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A b s t r a c t  Map-based cloning methods have been applied 
for isolation of Xa-1, one of the bacterial blight resistance 
genes in rice. Xa-1 was previously mapped on chromosome 
4 using molecular markers. For positional cloning of 
Xa-1, a high-resolution genetic map was made for the Xa-1 
region using an F 2 population of 402 plants and additional 
molecular markers. Three restriction fragment length poly- 
morphism (RFLP) markers, XNpb235, XNpb264 and C600 
were found to be linked tightly to Xa-1, with no recombi- 
nants, and U0875 o was mapped 1,5 cM from Xa-1. The 
screening of a yeast artificial chromosome (YAC) library 
using these Xa-l- l inked RFLP markers resulted in the iden- 
tification of ten contiguous YAC clones. Among these, one 
YAC clone, designated Y5212, with an insert of 340 kb, 
hybridized with all three tightly linked markers. This YAC 
was confirmed to possess the Xa-1 allele by mapping the 
Xa-1 gene between both end clones of this YAC (Y5212R 
and Y5212L). 
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Introduction 

Xa-1 is one of the many bacterial blight resistance genes 
in rice. Bacterial blight is a serious rice disease caused by 
the bacterium Xanthomonas oryzae pv. oryzae (X. oryzae 
pv. oryzae). The genetic basis of host resistance to bacte- 
rial blight has been studied in great detail, and at least 19 
resistance genes have been identified, with some of them 
mapped by various scientists on the genetic map of rice 
(Kinoshita 1991). On the basis of the genetic characters 
and physiological reactions involved in the resistance of 
Xa-1, which is specific to a race of X. oryzae pv. oryzae, 
Xa-1 can be considered to be a dominant (Ogawa and 
Khush 1989) resistance gene. Linkage analysis of Xa-1 
was first done by Sakaguchi in 1967 who mapped it to chro- 
mosome 4. Yoshimura (1993) got the same result by 
mapping Xa-1 using restriction fragment length polymor- 
phism (RFLP) markers. However, information on the gene 
product of Xa-1 and on the mechanisms of interaction 
between host resistance and pathogen virulence is still 
lacking. 

In recent years, map-based cloning methods have been 
applied in the isolation of a few plant resistance genes, such 
as Pto in tomato (Martin et al. 1993) and RPS2 in Arabi- 
dopsis (Mindrinos et al. 1994). Cloning of disease resis- 
tance genes constitutes an exciting breakthrough for under- 
standing the molecular basis of plant disease resistance. 
The first step towards map-based cloning would be to dis- 
cover molecular markers closely linked to the target gene 
and to determine an accurate position of the target gene on 
a genetic map. For a reliable detection of the segregation 
of the phenotype, a clear phenotype conferred by the tar- 
get gene is required. Since Xa-1 shows a very clear resis- 
tance phenotype, it would be a promising candidate for 
map-based cloning. 

In this paper, we describe the isolation of a yeast artifi- 
cial chromosome (YAC) clone containing the Xa-1 allele 
through high-resolution mapping with RFLP markers. A 
YAC library constructed from rice cv 'Nipponbare', the 
standard variety used in the Japanese Rice Genome Re- 
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search  P r o g r a m  (RGP) ,  was  s c r eened  us ing  X a - l - l i n k e d  

R F L P  markers .  

T h e  c l o n i n g  and m o l e c u l a r  ana lys is  o f  Xa-1  shou ld  he lp  
in r e v e a l i n g  the poss ib l e  ro le  o f  this g e n e  dur ing  p a t h o g e n  
r e c o g n i t i o n  or  in subsequen t  in t r ace l lu la r  even t s  l ead ing  to 
the e x p r e s s i o n  o f  r e s i s t ance  in r ice .  F u r t h e r m o r e ,  the c o m -  

pa ra t ive  ana lys i s  o f  Xa-1  and seve ra l  o ther  p r e v i o u s l y  iso-  
la ted  r e s i s t ance  genes  w o u l d  c la r i fy  the s imi la r i t i e s  and 
spec i f i c  s t ruc tures  a m o n g  re s i s t ance  genes  in d i f f e ren t  hos t  
p lants  that  con t ro l  r e s i s t ance  to va r ious  pa thogens .  Such  

an a c c u m u l a t i o n  o f  i n f o r m a t i o n  on r e s i s t ance  g e n e  s t ruc-  
tures and func t ions  w o u l d  l ead  to a c l ea re r  u n d e r s t a n d i n g  
o f  de f ens e  e x p r e s s i o n  p a t h w a y s  in plants .  

Materials and methods 

Plant materials 

The rice cultivars used in this study are listed in Table 1. 'IR-BB 1' 
derives Xa-1 from japonica cv 'Kogyoku' and has undergone four 
backcrosses with indica cv 'IR24' and eight selfing generations 
(Ogawa et al. 1988, 1991). 'IR24' is an indica cv carrying Xa-18, 
which is not effective against any known Japanese strains of 
X. oryzae pv. oryzae. 

For studying linkage analysis between Xa-1 and RFLP markers, 
we crossed 'IR24' with 'IR-BB 1' or 'Kogyoku'.  Six F~ populations 
derived from the crosses between 'IR24' and 'Kogyoku',  and 
between 'IR24' and 'IR-BB 1' (Table 1) were used for bacterial in- 
oculation tests and DNA extraction. Another F 2 population derived 
from the cross between 'Nipponbare' and 'Kasalath' (Table 1, Ku- 
rata et al. 1994) was also used for linkage analysis of RFLP mark- 
ers and physical mapping of the chromosomal region around Xa-1 
on chromosome 4. 

The plants were grown at the experimental farm of the National 
Institute of Agrobiological Resources in Tsukuba, Japan. 

Detection of Xa-1 phenotype 

The segregation of Xa-1 was examined by testing the six F 2 popula- 
tions of ' IR24' / 'Kogyoku'  and ' IR24 ' / ' IR-BBl '  crosses (Table 1) 

Table 1 Lines and F 2 populations used 

Line Gene(s) Generation Cross 
involved (population size) 

IR24 Xa-18 c) - 
Kogyoku Xa-1 - 
IR-BBI a) Xa-1 BC4F 8 

F2populations 

IR24*5/kogyoku 

Xa-1 F 2 (98 plants) IR24/Kogyoku 
Xa-1 F 2 (35 plants) IR24/Kogyoku 
Xa-1 F 2 (57 plants) IR24/Kogyoku 
Xa-I F 2 (50 plants) IR24/IR-BB1 
Xa-1 F 2 (81 plants) IR24/IR-BB1 
Xa-1 F 2 (81 plants) IR24/IR-BB1 

(Total 402 plants) 

None F2 (186 plants) Nipponbare/ 
Kasalath b) 

a) Ogawa et al. [13, 14] 
b) Kurata et al. [6] 
~ Xa-18 is not effective against any known strains of Xanthomonas 
oryzae pv. oryzae in Japan 

Fig. 1 Rice leaves inoculated by T7174, the representative strain of 
Japanese race I of Xanthomonas oryzae pv. oryzae. 'IR-BB 1' is the 
resistance cultivar possessing the resistance gene Xa-l.  On the sus- 
ceptible cultivar, 'IR24',  bacterial lesions developed up to 16 cm in 
size. The photograph was taken at 14 days after inoculation 

for their reaction to X. oryzae pv. oryzae strain T7174, a representa- 
tive strain of pathogenic race 1 in Japan. For inoculum preparation, 
the bacterial cells were grown on potato semi-synthetic agar (PSA; 
Ou 1972) slants for 3 days at 30~ Inoculum was prepared by sus- 
pending the bacterial culture with sterile water to a concentration of 

9 about 10 cells/ml. Five to six fully expanded leaves of each F a plant 
and parent were inoculated by the clipping method (Kauffman et al. 
1973) at 3 months after sowing. Disease reaction was scored visual- 
ly at 14 days after inoculation and classified into two categories, re- 
sistant and susceptible. As shown in Fig. 1, the bacterial lesions el- 
ongated less than 1 cm and then stopped on the resistant plants, 
whereas on the susceptible plants, the lesions were more than 10 cm 
in length. 

Molecular markers 

Using an F 2 population of 142 plants derived from the cross between 
'Kinmaze' and 'Te-tep' in which the F 2 segregated for Xa-1 and 
Xa-2, Yoshimura (1993) showed that the RFLP markers XNpb235, 
XNpb264 and XNpb267 mapping on chromosome 4 were linked to 
Xa-1. Two RAPD markers U0875 o and Y037o o, tightly linked to 
Xa-1, were also obtained by near-isogenic line analysis, and these 
markers were cloned to be used as RFLP markers (Yoshimura et al. 
1995). Tsunematsu et al. (1993) also found another RFLP marker, 
Q4, linked to Xa-1 using recombinant inbred lines segregating for 



Xa-1. For the fine mapping of Xa-1 and subsequent YAC isolation, A 
five genomic DNA markers, Npb235, Npb264, Npb267, U0875 o and 
Ky4 (same marker as Q4), were additionally used in this study. Two 
cDNA markers [C600 and R78 (Kurata et al. 1994)] and two YAC 
end clones (Y5212L and Y5212R), isolated from a YAC clone 00875o 
Y5212, were also used. The end clones were isolated according to 
the cassette polymerase chain reaction (PCR) method as described 1 
by Umehara et al. (1995). In this paper, the name of the mapped lo- 
cus with the Npb number clone is represented by XNpb according to 
its first designation (Saito et al. 1991). RFLP marker designations 
are denoted by normal letters, while the corresponding loci are writ- 
ten in italics. 

Genetic mapping 

Rice genomic DNAs were isolated from fresh leaves according to 
Dellaporta et aI. (t 983) with a slight modification: 3.65 mM sodium 
hydrogen sulfite was used instead of 10 mM mercaptoethanol as a 
reducing agent in the extraction buffer. Total genomic DNA was di- 
gested with the restriction enzymes BamHI, BglII, DraI, EcoRI, 
EcoRV, HindIII or PvuII according to the supplier's instructions, sep- 
arated by electrophoresis on 0.6% agarose gel and transferred onto 
nylon membranes. Labeling of the probes and signal detection were 
done using ECL system (Amersham) according to the supplier's in- 
structions. Chemiluminescence was detected by X-ray film after a 
2- to 16-h exposure. Polymorphism was scored in parents and F 2 
plants. 

Linkage analysis was carried out using the software MAPMAK- 
ER/EXR 3.0 (Lander et al. 1987; Lincoln and Lander 1992), and the 
recombination values were converted into genetic map distances 
(centiMorgan; cM) using the Kosambi function (Kosambi 1944). 

Physical mapping 

A physical map of the Xa-1 region was constructed by screening a 
YAC library made from 'Nipponbare' (Umehara et al. t995) in or- 
der to select YAC clone s covering the target region. Colony hybrid- 
ization was done using a total of about 7000 YAC clones in the li- 
brary dotted on five high-density filters. The six Xa-l-linked RFLP 
markers, Npb235, Npb264, U0875 o, Ky4, C600 and R78 were used 
as probes. All candidate YAC clones selected by colony hybridiza- 
tion were applied on Southern hybridization analysis to confirm 
whether those YACs were derived from the marker loci (Umehara et 
al. 1995). The ECL labeling and detection system was also used for 
both colony and Southern hybridization. A contig map of YACs was 
constructed by following the arrangement of the RFLP markers on 
the linkage map. 

Xa-1 
XNpb235 
XNpb264 
C600 

�9 1.5 [ 
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Fig. 2A, B Linkage of Xa-] and RFLP markers on chromosome 4. 
The genetic distances are given in centimorgans. A Linkage map 
around Xa-1 constructed with 402 F2 plants derived from six 
' IR24 ' / ' IR-BBl '  and ' IR24'/ 'Kogyoku ' crosses. B Linkage map of 
the chromosomal region corresponding to Xa-1, constructed using 
186 F 2 plants derived from the 'Nipponbare'/ 'Kasalath' cross 

since a Z 2 test showed that these populations were identi- 
cal with respect to genotype segregation. The linkage map 
is shown in Fig. 2A. Xa-1 was mapped 1.5 cM away from 
U0875 o. Even in this large population of 402 plants, no re- 
combinants were observed for Xa-1, XNpb235, XNpb264 
and C600. 

To specify the allelism of Xa-1 on the 'Nipponbare'/  
'Kasalath' map (Kurata et al. 1994) simultaneously, we 
also performed linkage analysis by mapping the RFLP 
markers of Npb235, Npb264, Npb267, Ky4 and U08750 on 
the map. Four out of five Xa-l-linked RFLP markers were 
mapped within a 7.0-cM region between R78 and C810 on 
chromosome 4 of the 'Nipponbare'/ 'Kasalath'  map (Ku- 
rata et al. 1994) (Fig. 2B). There was no significant incon- 
sistencies in the gene arrangement and the genetic dis- 
tances between the markers in the Xa-1 region of both 
maps. We thus concluded that these RFLP markers could 
be used as probes to identify the YAC clones containing 
the Xa-1 allele of 'Nipponbare'. 

Results 

Fine genetic mapping of the Xa-1 gene 

For fine mapping of Xa-1, large-scale linkage analysis was 
performed using six F 2 populations, each of which segre- 
gated for Xa-1 (Table 1). Four RFLP markers, Npb235, 
Npb264, U08750 and C600 were scored in these popula- 
tions. The segregation ratios of all of these markers fitted 
the expected ratio at the 5% confidence level. Npb267 and 
Ky4 could not be mapped on these populations, because of 
no clear polymorphism. The bacterial blight resistant and 
susceptible phenotypes of all F 2 plants could be clearly 
scored and the segregation ratio fitted the expected 3:1 ra- 
tio for a single dominant gene. The six F 2 populations were 
integrated for calculation of recombination frequency 

Isolation and analysis of YAC clones 

Six RFLP markers, Npb235, Npb264, Ky4, C600, R78 and 
U0875 o, linked to the Xa-1 gene were used for screening 
the YAC library from 'Nipponbare' (Umehara et al. 1995). 
Two to ten candidate YAC clones were isolated with each 
of the six RFLP markers by colony hybridization. DNA 
from each isolated YAC clone was digested by an appro- 
priate enzyme and hybridized with the RFLP marker that 
was used in the colony hybridization. Examples for 
Npb264 and C600, which were hybridized with five and 
three YAC clones respectively, are shown in Fig. 3. Sub- 
sequently, ten YAC clones which formed one contiguous 
stretch were confirmed. Figure 4A shows the YAC contig 
covering the Xa-1 region on the 'Nipponbare'/ 'Kasalath'  
map. The insert sizes of the ten YACs ranged from 280 kb 
to 600 kb. The arrangement of ten YACs and the order of 
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Fig. 3A, B Southern blot anal- 
ysis of candidate YAC DNAs 
with RFLP markers Npb264 
and C600. YAC DNAs were di- 
gested by DraI. A Five YAC 
clones, from Y5212 to Y6834, 
all possess hybridizing bands 
with the Npb264 probe of the 
same fragment length as in 
'Nipponbare'. B Two YACs, 
Y2165 and Y5212 have DNA 
fragments of 4.0, 6.0 and 
8.5 kb, which had been mapped 
as the locus of C600 on the 
'Nipponbare'/'Kasalath' map. 
Y3487 has a 6.0-kb fragment. 
M molecular size marker. Ar- 
row shows the fragment that 
hybridized both with C600 and 
with the YAC left arm fragment 
of Y3487 

the RFLP markers on them, such as the 0-cM-linked loci of 
C600 and XNpb235, were located on the physical map by 
Southern hybridization between these YACs and RFLP 
markers. Furthermore, C600 hybridized to the same frag- 
ment of restriction enzyme-digested YAC DNA that hybri- 
dized with the YAC left arm of Y3487, as indicated by an 
arrow in lane 7 of Fig. 3B. The end fragments of the left 
arms of Y 1882 and Y5056 also hybridized to the fragments 
that hybridized with Ky4 (data not shown). These results 
confirm the physical locations of these three YAC ends on 
the YAC contig, as indicated by the filled squares in Fig. 4A. 

map, as shown in Fig. 4A, indicating that 1 cM of this 
chromosomal region corresponds to 485 kb on the 
'Nipponbare ' / 'Kasala th '  map. Though Y5212L cosegre- 
gated completely with Ky4, Y5212L was located between 
U0875 o and Ky4. Ky4 hybridized with the inside fragment 
of Y5212 but not with the end fragment of  Y5212 in the 
Southern blot (data not shown). This fact, together with the 
other data on Npb235 and C600 mentioned earlier, coin- 
cides well with the order of DNA markers and the spacing 
of YAC clones in the physical map (Fig. 4A). 

Identification of a YAC clone carrying a Xa-1 allele 

Of the ten YACs, Y5212 seemed to be the one that covered 
the Xa-1 region (Fig, 4A). To confirm that Y5212 contains 
the Xa-!  allele, we isolated both ends of Y5212 by the cas- 
sette PCR method (Umehara et al. 1995). From the right 
and the left ends of Y5212, 750-bp and 950-bp fragments 
were cloned and designated Y5212R and Y5212L, respec- 
tively. These were used for linkage analysis with Xa-1. 

On the ' IR24 ' / 'Kogyoku '  and ' IR-BB 1' map, Y5212R 
and Y5212L were mapped on both sides of Xa-1 at a dis- 
tance of 1.7 cM and 0.9 cM, respectively (Fig. 4B). These 
results showed that the YAC clone Y5212 contains the 
Xa-1 allele in its 340-kb insert of 'Nipponbare '  DNA. The 
genetic distance between Y5212R and Y5212L was calcu- 
lated to be 2.6 cM in this linkage analysis, indicating that 
1 cM corresponds to about 130kb on the integrated 
' IR24 ' / 'Kogyoku '  and ' IR-BB 1' map made by a total of 
402 F 2 plants from six crosses. 

On the other hand, Y5212R and Y5212L were mapped 
at a distance of 0.7 cM on the 'Nipponbare ' / 'Kasala th '  

Discussion 

We are proceeding to cover the whole rice genome with 
YAC contigs. To do this, YAC clones have been isolated 
with RFLP markers and ordered along the high-density mo- 
lecular map constructed by Kurata et al. (1994). The YAC 
contigs covering well-defined regions will provide the ba- 
sis for map-based cloning of genes that have been earlier 
known only by their phenotypes. However, the construc- 
tion of YAC libraries for many other cultivars containing 
the target genes is rather difficult and time-consuming. It 
would be more practical and convenient to construct cos- 
mid and cDNA libraries using individual cultivars carry- 
ing the target genes. Once candidate YAC clones from the 
standard strain, in our case 'Nipponbare ' ,  have been se- 
lected by the closely linked DNA markers to the target 
gene, corresponding cosmid and cDNA clones of gene-do- 
nor cultivars could be isolated from those libraries using 
the candidate YAC clones as probes. We have now con- 
structed cosmid and cDNA libraries from the rice variety 
' I R - B B I ' ,  which contains the Xa-1 gene. Y5212 will be 



Fig. 4A, B Arrangement of 
RFLP markers and YACs in a 
contig covering the Xa-1 re- 
gion. A 'Nipponbare' / 
'Kasalath' map. B Combined 
mapping of a YAC clone 
Y5212, and the RFLP markers 
on the linkage map derived 
from the six 'IR24'/'IR-BB 1' 
and 'IR24'/'Kogyoku' crosses 

121 

used as a hybridization probe to select corresponding cos- 
mid and cDNA clones. 

In this study, linkage analysis was performed using the 
same RFLP markers in two different F2 populations: the 
F 2 population derived from a cross between 'Nipponbare '  
and 'Kasalath '  which was used for the construction of a 
high-density molecular map (Kurata et al. 1994), and the 
F 2 populations derived from the ' IR24 ' / 'Kogyoku '  and 
' I R 2 4 ' / ' I R - B B l '  crosses. As shown in Fig. 2, the gene ar- 
rangement and the genetic distances between the markers 
around the Xa-1 locus were consistent between the two 
RFLP linkage maps, indicating that there were no drastic 
chromosomal rearrangements between 'Kogyoku ' ,  ' IR24 ' ,  
'Nipponbare '  and 'Kasalath ' .  

On the other hand, almost all of the expressed sequences 
(cDNA clones) located on the 'Nipponbare ' / 'Kasala th '  
map (Kurata et al. 1994) hybridized to both parents, though 
only 0.1%, 1 cDNA clone (R887) out of 883, could hybri- 
dize only to 'Nipponbare '  genomic DNA and not to 
'Kasalath '  DNA (These Southern image files can be ac- 
cessed on the World Wide Web using the URL: 
http ://www.staff.or.j p/rgpdata/ricegmap.html). 

All these data allow us to assume that the YAC clone 
Y5212, even if developed from 'Nipponbare '  DNA, pos- 

sesses an allele of Xa-1. On the basis of this assumption, 
Y5212 is now being used as a probe to screen for cosmid 
clones of ' IR-BB 1' and to isolate candidate cDNA clones 
for Xa-l .  

In the 'Nipponbare ' / 'Kasala th '  cross, a 1-cM genetic 
distance was estimated to be about a 240-kb physical dis- 
tance on average; however, this can vary from 120 to 
1000 kb [data from the mapping of YAC end clones (Ku- 
rata et al. 1994)]. In the present study, in judging the 
genetic distances between the YAC end clones, Y5212R 
and Y5212L, 1 cM corresponded to 485 kb on the 
'Nipponbare ' / 'Kasala th '  cross and 130 kb on the ' IR24 ' /  
'Kogyoku '  or ' IR-BB 1' cross, the latter two having a to- 
tal of two times more plants than the 'Nipponbare ' /  
'Kasalath '  cross. The physical distance on the ' IR24 ' /  
'Kogyoku '  or IR-BB 1 map with 402 F 2 plants was about 
four times smaller than the 'Nipponbare ' / 'Kasala th '  map 
of 186 plants on this region. This could be due to the dif- 
ferent parents of the crosses affecting the recomb~ination 
frequency in some chromosomal regions. p 

Recently, several disease resistance genes such as Pto 
(Martin et al. 1993) and Cf9 (Jones et al. 1994) in tomato, 
N in tobacco (Whitham et al. 1994) and RPS2 in Arabidop- 
sis (Mindrinos et al. 1994), have been isolated. Although 
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the res is tance confer red  by these genes is agains t  d i f ferent  
pathogens,  such as bac ter ia  and viruses,  the res is tance re- 
sponse of  these genes include a hypersens i t ive  response  
(HR) that is charac te r ized  by  necrot ic  lesions at the site of  
pa thogen  invasion.  However ,  in the interact ion be tween  
the bacter ia l  bl ight  res is tant  r ice l ines having Xa-1 and the 
pa thogenic  race T7174 of  X. oryzae pv. oryzae,  HR is ab- 
sent (Leach et al. 1989) and the res is tance is charac ter ized  
by a d i f ference  in lesion length (Fig.  1). Af ter  Xa-1 is ul- 
t imate ly  i sola ted  by map-based  c loning,  it wil l  be interest-  
ing to see whether  the funct ion o f  X a - t  is s imi lar  to that of  
the p rev ious ly  c loned res is tance  genes inducing HR in 
other plants.  

We have ident i f ied  one rice YAC clone car ry ing  a 
Xa-1 allele.  YAC clones  in our  l ibrary  should provide  a 
powerfu l  tool  for map-based  c loning o f  r ice pheno typ ica l  
genes.  This work  needs to be fo l lowed by c D N A  and cos-  
mid  c lone analysis  of  both  carr ier  and non-car r ie r  var ie t ies  
of  Xa-1,  inc luding  t ransformat ion  assays.  Our  results  con-  
sti tute the first  s tep toward  a genera l  use o f  pos i t ional  c lon-  
ing in r ice with YAC clones.  
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