the OH features have not yet participated
in the general shear motion of the gas
cloud surrounding the remnant. In this
scenario, the OH spots are the sites where
the gas has most recently been shocked to
form masers. The time scale for the shear
to be effective is about 5 X 10° years,
which is much larger than the typical
lifetime of maser clouds.

The distribution of 1720-MHz OH ma-
sers along the SNR-CO-cloud interface
suggests that there is an association be-
tween the three components and that the
OH masers are being generated behind a
shock. However, questions regarding the
striking kinematic differences between the

OH and CO gas need to be addressed in
more detail. Future observations of CS to
search for low-velocity molecular gas asso-
ciated with the G359.1-0.5 SNR, as well as
a search for the 1665- and 1667-MHz OH
lines, are needed to confirm the nature of
the OH 1720-MHz maser pumping mecha-
nism and the nature of the association be-
tween the nonthermal remnant and its sur-
rounding ring of molecular gas.
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The rice Xa21 gene, which confers resistance to Xanthomonas oryzae pv. oryzae race 6,
was isolated by positional cloning. Fifty transgenic rice plants carrying the cloned Xa21
gene display high levels of resistance to the pathogen. The sequence of the predicted
protein, which carries both a leucine-rich repeat motif and a serine-threonine kinase-like
domain, suggests a role in cell surface recognition of a pathogen ligand and subsequent
activation of an intracellular defense response. Characterization of Xa27 should facilitate
understanding of plant disease resistance and lead to engineered resistance in rice.

Receptor protein kinases mediate cellular
signaling processes in diverse biological sys-
tems. In many animal systems, the binding
of ligands to the extracellular receptor do-
main of these proteins activates a cytoplas-
mic tyrosine kinase domain. This interac-
tion produces a variety of cellular responses,
such as cell proliferation, differentiation,
and survival (I). The few plant receptor
kinase-like proteins that have been studied
to date carry serine-threonine specificity in
the kinase domain (2). One of these pro-
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teins, the S-receptor kinase (SRK), has
been postulated to mediate self-recognition
between pollen and stigma during pollina-
tion, although transformation experiments
have not yet conclusively demonstrated
such a role (3). The biological function of
the other plant receptor kinase-like pro-
teins remains unclear.

One possible role for these proteins in

Fig. 1. (A) Partial restriction enzyme map and rice
complementation analysis of cosmid 116. Trans-
formation of Taipei 309 with genomic subclones
pB821, pC822, pB852, and pB853 produced
plants with resistance (R} or susceptibility (S) to
Xoo race 6 strain PX099Az. The 9.6-kb Kpn 1 DNA
fragment of cosmid 116 was cloned into plasmid
pTA818 (6) to generate pC822. Hind Il (H), Kpn |
(K), and Hind lll-Kpn | DNA fragments of cosmid
116 were ligated to pBluescript SK* (Stratagene)
to generate pB821, pB852, and pB853, respec-
tively. Scale is indicated by a bar. (B) The XA21-
coding region and deduced amino acid se-
quence. The ATG and TGA codons, the RG103-
hybridizing region, and 5’ and 3' splice junctions
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plants is in mediating disease resistance. Cel-
lular signaling processes appear to be of cen-
tral importance to the mechanisms by which
plants resist viral, bacterial, and fungal
pathogens. Evidence for this model comes
from the recent characterization of several
disease resistance genes from dicotyledonous
species. The deduced amino acid sequence of
five of these genes demonstrates the pres-
ence of either a serine-threonine kinase
(STK) or a leucine-rich repeat (LRR) do-
main, suggesting a role in protein phospho-
rylation or protein-protein interactions (4).

Three members of the monocotyledon-
ous family Poaceae (maize, rice, and wheat)
provide most of the calories consumed by
humans. Despite their agronomic impor-
tance, molecular genetic studies of mono-
cots have been hindered by the large ge-
nome size of most of these plants. Rice
provides an amenable system for positional
cloning in monocots because of its small
genome size, extensive genetic map, and
ease of transformation.

Here we report positional cloning of the
rice gene Xa2l, which confers resistance
against the bacterial pathogen Xanthomonas
oryzae pv. oryzae race 6 (Xoo) (5). The de-

A 8 pB821
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S ———pB852
1kb
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B
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corresponding to the consensus sequences of eukaryotic mMRNAs are marked. The intron is designated
by a horizontal bar. (C) The tomato CF9 and PTO deduced amino acid sequences. Domains of the protein
are indicated in (B) and (C) as follows: blue, presumed signal peptide; yellow, unknown; red, LRR; black,
transmembrane; pink, juxtamembrane; green, kinase; turquoise, nonhomologous region; and white,

COOH-terminal tail.
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rived amino acid sequence of the Xa21l gene
product is similar to that of animal receptor
kinases. We use transformation experiments
to demonstrate that the plant receptor ki-
nase-like protein, XA21, has a specific func-
tion, namely pathogen recognition and re-
sponse. Compared with previously cloned
genes, the structure of Xa2! represents an as
yet uncharacterized class of plant disease re-
sistance genes and supports a role for cellular
signaling in plant disease resistance.

We previously identified three chromo-
some 11 markers linked to the Xa2! locus
(6). One of these markers, RG103, hybrid-
ized with eight genomic DNA fragments in
the resistant Oryza sativa ssp. Indica line,
IRBB21, and the Xa2! donor species, O.
longistaminata. At least seven of these frag-
ments cosegregated with the XaZ2l locus in

386 F, progeny (6). The deduced amino acid
sequence of RG103 showed 20 to 30% iden-
tity to diverse proteins carrying LRR motifs.

The analysis described above suggested
that the RG103-hybridizing DNA fragments
in line IRBB21 may include the Xa2l gene.
To test this hypothesis, we used RG103 as a
hybridization probe to isolate clones from
bacterial artificial chromosome (BAC) and
cosmid libraries (7, 8). Sixteen partially
overlapping subclones representing seven of
the RG103-hybridizing genomic fragments
were transformed into the normally suscep-
tible line, O. sativa ssp. Japonica var. Taipei
309, by particle bombardment (9). For each
subclone, ~15 independently transformed
lines were generated. On average, six plants
were subsequently propagated clonally from
each independently transformed line. Four

REPORTS

months after bombardment, a total of 1500
transgenic plants carrying 16 different sub-
clones were inoculated with Xoo to test for
resistance. Fifty plants, arising from nine in-
dependently transformed lines containing a
9.6-kb Kpn I subclone, showed a reduction
in lesion length as compared with suscepti-
ble controls (Figs. 1A and 2, A and B).
Bacterial growth curve analysis demonstrat-
ed that growth of the pathogen was reduced
by a factor of 10 and 100 in transgenic line
106-22 carrying the 9.6-kb Kpn I subclone as
compared with IRBB21 and the recipient
line Taipei 309, respectively (Fig. 2C).
These results indicate that the transgenic
lines containing the 9.6-kb subclone gained
resistance to Xoo. Because Xa2l is the only
known chromosome 11 locus that confers
resistance to Xoo race 6, we have designated
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Fig. 2 (left). Resistance to Xoo strain PX099Az is conferred by the cloned
Xa21 gene. (A) Photograph taken 11 days after inoculation with Xoo race 6
strain PX099Az. Leaf 1 and 2, Taipei 309; leaf 3 and 4, transgenic line
106-22 containing the cloned Xa21 gene. (B) Lesion length data of nine
Xa21-containing (designated 106-1 through 106-29) and vector-containing
(1-15) transgenic lines. Each data point represents two to nine clonat indi-
viduals with three to six inoculations per individual. (C) Growth of Xoo race 6
strain PX099Az in transgenic and control lines. Three clonal individuals from
transgenic line 106-22 were inoculated 4 months after transformation. For
each time point, the bacterial populations were determined by grinding three
leaves separately, plating on potato sucrose agar media containing 200 pM
azacytidine, and counting colony-forming units (CFUs). Squares, Taipei 309;
circles, transgenic line 106-22 carrying the cloned Xa27 gene; triangles,
resistant O. sativa ssp. Indica line, IRBB21. Bars in (B) and (C), SEM.
Inoculation was carried out as described (24). Fig. 3 (right). Predicted
amino acid sequence of the Xa27 gene product. The deduced protein
domains are indicated as follows: (A) Potential signal sequence; (B) unknown
function; (C) LRR; (D and F) charged; (E) transmembrane; (G) juxtamem-

brane; (H) serine-threonine kinase; and (I) COOH-terminal tail. Highly con-

served amino acids in the LRR are shown in red. The 15 amino acids that

are invariant among protein kinases are shown in green (716). Residues that

indicate serine-threonine specificity are in large uppercase letters (76).

N-glycosylation sites are underlined. The location of the intron (marked by a
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A MISLPLLLFVLLFSALLLCPSSS 23
B DDDGDAAGDELALLSFKSSLLYQGGQSLASWN 55
TSGHGQHCTWVGVVCGRRRRRHPHR 80
G VVK LLLRSSN LSGIISPS 98
LGNLSFLRE LDLGDNY LSGEIPPE 122
LSRLSRLQL LELSDNS IQGSIPAA 146
IGACTKLTS LDLSHNQ LRGMIPREI 171
GASLKHLSN LYLYKNG LSGEIPSA 195
LGNLTSLOE FDLSFNR LSGAIPSS 219
LGQLSSLLT MNLGQNN LSGMIPNS 243
IWNLSSLRA FSVRENK LGGMIPTNA 268
FKTLHLLEV IDMGTNR FHGKIPAS 292
VANASHLTV IQIYGNL FSGIITSG 316
FGRLRNLTE LYLWRNL FQTREQDDWGFISD 346
LTNCSKLQT LNLGENN LGGVLPNSF 371
SNLSTSLSF LALELNK ITGSIPKD 395
IGNLIGLQH LYLCNNN FRGSLPSS 419
LGRLKNLGT LLAYENN LSGSIPLA 443
IGNLTELNI LLLGTNK FSGWIPYT 467
LSNLTNLLS LGLSTNN LSGPIPSE 491
LFNIQTLSIMINVSKNN LEGSIPQE 516
IGHLKNLVE FHAESNR LSGKIPNT 540
LGDCQLLRY LYLOQNNL LSGSIPSA 564
LGQLKGLET LDLSSNN LSGQIPTS 588
LADITMLHS LNLSFNS FVGEVPT 611
IGAFAAASG ISIQGNAKLCGGIP 634
D DLHLPRCCPLLENRKH 650
E FPVLPISVSLAAALATILSSLYLLITW 676
F HKRTKK 682
G GAPSRTSMKGHPLVSYSQLVKATDG 707
H FAPTNLLGSGSFGSVYKGKLNIQDHVAVEKVLKLENPKALKSFTA 751
ECEALRNMRHRNLVKIVTICSSIDNRGNDFKAIVYDFMPNGSLE 795
DWIHPETNDQADQRHLNLHRRVTILLDVACALDYLHRHGPEPVV 839
#cDIKS SNVLLDSDMVAHVGDFGLARILVDGTSLIQQSTS 879
sMcFIGTIGYAAP /EvYGVGLIASTHGDIVSYGILVLEI 916
VTGKRPTDSTFRPDLGLRQYVELGLHGRVTDVVDTKLILDSENW 960
LNSTNNSPCRRITECIVWLLRLGLSCSQELPSSRTPTGDIIDEL 1004
| NAIKQNLSGLFPVCEGGSLEF 1025

slash) was confirmed by sequencing cDNAs from IRBB21 and the trans-
genic 106-17 line (17). The GenBank accession number for XA21 genomic
and cDNA sequences is U37133. Single-letter abbreviations for the amino
acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;
H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser;
T, Thr; V, Val; W, Trp; and Y, Tyr.
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the gene contained on the 9.6-kb subclone
Xa2l (5).

To localize Xa2l on the 9.6-kb Kpn 1
subclone, we carried out additional transfor-
mations with four partially overlapping DNA
subclones from this region. These experiments
delineated a 2.3-kb Hind III DNA fragment
required for full resistance activity (Fig. 1, A
and B). Sequencing of the 9.6-kb Kpn I
genomic fragment containing the 2.3-kb Hind
III' fragments, revealed a single, large open
reading frame (ORF) of 3075 base pairs, in-
terrupted by one intron of 843 base pairs (Fig.
1B). Sequencing of complementary DNAs
(cDNAs) indicates that the intron is pro-
cessed as predicted in both IRBB21 and the
transgenic line 106-17 (10, 11). In RNA blot
experiments of IRBB21, four bands hybridize
with RG103 (12). The largest band of ~3.1
kb is consistent with the size of the full-length
cDNA isolated from line 106-17 (11).

Analysis of the derived 1025—-amino acid
(aa) sequence of XA21 revealed several re-
gions with similarity to known protein do-
mains (Fig. 3). The NH,-terminus encodes
23 hydrophobic residues characteristic of a
signal peptide (13). Amino acids 81 to 634
consist of 23 imperfect copies of a 24-aa
LRR. The conserved glycine is characteris-
tic of extracellular LRR-containing proteins
(14). Amino acids 651 to 676 encode a
26-aa hydrophobic stretch that is likely to
form a membrane-spanning helix. As is typ-
ical for type la integral membrane proteins,
five of the six amino acids that follow this
hydrophobic region (aa 677 to 682) are
basic (15). The sequence encoded by aa 708
to 1025 contains a putative intracellular
protein kinase catalytic domain. This re-
gion carries the 11 subdomains and all 15
invariant amino acids diagnostic of protein
kinases. XA21 contains sequences in sub-
domains VI (consensus DLKPEN) and VIII
[consensus G(T/S)XX(Y/F)XAPE] that are
indicative of serine-threonine (as opposed
to tyrosine) specificity (16).

For identification of proteins similar to
XAZ21, a database search with the predicted
XA21 polypeptide sequence was performed
(17). XA21 showed greatest similarity to
RLK5 (54.7% similarity; 35.5% identity)
and TMK1 (53.1%; 29.8%), Arabidopsis re-
ceptor-like kinase proteins of unknown
function—showing conservation with both
the LRR domain and the STK domain (18).
The putative extracellular domain revealed
similarity to the tomato resistance gene Cf9
(54.9%; 32.5%), to wheat proteins of un-
known function (53.1%; 33.3%) (Fig. 1C),
to the bean polygalacturonase—inhibiting
_protein (53.1%; 29.5%), and to the Antir-
rhinum FIL2 protein (55.7%; 35.8%) (14,
19). The STK domain of XA21l is most
similar to that of the SRK-related proteins
(56.3%; 33.7% to SRK-29) and to the to-

mato Pto resistance gene product (56.5%;

1806

30.6%) (3, 20) (Fig. 1C).

We have observed that Xa2l-hybridiz-
ing sequences are clustered at the Xa2l
locus (6, 21). Similarly, the Pto, M, Cf9,
and N resistance genes are all members of
clustered gene families (4). In addition to
the Xa2l gene family, there are at least
seven major genes and one quantitative
trait locus encoding resistance to viral, bac-
terial, and fungal pathogens clustered with-
in 30 cM on chromosome 11 (22). Se-
quence comparison of the members of the

Xa2l gene family and linked disease resist-’

ance genes may lead to clues regarding evo-
lution of plant disease resistance.

Ultimately, a better knowledge of the sig-
nal transduction pathway in plants should
facilitate the design of new approaches to
disease control. For instance, intra- and inter-
generic transfer of disease resistance genes
may provide an additional tool for breeders in
combatting plant disease. Our results indicate
that Xa21 functions in diverse rice species and
subspecies to reduce infection, and that genes
encoding subsequent signal transduction com-
ponents are conserved. Results from other
laboratories suggest that intergeneric transfer
of disease resistance genes may provide resis-
tance to pathogens. For example, the tomato
Pto and Cf9 resistance genes function in the
closely related genus tobacco to confer a de-
fense response to strains of Pseudomonas syrin-
gae pv. tabaci and to the AVR9 peptide, re-
spectively (23). Because the phytobacterial
genus Xanthomonas infects virtually every crop
species worldwide, future engineering and
transfer of the Xa21 resistance gene may help
reduce loss resulting from Xanthomonas infec-
tion in recipient species.
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