKrRfL.LVLDDVWne sk TTRne 8
r4 m=me——— Lail/ine htREVLLVLDDVgtd sm TTRyh le-—----
rls ipV g w@ GG GKTTLlkl hne wnEnf LDD Wek hk aTRse ckGLPLA vs Crtisi
rlée == 2020000 @ —————— Larlvynd kgRriLLVEDDVWne sh TTRne sd------
b1 Llhvfnnd arRrf LDDVrkk sk TSRyqQ cgGLPLA v .-tavag
b2 @ m————— LaryV hd rnKe fLLVLDDYWed cmVLaTTRtk Ik—=====
b3 mmeeee— LvhhV ka agsiy Lppven.  m=————
b4 1sTLpIivGIGGLGKTTLEglV nd kgKrREfLLVLDDVWNne sr TTRnk lk---=---
b5 In' p vG@ GG GnTTLarf ckd rnKrR{LLVLDDVWed cmiLaTTRmd 1kGcPLAags' callnt
b6 SrvitVs@ GG .GKTTLvkn 'dr gqdR¥cLIVLDDVWG. ch TTRke Cr—-———--—
b7 @ mmeeee- Lare''rk qAKRyLIVIDDIWS. nr i raTTRvv cg-—————
b8 000 ==————— Lakel'rr qAKEYLIVIDDVWa . sg TTevd c¢dGLPLAVVEVAglLYVD
b O 0 mm————- Lakm' 'nd gkEKREfMLVLDDVWde sv TTRsQ crGLPLATktVMCglLss
Consensus . .G GG GKTTL... KR , XXVLDDVW TTR GLPLAX..XX..L

(\) (VD
Rps2 alLkfs¥YdnLes vkMH rofal.
Rpmli siMfrL8¥ndL.p fkMHDV iwelnl
Rpp5 etLr gYdrLnk ieMH ek ‘re
Prf .irgfsYknL.p cr HDL hkfem.
N dkLkTSYdgLep vgMHDL Tgdicky
12C1 palmlSYndL.p f1MHDLVndLAg
L6 drLk sYdaLnp fkMHDg rdiicre
M drLkiSYdaLka leMHDg rdicre
Xal gaLklLSYdhL. s fvMHDLVhALAgk
rl paLrLS¥YnhL.p yvMHDahd . g
r2 gaLy! .SYevL.p
rlo0 gaLyl.SYevL.p ckMHDLLrgLAS
rl1 psLelSYkn!i.p Fig. 1 Alignment and consensus sequences between charac-
rls atLkLTYdnLss terized R genes and deduced amino acid sequences of rice and
bl gqrkysydsLtp vkMHh" rqw-fg barley R gene candidates. Consensus sequences of aligned rice
b5 pvLk SYdyL.p yVMHD! he' g (r) and barley (b) R gene candidates and the R genes N, Rps2,
b8 qvLn.SYnnL.p Rpml, Rpp5, Prf, 12C"1, 176, M al}d Xa-1 are md}cated. Regions
b9 SiLKLSYihL.s of‘ homology are.hlghhghted in bla{:k (identity), dark gray
(highly conservative exchange) or light gray (conservative

Consensus L.XsY..L MHDX X, .

exchange). Conserved motifs are designated I-V'1




ZHTOMIW QT0T [68DMIN Q OFT
SN TN H

SFIUSA DO el

SORUS ST m
rs1om oL
#SI4Sd o P conisdd e

CLCETT TR

2I50 Q.um.‘..

a,
=
i

aptoded 64 sesasd O Z0SOMWOU zz9om S0- 2200480
orx) C0fo axn @xp axn uxpn Orxg) .%_:.u
HL HY HY
o ezt [Fidlyid]
gLl
0918 [e-vx][#-vx]
-1,
it (Wl
1201
ec6  [07-0X]
£80 Q ST .
04410 O 1951 9.1
cort : :

614 Q L6
9E9 46920 €L
£95
Frel( 4]

Les _ LI910 Q@ vEL
T m_nm .

22Id © 00 00 VROPIH O 0
8 6 £

512

: N.:Gﬂ &
991
ZroY st
051
b
LGS0 P

: LikD
iy QLLL THD 5 ey

oo :

E LI :

- : :

brwg §chcoMmg o
FeI8Hsld @ T2 i pmcomu ch

cocommly”

% ;cpsx.._mc
xp  (HxD)  Gxp

HE

0

046D Q 1'61

or6o TN$ <11

L8O Q00

STZTOMMWG HT
SPOM Q]
i i ocusd ol
i Z880MMQ FTI §r0Eaod Qogt
OETESd Q11 : :
B Y dosomng sor
mfo
[p1asdgog" N ¢ L6
SOROMIY1s m
P oppoMng o8 :
: OSURNSd
: H i [
[£45O0 TN © o Lo %
(Lxn xn xg)
HT HI
960 Q L'STI
: £200 Q 9sy
oL
1L i
ELOITY &89
wrend & 00
L
SHED Q0
ot 0£210 Q [Tl
664 Q (F11
: 21012 |
0801[[-v S0
: 98.: X1 sst
0090 43
LELTH © 656 72
: #7290 Q1'88
628 b 00 L 600
4 s

:

£V ZEl

02 [uu-1py)

U [y-1m]
9-O)



Fragmentation

The YAC clone Y5131 was transferred from its original genetic
background (strain AB1380: his5) into the strain YLBW3 (his3-A200;
Hamer et al. 1995) by the karl-transfer procedure (Spencer et al.
1994) to enable the use of a fragmentation vector carrying HIS3. The
resulting YAC clone Y5131(W) was analysed by PFGE and PCR
(with markers for the loci: Y5131L, YO043L, Y6854L, Y2668R, Y6854L,
Os-r2.2, Y2977R, Y6416R, Os-r2.1, Os-r10 and Y5131R) for integrity.
Six different constructs were used for fragmentation: the rice R-gene
homologues r2, r6 and r10 were introduced in both directions into
vector pBP103 (Pavan et al. 1991) by directional cloning (by ligating
either an Apal/Notl or a Spel/Sacll restriction fragment from
pGEM-T into pBP103). LacZ-positive clones were verified by PCR.
Transformation with Sphl-linearized constructs was performed us-
ing the Alkali-Cation yeast transformation system (Bio101). Trans-
formants were recovered in 100 pl SOS medium and spread onto SD
lacking tryptophan and histidine (SD/-Trp-His). Fast-growing
clones were picked out and transferred onto SD/-Trp-His plates and
onto AHC plates lacking uracil and tryptophan. Clones growing on
SD/-Trp-His, but not growing on AHC, exhibited the desired
phenotype (HIS 4+, URA —) and were analysed for the presence of the
above-mentioned PCR markers and by PFGE of yeast HMW-
DNA.

Results

Conserved protein motifs in barley and rice
NBS-LRR homologues

The isolation of NBS-LRR homologues from rice and
barley via PCR from genomic DNA and subtracted

o

Fig. 2A, B Map positions of rice (r) and barley (b) NBS-LRR genes.
A Map positions of rice (r) NBS-LRR genes in progeny of the crosses
‘Kasalath’ x ‘Nipponbare’ and ‘IR20’ x ‘63-83’. The orientation of
linkage groups 1, 2, 3, 4, 8, 11 and 12 is reversed compared to the
original orientation according to the centromere mapping by Singh
et al. (1996). Positions of resistance traits are given on the left of each
chromosome. Os-loci were identified by using the NBS-LRR genes
as marker probes for RFLP mapping, with the exception of Os-r6.4
which was identified by physical mapping on YAC clones (see
Fig. 3). Loci for resistance traits were anchored by flanking molecu-
lar or morphological markers. R genes to bacterial blight are: Xa-1
(Yoshimura etal. 1996), Xa-3 (Yoshimura etal. 1992), Xa-4
(Yoshimura et al. 1992) and Xa-10 (Xinghua et al. 1996; Ronald
etal. 1992); rice blast resistance genes: Pi-I(t) (Xiao etal. 1992;
Abenes et al. 1994), Pi-7 (t) (Wang et al. 1994), Pi-11(t) (Causse et al.
1994), Pi-k (Khush and Kinoshita 1991) and Pi-f(Abenes et al. 1994).
R gene homologue clusters (RHC) harboring at least two dissimilar
NBS-LRR genes are located on rice chromosomes 4, 9, and 11.
Allelic bridges are symbolized by dotted lines. B Map positions of
barley (b) NBS-LRR genes derived from progeny analysis of the
crosses ‘Igri’ x ‘Franka’ (IxF), ‘Igri’x “Triumph’ (IxT), ‘Cap-
tain’ x ‘Hordeum spontaneum’ (C x Hs), and ‘Blenheim’ x ‘Kym’
(B x K). The powdery mildew resistance gene Mla-6 was previously
mapped using I x F progeny (Graner et al. 1991). Loci for other
resistance traits were anchored by flanking molecular or mor-
phological markers: MI-k and MI-nn (resistance to powdery mildew;
Saghai Maroof et al. 1994), Rpg-1 (resistance to stem rust; Kilian
etal. 1995), ym-11 (resistance to yellow mosaic virus; A. Graner,
personal communication) and Rph-11 (resistance to leaf rust; Feuer-
stein et al. 1990). Allelic bridges are symbolized by dotted lines
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DNA or cDNA, respectively, has been described before
(Leister et al. 1998). A total of 16 different NBS-LRR
genes from rice (designated rl-r16) and 9 different
NBS-LRR homologues from barley (designated b1-b9)
were isolated. The application of primers matching
consensus sequences GG(V/I)GKTT and GLPL(A/
T)L, derived from characterized dicot R genes, did not
provide authentic sequence information of these two
domains in the isolated monocot NBS-LRR homo-
logues. To obtain sequence information of these and
other possibly shared motifs between dicot and mono-
cot NBS-LRR genes, we had to extend the barley and
rice PCR products by rapid amplification of cDNA
ends (RACE).

Analysis of the extension products with previously
characterized R genes revealed at least six conserved
peptide motifs (Fig. 1) of which two, the P-loop/
Kinase-1a (motif I) and “GLPLAL” (motif IV), repres-
ent the targets of the employed consensus primers.
Motifs IT and 111, located between the annealing sites of
the consensus primers, represent parts of the NBS to-
gether with motif I. At least two additional conserved
motifs are located in 3’ orientation from the GLPLAL
domain, designated motif V (consensus L..SY..L)
and VI (consensus MHD). The presence of the latter
two motifs and the “GLPLAL” consensus discrimi-
nates the isolated gene fragments from genes contain-
ing merely a NBS. The presence and order of motifs
I-VI appear to be a shared feature of dicot NBS-LRR
genes and the monocot R-gene homologues described
here. Further downstream of motif V and VI leucine-
rich repeats of the consensus (L)xxLxxLx(L) were found
(data not shown). Sequences 5 from the P-loop are
more diverse. No conserved motif was identified, al-
though individual R-gene homologues share weak sim-
ilarities among each other and with characterized
R genes.

Linkage analysis of NBS-LRR homologues
in rice and barley

Rice and barley R-gene homologues were used as
probes in Southern analysis to detect corresponding
loci in segregants of the rice indica x japonica crosses
‘Kasalath’ x ‘Nipponbare’ (Kurata etal. 1994) and
TR20” x 63-83’ (Quarrie et al. 1997), and in the barley
crosses ‘Igri x Franka’ (Graner et al. 1991), ‘Igri’ x “Tri-
umph’ (Laurie et al. 1995), ‘Blenheim’ x ‘Kym’ (Bezant
etal. 1996) and ‘Captain’ x Hordeum spontaneum
(Devos et al. 1993; Dunford et al. 1995) as described
earlier (Leister et al. 1998). Since this previous study
focused on the syntenic relationships of NBS-LRR
homologue map positions, we provide here a compre-
hensive analysis of all detected map positions in rice
and barley. In rice all 16 rice NBS-LRR homologues
and five out of nine barley homologue probes could be
mapped, detecting a total of 24 different loci on 10 of
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the 12 linkage groups (Fig. 2A). Most probes detected
apparently single loci with variable copy numbers
whereas probes r4, 16, b2 and b9 detect 2 or more
different loci. Interestingly, some probes map to the
same genetic locus, although they do not cross-hybrid-
ize to each other, identifying R-gene homologue clus-
ters (RHC) RHC-A (0s-b8.1, Os-r6.4, Os-r2, Os-r10),
RHC-B (0s-ri2, Os-ri1, Os-r4.2) and RHC-C (Os-r135,
Os-r16). In barley, most NBS-LRR probes also detec-
ted more than one locus and showed differences in copy
numbers between different cultivars. Seven probes were
mapped detecting 14 different loci (Fig. 2B). Two rice
NBS-LRR probes, rl and r6, detected clear cross-hy-
bridizing fragments which could be located on barley
chromosome 1HS (Hv-r! and Hv-r6) whereas other rice
NBS-LRR probes revealed only weak signal intensities
or no polymorphism.

The apparent linkage of NBS-LRR genes with map
positions of previously described resistance loci is
shown in Fig. 2. We tested in an exemplary manner in
rice the linkage of Os-r4.1/Xa-1 and in barley the link-
age Hv-b6/Mla-6. Both r4 and X a-1 represent members
of NBS-LRR genes, and probes of each gene were
found to cross-hybridize with the same chromosome 4-
derived YAC Y5212 from cv ‘Nipponbare’ containing
the single copy Xa-I homologue (Yoshimura et al.
1998). However, a comparison of the r4-gene fragment
and the corresponding Xa-/ domain reveals only
58.6% sequence identity at the nucleotide level (39%
sequence identity at the protein level). Because YAC
Y5212 physically links these two highly divergent
NBS-LRR genes, we have designated the correspond-
ing region RHC-D (Fig. 2A).

In barley, Hv-b6.1 was found to cosegregate with the
map position of powdery mildew resistance Mla-6 in
a population of 72 dihaploid progeny derived from
the cross ‘Igri’ x ‘Franka’ (Graner et al. 1991). Next we
tested this linkage on a high-resolution mapping popu-
lation involving 1,800 individuals segregating for Mla-6
(Descenzo etal. 1994). Eleven recombinants were
identified between Hwv-b6.1 and Mla-6, positioning
the R-gene homologue at a distance of 0.6 cM distal to
Mla-6.

Physical analysis of the RHC-A cluster in rice

The genetic clustering of highly divergent NBS-LRR
genes prompted us to analyse their physical organiza-
tion in more detail for the RHC-A cluster on rice
chromosome 11. We identified seven rice YACs
(Umehara et al. 1995) in colony hybridization experi-
ments with the cross-hybridizing rice r2 and r10 probes
which detected multiple and genetically linked copies
on genomic Southerns. Southern analysis of the seven
YACs with probe r2 showed a variable number of
different cross-hybridizing copies (Fig. 3C). The geneti-
cally tight linkage of Os-b8.I (1.3 cM distal from

Os-r2/r10) motivated us to test for the presence of b8
cross-hybridizing copies in the YACs positive for r2.
Only YAC Y2977 DNA revealed the presence of
multiple b8 cross-hybridizing copies (Fig. 3A). Unex-
pectedly, we discovered also one copy of 16 (Os-r6.4) in
four of the YACs positive for probe 12, a locus that we
were unable to locate on the basis of RFLPs (Fig. 3B).
Finally, the presence of r10 could be distinguished from
r2 copies in six of the seven YACs by specific primers
derived from the r10 sequence (Fig. 3D and Materials
and methods).

Insert sizes of each of the seven YACs were deter-
mined by PFGE separations, and YAC termini were
isolated and converted into PCR-based markers (see
Materials and methods). By integrating YAC end
probes, RFLP markers known to be located in this
genomic interval and PCR markers derived from the
NBS-LRR homologues r2 and r10, we were able to
deduce a physical contig of the seven rice YACs cover-
ing more than 950 kb (Fig. 3D). Two YACs, Y6854 and
Y0043, were found to be chimaeric. The availability of
a PCR-based marker for r2 in each of the YACs to-
gether with the Southern analysis data using the r2
hybridization probe led us to address the question of
whether r2 copies could be differentiated in the contig.
Restriction enzyme digestion of r2 amplification prod-
ucts with Alul enabled us to discriminate at least two r2
copies (Os-r2.1 and Os-r2.2), characterized by the pres-
ence or absence of the restriction site. Since YAC
Y5131 was the only non-chimaeric clone in the contig
containing all four rice NBS-LRR gene copies (Os-r2.1,
Os-r2.2, Os-r10 and Os-r6.4), the maximal physical re-
gion covered by these genes could be reduced to the
corresponding YAC insert size of 420 kb.

To increase the resolution of the physical mapping,
we carried out terminal deletions of Y5131 by selecting
for homologous recombination events in the NBS-
LRR genes (Pavan et al. 1990). Since homologous re-
combination can only occur if both sequences are in
parallel orientation, fragmentation provides direct
evidence for the orientation of the target sequence in
the YAC. Acentric fragmentation of YAC Y5131 was
performed by using a fragmentation vector which con-
tains no centromere to delete inserts adjacent to the
right (centromere-less) vector arm and in which either
of the NBS-LRR homologues 12, r10 or r6 were in-
serted in both orientations. For each of the six con-
structs 200 clones exhibiting the expected auxotrophy
were inspected for absence of the right YAC-end by
PCR. Positive clones were characterized for presence
or absence of PCR markers distributed within the
insert of Y5131 and assembled into different groups
accordingly (Fig. 4A).

For r2, three different fragmentation products
(F-[r2.1] to F-[r2.3])were obtained, indicating the
presence of an additional copy of this NBS-LRR
homologue on Y5131 (designated Os-r2.3; see below).
For r10 and r6 only one fragmentation product was
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Fig. 3A-D A YAC contig of RHC-A on rice chromosome 11.
A—C YAC-Southern analysis of Y6416 (lane 1), Y4894 (2), Y6854 (3),
Y2668 (4), Y0043 (5), Y5131 (6) and Y2977 (7). DNA filters were
probed with the barley probe b8 A, the rice probe r6 B and rice
probe 12 C. Total yeast DNA was digested with HindIII prior to
size separation by agarose gel electrophoresis. D Combined genetic
and physical map at RHC-A. The relative position of relevant
genetic markers and their distance in centiMorgans on rice chromo-
some 11 is shown on the right between the square brackets. The
deduced overlap of rice YACs originally isolated by rice probe r2 is
shown on the left. Insert sizes of the YACS were estimated after
PFGE size separation (Y6416, 300 kb; Y4894, 400 kb, Y6854,
550 kb; Y2668, 520 kb; Y0043, >650 kb; Y5131, 420 kb; Y2977,
650 kb). Black arrows indicate right YAC termini, and white arrows
indicate left YAC ends. Bold-line circles with no filling symbolize
markers anchored in the RGP map (Kurata et al. 1994). Zigzag lines
indicate chimaeric parts of YACs. Small circles with no filling indi-
cate positions of PCR markers derived from YAC ends, and black
solid circles indicate positions of NBS-LRR homologues that were
identifiable as PCR markers with the exception of Os-r6.4, Os-r2.1
and Os-r2.2, which were discriminated from each other by restriction
enzyme digestion of r2 amplification products with Alul and are
characterized by the presence or absence of the restriction site,
respectively. The only non-contiguous region is found in Y0043
between the marker Y2977R and Os-rl/0 and may be due to an
internal deletion

found. Although r2 and rl10 cross-hybridize to each
other (87% identity at nucleotide level) and generate an
identical RFLP pattern on rice genomic DNA, distinct
fragmentation products were obtained. Complement-
ary information was obtained by probing the DNA of

19

2 independently isolated clones of each fragmentation
product shown in Fig. 4A with r6 or r2 after Southern
blotting of PFGE separations (Fig. 4B, C). Expectedly,
the strong r6 hybridization signal obtained with DNA
from the 90-kb fragmentation product F[Os-16.4]
showed only background signals if probed with r2.
Interestingly, all fragmentation products obtained were
derived from homologous recombination with frag-
mentation constructs that contained the NBS-LRR
homologues r2, r6 and rl10 in the same orientation,
indicating that all detected NBS-LRR homologues on
YAC Y5131 have a head-to-tail orientation.

Discussion

We have shown the feasibility of isolating R-gene
candidates of the NBS-LRR class in two monocot
genomes, rice and barley, by using degenerate PCR
primers matching conserved motifs of characterized
dicot R genes. The efficiency of the approach appears
to be related to genome size (in barley 5.3 x 10° bp/
haploid genome equivalent; in rice 0.45x 10° bp/
haploid genome equivalent; Bennett and Smith 1991).
In contrast to rice genomic DNA, barley genomic tem-
plate DNA yielded no candidate R-gene fragment un-
less subtractive procedures or RT-PCR were applied to
reduce the complexity of the target. Amplification
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Fig. 4A-E Fragmentation analysis of rice YAC Y5131. A Analysis
of YAC fragmentation products for the presence or absence of PCR
markers as described in Fig. 3D. B, C PFGE-Southern analysis of
the window strain (W), the native YAC Y5131 (in AB1380), Y5131
after transfer into the window strain [Y5131(W)] and five different
fragmentation products of Y5131 (2 independent clones each)
probed with r6 (B) and r2 (C). The transfer from AB1380 into the
window strain shows no change in the insert size of Y5131 indicating
stable propagation of the YAC. PFGE conditions were: 5-50 s, 26 h,
12°C, 5.5 V/em, 1% (w/v) agarose. Fragmentation products at Os-
r2.1, Os-r2.2 and Os-r2.3 were obtained with the NBS-LRR homo-
logue r2 as fragmentation probe. Fragmentation products at Os-r10
and Os-r6.4 were obtained with r10 and r6, respectively, as frag-
mentation probes. Fragmentation constructs with r2, r6 and r10 lead
only to fragmentation events when cloned in antiparallel orientation
to the introduced telomere, indicating a head-to-tail orientation of
Os-r2.1, Os-r2.2, Os-r2.3, Os-r10 and Os-r6.4. C Note that probe r2
reveals only background signals in F[Os-16.4]

products from non-subtracted barley genomic template
revealed mainly retrotransposon sequences. Retrotran-
sposons of the BARE-I family are known to be
present in large numbers in barley (Apa2, a copia-like

retrotransposon, constitutes approximately 2.4% of
the barley genome; Kleine et al. 1993), and it has
been shown that retrotransposons constitute at least
50% of the maize genome (SanMiguel et al. 1996).
Their high copy number in barley is likely to have
interfered with the generation of specific amplification
products. The reduction in template complexity by
subtractive approaches should also be applicable to
other complex monocot genomes such as wheat and
maize.

Structure of candidate R genes

Structurally related genes of the NBS-LRR class have
been shown to encode race-specific resistance to bacter-
ial, viral and fungal pathogens in dicot species (Dangl
1995; Staskawicz et al. 1995). This finding implies that
it is impossible to predict the role of a R-gene candidate
to a particular class of pathogen from deduced amino
acid sequences. We were unable to identify any signa-
tures in the deduced monocot NBS-LRR protein se-
quences which would discriminate them from those in
dicot plants (Fig. 1). The finding of at least six conser-
ved sequence motifs amongst monocot and dicot plants
is relevant for the following reasons. Each of these
motifs and their order has been identified in the ced-4
gene of Caenorhabditis elegans and its human homo-
logue, Apaf-1 (van der Biezen and Jones 1998). These
two genes serve as adaptor proteins during pro-
grammed cell death in animal development (Hengar-
tner and Horvitz 1994; Zou et al. 1997). Whether the
shared motif string between mammalian cell death
regulators and NBS-LRR genes indicates overlapping
mechanisms with the hypersensitive host cell death
response observed in plant race-specific resistance re-
mains to be shown. Our findings indicate that plant
NBS-LRR genes existed before the separation of mono-
cot and dicot plant species from each other 120-200
million years ago. The lack of a monocot signature
indicates a similar selection pressure towards sequence
conservation for each detected motif after these two
major classes of flowering plants have diverged from
each other.

For 3 homologues (r1, r10, bl) for which carboxy
terminal extensions 3’ of motif VI were isolated, we
found the characteristic spacing of leucine residues re-
ported for cytoplasmatic LRRs but no other conserved
motifs (Jones and Jones 1997). It has been shown
that a subclass of NBS-LRR genes (N, L6, and Rpp5)
contains an aminoterminal domain which exhibits
a low similarity to the TOLL/Interleukin-1R receptors
(TIR domain; Parker etal. 1997), whereas the R
genes Rps2 and Rpml contain a putative leucine zipper
in this region (Bent et al. 1994; Mindrinos et al. 1994;
Grant et al. 1995). We found no similarity to these
domains in the six monocot homologues for which
sequences 5’ from the P-loop domain are available,



but this could be explained by a lack of full length
clones.

How many NBS-LRR genes do plants have?

This study and related work in potato (Leister et al.
1996) and soybean (Kanazin et al. 1996; Yu et al. 1996)
have shown an unexpected degree of amino acid varia-
bility among the homologues within each species even
in those segments connecting the conserved subdo-
mains in the NBS domain. This raises the question of
how many distinct classes of NBS-LRR genes exist in
a single plant species. The PCR assay isolated multiple
clones of 13 rice and 9 barley classes, suggesting that we
have reached saturation with the tested degenerate
primer combinations.

Interestingly, comparable numbers of distinct NBS-
LRR gene classes have been found in potato and
soybean (6 and 9, respectively; Leister et al. 1996;
Kanazin et al. 1996; Yu et al. 1996). It could be argued
that this is due to a limited set of tested degenerate
primer combinations in each species. This assumption
is testable since the NBS-LRR candidates isolated from
soybean (Kanazin et al. 1996; Yu et al. 1996) represent
an independent sample isolated by using different prim-
ing sites (P-loop/kinase 3a and P-loop/GLPLAL mo-
tifs) and different methods to create degeneracy (inosine
or presence of N = A/G/C/T). A comparison of the
NBS-LRR classes in soybean reveals that only 3 out of
19 were isolated by both of these methods, favouring
the idea that we have uncovered only a fraction of the
actual number in the rice and barley genome. Similarly,
when we compared 4 rice and 3 barley NBS-LRR
homologues isolated either with a different set of de-
generate primer combinations (Collins et al. 1998) or
by homology to the wheat Cre3 nematode R-gene
family (Lagudah et al. 1997; Robertson et al. 1997; Seah
et al. 1997) with those isolated with our technique, we
found that they identify 2 additional novel classes of
rice NBS-LRR homologues and 3 novel classes of bar-
ley NBS-LRR homologues. Taken together, the current
data suggest that NBS-LRR genes represent a major
diverse gene family in plant genomes and that this
family shows unusual sequence variability also in do-
mains flanking the LRR region. This becomes evident
by a comparison of sequences isolated by RACE. There
is a consensus of [G(M/T/I)GG(V/L)G(K/N)TT] for
the P-loop and [G(L/C)PL(T/A)L/V/I/A)] for the
internal hydrophobic domain, revealing both a high
sequence variability and an unexpected annealing
flexibility of the degenerate primers that were originally
designed for binding only to the consensus among
Rps2, N and L6, respectively ([GG(I/V)GKTT] and
[GLPL(T/A)L)).

The existence of a conserved string of six motifs
between monocot and dicot NBS-LRR provides a
basis to isolate other NBS-LRR homologues since

517

the motifs expand the number of potential target sites
which can be utilized to design degenerate primers.
For example, motifs V and VI are likely to be useful
targets in combination with either of the three NBS
domains. Thus, the combinatorial use of primer
combinations matching the conserved six motifs might
open a route towards a comprehensive PCR-based
isolation of NBS-LRR genes in any monocot or dicot
species.

NBS-LRR gene clusters

Many race-specific R genes are known to occur in
clusters both in monocot and dicot plant species
(Hulbert and Bennetzen 1991; Jones et al. 1993; Ellis
et al. 1995; Holub and Beynon 1996; Anderson et al.
1997; Parniske et al. 1997). Clustering has been ob-
served both for NBS-LRR as well as Cf-like R genes.
Noteworthy is the observation that R genes to different
pathogens can also be genetically tightly linked, as
observed in potato, wheat and rice (Leonard-Schippers
et al. 1992; DelJong et al. 1997; McIntosh 1992; Singh
1992; Song et al. 1995). This may provide clues as to
how R genes evolve; evidence has been provided that
unequal crossing-over and/or gene conversion events
between related sequences contribute to the generation
of new specificities (Sudupak et al. 1993; Ellis et al.
1995; Parniske et al. 1997). The repeated structure of
LRRs may also promote DNA rearrangements within
a R gene itself. The allelic series of flax rust specificities
at the L locus (Lawrence et al. 1995) and the observa-
tion of a perfect 270-bp intragenic duplication event in
a partially defective Rpp5 allele (Parker et al. 1997)
support this suggestion. In this study we have observed
clusters of candidate R genes in rice (Figs. 2—4). The
detailed physical analysis of the RHC-A cluster via
YAC fragmentation enabled us to delimit the locus to
200 kb containing at least five head-to-tail copies of
NBS-LRR genes. Particularly interesting is the obser-
vation that RHC-A is composed of a family consisting
of 4 closely related NBS-LRR gene copies (r2.1-3 and
r10) and 1 unrelated (non-cross-hybridizing) NBS-
LRR, r6.4. Another family of unrelated NBS-LRR
homologues (Osb8.1) is physically linked to this cluster.
All NBS-LRR homologues in the RHC-A cluster are
arranged in a head-to-tail orientation. The same head-
to-tail orientation has also been observed for a different
class of plant R genes, the Cf-9 gene family in tomato
(Parniske et al. 1997). Direct repetitions of sequence-
related genes are generally thought to increase the rate
of novel sequence variants by presenting substrates
for mechanisms like unequal crossing-over and gene
conversion events between non-allelic homologues,
rendering the evolutionary rate of an individual copy
dependent on interactions between family members in
a cluster (concerted evolution; Arnheim 1983; Dover
1993). Thus, tandem repeat organization of R-gene loci
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may be a general mechanism to increase the rate of
novel resistance specificities.

Candidate resistances

If the isolated rice and barley NBS-LRR genes rep-
resent candidates of functional R genes, it would be
expected that several exhibit genetic linkage to charac-
terized resistance loci. Here we have shown that genetic
and physical clustering of NBS-LRR homologues is
frequently observed in rice and barley. This phenom-
enon and the abundance of NBS-LRR genes in plant
genomes complicate the utilization of R-gene homo-
logues as a tool to isolate biologically characterized
resistance specificities. Thus, the availability of high-
resolution genetic maps for a particular resistance
specificity and of mutant alleles will be crucial com-
plementary tools. One possibility would be to link the
PCR-based approach for the isolation of NBS-LRR
homologues with map-based isolation techniques, e.g.
by a directed PCR-based isolation of homologues from
large-insert genomic clones. The string of shared con-
served motifs among monocot and dicot NBS-LRR
genes, described above, may provide a rationale to-
wards a comprehensive homologue isolation from
physically delimited target intervals.
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