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Abstract The recessive gene, xa13, confers resistance
to Philippine race 6 (PXO99) of the bacterial blight
pathogen Xanthomonas oryzae pv oryzae. Fine genetic
mapping and physical mapping were conducted as
initial steps in an e!ort to isolate the gene. Using nine
selected DNA markers and two F

2
populations of 132

and 230 plants, xa13 was "ne-mapped to a genomic
region (4 cM on the long arm of rice chromosome 8,
#anked by two RFLP markers, RG136 and R2027.
Four DNA markers, RG136, R2027, S14003, and
G1149, in the target region were used to identify bacter-
ial arti"cial chromosome (BAC) clones potentially har-
boring the xa13 locus from a rice BAC library. A total
of 11 BACs were identi"ed, forming four separate con-
tigs including a single-clone contig, 29I3, associated
with the RG136 STS marker, the S14003 contig con-
sisting of four clones (44F8, 41O2, 12A16, and 12F20),
the G1149 contig with two clones, 23D11 and 21H18,
and the R2027 contig consisting of four overlapping
clones, 42C23, 30B5, 6B7 and 21H14. Genetic mapping
indicated that the xa13 locus was contained in the
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R2027 contig. Chromosomal walking on the R2027
contig resulted in two more clones, 33C7 and 14L3.
DNA "ngerprinting showed that the six clones of the
R2027 contig were overlapping. Clone 44F8 hybridized
with a single fragment from the clone 14L3, integrating
the R2027 and S14003 contigs into a single contig
consisting of ten BAC clones with a total size of ap-
proximately 330 kb. The physical presence of the xa13
locus in the contig was determined by mapping the
ends of the BAC inserts generated by TAIL-PCR. In an
F
2

population of 230 plants, the BAC-end markers
42C23R and 6B7F #anked the xa13 locus. The probes
21H14F and 21H14R derived from BAC clone 21H14
were found to #ank xa13 at a distance of 0.5 cM on
either side, using a second F

2
population of 132 plants.

Thus, genetic mapping indicated that the contig and
the 96-kb clone, 21H14, contained the xa13 locus.
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Introduction

Positional cloning provides a promising method for
isolating a gene based only on its phenotype and
genomic location. The "rst requirement of this strategy
is to generate a high-resolution genetic map for the
genomic region of a target gene such that the size of
the chromosomal segment where the gene resides is
suitable for the next step of physical mapping. A
high-resolution map for a speci"c genomic region is
commonly obtained by resolving the order of a number
of markers tightly #anking the target gene using a rela-
tively large mapping population. The other require-
ment is the availability of large insert libraries, such as
yeast or bacterial arti"cial chromosome (YAC or BAC)
libraries, for the genome of interest. When both re-
quirements are met, a target gene can be isolated by



chromosomal walking, which however is generally
a tedious procedure (Hauge and Goodman 1992).

The recent development of high-density molecular-
linkage maps in many species allows a much more
e$cient strategy, &chromosome landing', for target gene
isolation by selective enrichment of DNA markers
within the sub-cM region around a target gene
(Tanksley et al. 1995). Flanking DNA markers, which
are physically very close to the target gene, are then
used to screen large insert libraries in order to identify
the small genomic fragment containing the gene. Once
a candidate clone is isolated, the "nal step is to deter-
mine the identity of the target gene by trans-genetic
complementation and DNA sequencing.

The simple monogenic inheritance and the clear and
distinct phenotypic reactions of plant disease resistance
genes make them well suited for gene isolation by the
map-based cloning approach. Recent success in the
isolation of several plant disease resistance genes has
demonstrated the power of this strategy (cf. Baker et al.
1997), which represents a breakthrough in understand-
ing the molecular basis of plant defense responses to
invading pathogens.

Bacterial blight caused by Xanthomonas oryzae pv
oryzae (Xoo), is one of the most serious rice diseases in
irrigated and rainfed lowland ecologies throughout
Asia. The genetic basis of host resistance to bacterial
blight has been studied in depth. To-date, at least 19
host resistance genes to Xoo have been reported
(Kinoshita 1995). The clear reactions of these resistance
genes to di!erent strains of the pathogen and their
monogenic inheritance make them among the most
attractive systems for studying the molecular and gen-
etic bases of host plant-pathogen relationships. Re-
cently, two dominant genes, Xa21 and Xa1, conferring
complete resistance to several races of Xoo have been
cloned (Song et al. 1995; Yoshimura et al. 1998). Mo-
lecular studies on the two cloned genes have consider-
ably enhanced our understanding of the defense system
of rice plants to Xoo and the evolution of disease
resistance genes in plant genomes (Song et al. 1997).

Most plant disease resistance genes are dominant,
but resistance controlled by recessive genes has been
reported in many plant-pathogen systems. Of more
than 19 reported rice resistance genes to Xoo, xa5 and
xa13 are both transmitted in a recessive manner.
The xa5 locus was mapped to rice chromosome 5
(Yoshimura et al. 1995). The xa13 gene confers speci"c
resistance to Xoo race 6 (PXO99). Originally identi"ed
in cultivar BJ1 (Ogawa et al. 1987), xa13 was found
closely linked to a RAPD marker, AC5-900, and three
RFLP markers, RG136, RZ28 and CDO116, in rice
chromosome 8 (Zhang et al. 1996). Resistance conferred
by recessive genes such as xa5 and/or xa13 may repres-
ent very di!erent and largely unknown biochemical
pathways in the host defense system. If so, cloning and
the molecular study of xa13 may shed light on this
important aspect of the plant defense response. More-

over, elucidation of the biochemical function of xa13
may lead to more e$cient strategies for combating
Xoo.

We report here the results of "ne mapping and phys-
ical mapping of the recessive gene, xa13, in an e!ort to
clone it using the map-based cloning approach. We
have identi"ed a number of DNA markers tightly lin-
ked to xa13 and have constructed a BAC contig con-
taining the locus with overlapping clones, which will
facilitate future marker-assisted selection of xa13 in rice
breeding programs and the "nal e!ort to clone the
gene.

Materials and methods

Plant materials

Two populations were used for genetic mapping experiments. One
population (hereafter referred to as the NIL population) consisted of
132 F

2
individuals derived from a cross between IR24 (Xa13/Xa13,

susceptible to Xoo race 6) and its NIL, IRBB13 (xa13/xa13, resis-
tant). A second F

2
population (hereafter referred to as the NPT

population) consisting of 230 plants was derived from a cross be-
tween IRBB13 and a new plant type line, IR65598-112-2 (susceptible
to Xoo race 6). The parents, the two F

1
s, and the F

2
populations

were maintained and evaluated for disease reaction in the green-
house.

Bacterial inoculation and detection of xa13 genotypes

Bacterial cells of Xoo race 6 (PXO99) were grown on potato semi-
synthetic agar (PSA: Ou 1972) slants at 303C for 3 days. Inoculum
was prepared by suspending the bacterial mass in sterile water to
a concentration of approximately 109 cells/ml. Leaf blades of the
parents, the F

1
s, and the F

2
populations at the maximum tillering

stage (about 60 days after planting) were inoculated by the leaf-
clipping method (Kau!man 1973). The reactions of the plants were
visually evaluated 18 days after inoculation using the standard
scoring system, in which plants with a lesion length (2 cm were
classi"ed as resistant and those with a lesion length '10 cm as
susceptible.

Fine mapping of xa13 by chromosome landing

According to the reported genomic location of xa13 (Zhang et al.
1996) nine DNA markers, including eight RFLP markers (RG136,
RZ28, CDO116, R2662, R2027, S14003, G1149 and C502) and an
STS marker (RG136) around the xa13 region from the two high-
density rice molecular linkage maps constructed at Cornell (Causse
et al. 1994) and in Japan (Kurata et al. 1994), were selected for
chromosome landing. The STS marker of RG136 was obtained by
sequencing the ends of the RFLP clone RG136 for primer design,
as described by Huang et al. (1997). The polymorphism between
the NIL pair IR24 and IRBB13, and between IRBB13 and
IR65598-112-2 for the RG136 STS marker was determined by PCR
ampli"cation followed by Hinf1 digestion (Huang et al. 1997). Addi-
tional probes for chromosome walking were generated by thermal
asymmetric interlaced polymerase chain reaction (TAIL-PCR) of
the positive BAC clones detected by colony hybridization (Liu and
Whittier 1995). In cases when entire BAC clones were used as
probes, the BAC DNA was digested with HindIII before labelling.
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Fig. 1 The molecular map of the xa13 region on rice chromosome 8.
Map B was derived from 132 F

2
plants of the near-isogenic line

(IR24 and IRBB13) cross. Map A was derived from 230 F
2

plants of
the cross between IR65598-112-2 and IRBB13

Rice genomic DNA was isolated from fresh leaves of plants at the
maximum tillering stage using the method of Dellaporta et al. (1983).
Southern-blotting analysis followed the standard procedure
(Sambrook et al. 1989). Total genomic DNA was digested with the
respective restriction enzymes, separated by electrophoresis on
a 0.8% agarose gel, and transferred onto nylon membranes. Labell-
ing of the probes was done using a random primer kit (Rediprime,
Amersham USA) with 32P-dCTP. Radioactivity was detected by
X-ray "lms after 3}4 days exposure at !803C. Linkage analysis
was carried out using the program MAPMAKER/EXP 3.0 (Lander
et al. 1987; Lincoln and Lander 1992). Recombination values were
converted into genetic map distances (cM"centiMorgan) using the
Kosambi function (Kosambi 1944).

Physical mapping

A BAC library constructed from cultivar IR64 was used for physical
mapping of the xa13 locus (Yang et al. 1997). The library consists of
18 432 clones in 48 384-well microtiter plates. High-density BAC
"lters (1536 BAC clones/"lter and 12 "lters/library) for screening
were prepared as described by Yang et al. (1997). To identify BAC
clones covering the target region, colony hybridization was done
using the xa13-linked RFLP markers as probes. Each of the labelled
probes was added to the pre-hybridization solution and hybridized
with high-density BAC "lters at 653C overnight. The "lters were
washed twice with 0.2 M phosphate bu!er containing 0.1% SDS at
653C for 20 min each time with gentle shaking. The "lters were then
exposed to X-ray "lms for 4}24 h depending on the signal intensity.

All candidate BAC clones identi"ed by colony hybridization were
subjected to Southern-hybridization analysis to con"rm their
overlaps. BAC DNA was isolated using the alkali-lysis procedure
(Sambrook et al. 1989) with some modi"cations. The same amount
of lysis bu!er (solution II) and neutralization bu!er (solution III)
were added sequentially after the Escherichia coli cells were sus-
pended. An equal volume of chloroform : isoamyl alcohol (24 : 1) was

added to the supernatants to remove proteins. A 0.7-fold volume of
isopropanol was added to the supernatant and incubated for 30 min
at room temperature to precipitate the DNA. Standard procedures
were used to recover the DNA and remove the RNA.

Insert sizes of the BAC clones were determined by pulsed-"eld gel
electrophoresis (PFGE). The conditions were as follows: switch time
ramping from 10 to 30 s, temperature 113C, pulse angle 110, using
0.5]TAE bu!er for 4 h. The size of each BAC clone was estimated
based on its migration as compared to lambda ladder markers. For
DNA "ngerprinting with HindIII digestion, Southern-hybridization
analysis was performed as described by Sambrook et al. (1989). The
end fragments of the BAC clones to be used for chromosome
walking were generated by TAIL-PCR. The set of TAIL-PCR
primers was synthesized according to vector sequence pBeloBAC11
(Shizuya et al. 1992), shown as follows:

BF1 5@-GACGTTGTAAAACGACGGCCAGT
BF2 5-GTAATACGACTCACTATAGGGCGA
BF3 5@-GAGTCGACCTGCAGGCATGCA
BR1 5@-CTTCCGGCTCGTATGTTGTGTGG
BR2 5@-GAGCGGATAACAATTTCACACAGGA
BR3 5@-TAGGTGACACTATAGAATACTCA.

Three arbitrary primers (AD1, AD2, and AD3) were employed. The
sequences of the AD primers were according to Liu and Whittier
(1995) and Liu et al. (1995). The contig map consisting of overlap-
ping BAC clones for the xa13 region was constructed based on the
HindIII "ngerprint overlaps and the arrangement of the RFLP
markers on the linkage map.

Results

Fine mapping of the xa13 region

The parental lines and the F2 plants of the two map-
ping populations showed clear and distinct reactions to
Xoo race 6 PXO99. In the NIL F2 population, plants
segregated into 106 : 26 susceptible : resistant, respec-
tively, while in the NPT F2 population, the segregation
was 166 : 64 susceptible : resistant. Both populations "t-
ted the expected 3 : 1 Mendelian ratio. All RFLP
markers in the xa13 region also "tted the expected
segregation ratio of 1 : 2 : 1 at the 5% level.

Figure 1 shows the two genetic maps containing xa13
and all the selected DNA markers constructed in the
two mapping populations. The RFLP marker R2027
was mapped 1.1 cM from xa13 in the NIL population
(map B) and 1.3 cM away in the NPT population (map
A). RG136 was located 2.3 cM on the other side of xa13
in the NIL population and 5.3 cM away in the NPT
population. The RG136 STS marker was located closer
to xa13 at a distance of 4.9 cM in the NPT population,
showing 1.9% recombination with its RFLP marker.
S14003 was mapped 0.6 cM distal from R2027 while
R2662 completely co-segregated with RG136 in both
populations. The linear order of RG136, R2662,
S14003, G1149 and RZ28 in our maps was consistent
with that reported by Harushima et al. (1998) using the
Nipponbare/Kasalath mapping population (data not
shown). Our results clearly indicated that of these
markers, RG136 and R2027 were the closest ones
#anking the xa13 locus.
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Fig. 2 Reconstruction and identi"cation of overlapping BAC clones
with RFLP markers S14003 and R2027. BAC-clone DNA samples
were digested with HindIII and the resultant blot was probed with
a mixture of the labelled RFLP markers. Vector DNA is the 7.4-kb
band common to all clones. Arrows point to the fragments of BAC
clone DNA hybridized by the markers

Fig. 3 Integration of the ten BAC
clones into one contig using
HindIII-digested 21H14 (A) and
44F8 (B) as probes. The arrow
points to the 10-kb fragment of
14L3 that hybridizes with 44F8
integrating the two contigs into
one

Identi"cation and analyses of BAC clones near xa13

The two markers RG136 and R2027 were used to
screen the IR64 BAC library in order to identify over-
lapping clones near xa13. In addition, S14003 and
G1149 were used to screen the library to determine the
direction of chromosome walking.

The RG136 RFLP marker did not detect any clone,
but its STS marker identi"ed a single clone, 29I3.
S14003 identi"ed four clones, 44F8, 41O2, 12A16 and
12F20 (Fig. 2), while G1149 hybridized to two clones,

23D11 and 21H8. Four overlapping clones, 42C23,
30B5, 6B7 and 21H14, were identi"ed by R2027
(Fig. 2). These positive BAC clones identi"ed by the
four markers RG136, R2027, S14003 and G1149 result-
ed in four small contigs including the single-clone con-
tig for RG136. Furthermore, the ends of the identi"ed
BAC inserts were ampli"ed by TAIL-PCR and used as
probes for hybridization with each clone in the contigs.
The orientation of the clones in individual contigs was
determined based on the hybridization pattern of BAC
end probes. The resulting alignment of the overlapping
clones in these contigs was determined based on DNA
hybridization patterns using the digested clones as
probes (Fig. 3).

To connect the separate contigs, the BAC end
markers derived by TAIL-PCR were also used as
probes for screening the library in order to extend the
contigs. One marker, 42C23R, derived from the right
end of clone 42C23, identi"ed a new clone, 33C7, while
6B7F, derived from the left end of clone 6B7, identi"ed
14L3. The extreme clones 33C7 and 14L3 were digested
with HindIII, end-labeled, and used as probes for one
more step of walking. Clone 33C7 did not identify any
new clone. Thus, chromosome walking towards the
direction of 33C7 was terminated. Clone 33C7 lies in
the direction toward the telomere of the long arm of
chromosome 8. Clone 44F8 hybridized with a single
10-kb band of 14L3, integrating the R2027 and S14003
contigs into one (Fig. 3B). The "nal contig consisted of
ten clones spanning approximately 330 kb (Fig. 4).

Physical mapping of the xa13 region

The physical relationship of the BAC clones with the
RFLP markers was con"rmed by Southern hybridiza-
tion of the RFLP markers to the clones of the contig.
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Fig. 4 Alignment of the genetic and physical maps of the xa13
region. The physical map is shown as overlapping BAC clones
represented by solid lines with line length equal to the insert sizes
estimated through PFGE. The genetic map is shown as genetic
distances in cM after inclusion of the BAC end markers: (B) the
genetic map derived from the NIL population; (A) the genetic map
derived from the NPT population, and (C) the genetic map from the
Nipponbare/Kasalath mapping population

Marker R2027 was contained in a 1.2-kb band com-
mon to four clones: 21H14, 42C23, 30B5 and 6B7.
These four clones shared six other common restriction
fragments with a total size of about 36 kb. Marker
S14003 was on a 9.4-kb fragment common to clones
44F8, 41O2, 12A16 and 12F20. These four clones also
shared 11 other common fragments with a total size of
about 42 kb. The physical size between R2027 and
S14003 was estimated to range from 233 to 268 kb.

Figure 4 shows the genetic map aligned with the
physical map of the BAC contig encompassing the xa13
locus. The physical presence of the xa13 locus in this
contig was con"rmed by mapping the BAC end
markers and xa13 in the two mapping populations.
A single-copy BAC end marker, 42C23R, derived from
the right end of 42C23, was 1.2 cM from xa13 while
R2027 was 1 cM on the other side in the NPT popula-
tion. Another BAC-derived marker, 6B7F, is 0.8 cM
beyond R2027. Two additional markers, 21H14F (left
end) and 21H14R (right end), derived from clone
21H14, were found to #ank xa13 at a distance of 0.5 cM
on either side using the NIL population. These results
indicated that both the contig and clone 21H14 con-
tained the xa13 locus. The genetic distance between the
insert ends of 21H14 was determined to be 1 cM while
the physical size of the 21H14 insert was approximately
96 kb, giving a physical/genetic ratio of 96 kb/cM in
the xa13 region of chromosome 8.

Discussion

In an e!ort to clone a recessive bacterial blight resist-
ance gene, xa13, employing the map-based cloning ap-
proach, we constructed a "ne-genetic map and a phys-
ical map of xa13 using two F2 mapping populations
and a BAC library constructed from rice cultivar IR64.
A number of DNA markers closely linked to xa13
identi"ed in this study should facilitate marker-aided
selection of this important gene in rice breeding pro-
grams. In addition, construction of a contig map with
ten overlapping BAC clones encompassing the xa13
locus represented a signi"cant step toward our "nal
goal to isolate this gene.

21H14 contains the xa13 locus

Although the presence of xa13 in the 330-kb contig was
determined by genetic mapping of BAC-end markers
derived from clones in the contig, the inclusion of this
gene in a single 96-kb BAC clone, 21H14, was con-
"rmed by the genetic mapping of its two end markers
#anking xa13. Furthermore, three other smaller BAC
clones, 6B7 (64 kb), 30B5 (50 kb) and 42C23 (68 kb), are
also likely to contain the xa13 locus according to their
alignments in the contig. In particular, the three clones
shared seven common HindIII restriction fragments
with 21H14, which had a total size of about 36 kb. The
xa13 locus is very likely on one of these shared frag-
ments. The succeeding steps in isolating xa13, including
construction of the xa13 cDNA library, the identi"ca-
tion of the candidate cDNA clone, subcloning of clone
21H14, and genetic complementation, etc., are under
way.
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Lower ratio of physical and genetic distance
in the xa13 region

Our results indicated that in the xa13 region of chro-
mosome 8, each centimorgan of genetic distance is
roughly equivalent to 96 kb, a nearly 3-fold reduction
in the ratio of physical/genetic sizes as compared to the
average P/G ratio of 260}280 kb/cM estimated by Wu
and Tanksley (1993) and by Yoshimura et al. (1998).
This reduction is apparently due to enhanced recombi-
nation in the region. Di!erent chromosomal regions
showing signi"cant variations in recombination fre-
quencies have been widely reported. While the hetero-
chromatic regions near centromeres and telomeres
of individual chromosomes are known to show con-
siderable recombination suppression (Gaudet and
Fitzgerald-Hayes 1990), the subtelomeric regions, by
contrast, have functions that greatly enhance recombi-
nation (Rouyer et al. 1990). The xa13 locus is in the
subtelomeric region (roughly 10 cM from the telomere)
of rice chromosome 8 (Harushima et al. 1998). Thus,
the enhanced recombination observed is consistent
with the subtelomeric location of xa13. The genetic
basis for this phenomenon, however, remains largely
unknown.

DNA markers available for MAS of xa13

Marker-assisted selection (MAS) is more bene"cial for
transferring target traits controlled by recessive genes
since the desirable phenotypes of this type are not
expressed in heterozygotes. In addition to the four
DNA markers (AC5-900, RG136, RZ28 and CDO116)
identi"ed by Zhang et al. (1996), several other DNA
markers closely linked to xa13 were developed in this
study. These included four BAC end markers, 21H14R,
21H14F, 42C23R and 6B7F. These can be of immediate
use in the detection of DNA polymorphisms required
for MAS of xa13 in rice breeding programs. Among all
these markers, the RG136 STS marker should be very
useful in MAS involving indica/japonica crosses be-
cause it is PCR-based. The RFLP markers, including
R2662, R2027, S14003, G1149 and C502 from JRGP,
and RG136, CDO116 and RZ28 from Cornell, and
21H14R and 21H14F developed in this study, should
be more powerful for MAS involving closely related
parents since they are polymorphic even between the
xa13 NILs.
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