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Abstract Six molecular markers were mapped to a 
7.4-cM region of rice chromosome 11 containing the Xa21 
gene, which confers resistance to the pathogen Xanthomo- 
has oryzae pv oryzae. Three markers, RG103, 248 and 818, 
co-segregated with Xa21 in a population of 1141 plants. 
Multiple copies of all marker loci were present within the 
region that was introgressed from Oryza longistaminata 
into O. sativa. The marker loci were cloned and primers 
were designed that defined sequence-tagged sites. Physi- 
cal mapping of the three tightly linked central markers re- 
vealed that RG103, the marker that hybridizes to the Xa21 
gene, resides on a separate DNA fragment from the other 
two markers. 
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Introduction 

The genomic region of rice plants containing Xa21, which 
confers resistance to most isolates of Xanthomonas oryzae 
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pv oryzae (Xoo), includes eight tightly linked fragments 
that cross-hybridize with the Xa21 genomic clone (Ronald 
et al. 1992; Song et al. 1995). Seven of these fragments 
were introgressed from the resistant donor line, whereas 
the eighth fragment was already in residence in the suscep- 
tible backcross line. At least one of the eight copies con- 
fers a high level of resistance to race 6 in transformed plants 
(Song et al. 1995). The other copies may include genes for 
resistance to other Xoo races, newly evolving or defunct 
genes, related pseudo-gene sequences, or genes for yet un- 
determined resistances. For example, in rice lines that lack 
Xa21, genes for blast (fungal) resistance (Wang et al. 1994) 
and stripe virus resistance (Hayano-Saito et al. 1993) map 
to the corresponding Xa21 chromosomal region. In addi- 
tion, Xanthomonas resistance genes Xa3, Xa4 and XalO 
(Yoshimura et al. 1992; Causse et al. 1994) map to the same 
arm of chromosome 11. All of these genes may have com- 
mon origins with Xa21. 

The present paper builds on previous work by Ronald 
et al. (1992) in describing the chromosomal region con- 
taining the rice Xa21 locus. Xa21 was mapped with respect 
to three RFLP markers and four sequence-tagged sites 
(STSs). Like the Xa21 gene family, all of the linked mark- 
ers are present in multiple copies within the genome, sug- 
gesting that duplication and divergence have occurred in 
this region. Used together in breeding programs, these 
markers could be applied to the introgression of Xa21 into 
a variety of cultivars while de-selecting for linked regions 
from the donor line. 

Materials and methods 

Plant material 

In order to generate over 1000 plants for mapping, three related pop- 
ulations were constructed from nearly isogenic lines IRBB2 t (resist- 
ant) and IR24 (susceptible). A set of 47 BCsF 2 plants (population 1) 
was obtained by crossing a Xa21-containing accession of Oryza lon- 
gistaminata to the susceptible recurrent parent O. sativa (Khush 
et al. 1991). To generate a related population of 540 BCsF 3 plants 
(population 2), plants from population 1 that were heterozygous at 
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Table 1 Markers linked to Xa21 

Marker Origin RFLP bands STS bands 
enz./sus./het./res./dom, sus./het./res./dom. 
or co-dom, or co-dom. 

AB 9 RAPD EcoRI/2/2/1/dom. 11/12/12/dom. 
248 RAPD XbaI/1/3/2/co-dom. a 1/1/3/co-dom. a 
818 RAPD XbaI/1/2/2/dom. 1/2/2/dom. a 
RG103 Genomic HindIII/2/9/8/co-dom a 1/3/3/dora. 

clone 
560 RAPD HindIII/2/2/1/dom. 7/9/7/dora. 
AE3 RAPD HindIII/8/9/9/dom. 5/9/4/co-dom. 

a RFLPs for 248, 818 and RG103 reported in Ronald et al. (1992). 
STS 248 reported as generated by primers PB7 and PB8 (Chun- 
wongse et al. 1993) 

RFLP analysis, DNA was isolated (Osborn et al. 1987) from leaves 
of single plants or from 30 pooled progeny of plants in mapping pop- 
ulation 3. Samples were digested with XbaI (for RFLP 248 and 818) 
and with HindIII (for RG103) and were separated on gels composed 
of l x T B E  and 0.7% agarose, at 1.7 V/cm for 16 h, before being 
transferred to MagnaCharge membrane (Micron Separations, Inc.) 
and hybridized according to the manufacturer's directions. 

Disease screen 

Xa21 confers resistance to most Philippine races of Xanthomonas 
otyzae, pv oryzae (Xoo) (Khush et al. 1989; Ikeda et al. 1990). In- 
oculations and scoring of disease symptoms with Xoo race 6 (strain 
PX099) were done by the standard leaf clipping method (Kauffman 
et al. 1973) in growth chambers, with daytime conditions of 10 h of 
light at 28~ and 85% humidity and a night temp of 24~ and 95% 
humidity. 

all mapping loci were selfed. In addition, heterozygous plants from 
a related BC6F 5 generation were selfed to produce 554 segregating 
BC6F 6 plants (Ronald et al. 1992, population 3). Because these three 
closely related populations were generated from selfing non-recom- 
binant plants that were known to be heterozygous at all mapping lo- 
ci, data from the three populations were combined and dealt with for 
mapping purposes as if arising from a single F 2 population. 

PCR and RFLP markers 

In a previous Xa21 mapping study, Ronald et al (1992) describes the 
cloning of RAPD 248 and RAPD 818 (random amplified polymor- 
phic DNA markers, Williams et al. 1990) and their use as RFLP mark- 
ers along with the already mapped RG103 clone. Additional RAPD 
markers were identified for the current study by screening DNA sam- 
ples from the two nearly isogenic lines, IRBB21 (resistant) and IR24 
(susceptible), with 10-nucleotide primers from Operon Technolo- 
gies. The screen included 720 primers resulting in about 3200 am- 
plified bands, three of which were polymorphic and linked to Xa21 
(Table 1). The three RFLP markers, plus the three RAPD markers, 
were converted into sequence-tagged site markers (STS, Olson et al. 
1989; STS 248, Chunwongse et al. 1993) in order to specifically tar- 
get the polymorphic locus for amplification (Table 2). Ultimately, all 
markers existed as cloned inserts that could be used in the hybrid- 
ization of Southern blots, as well as STSs that could be used in PCR. 

Molecular techniques 

Small DNA preparations, amplification by PCR, and band visualiza- 
tion were as described elsewhere (Williams and Ronald 1994). For 

Data collection 

Populations 1 and 3 were scored with RFLP markers RG103, 248 
and 818 (Ronald et al. 1992), STS markers AB9, 248,560 and AE3, 
plus were screened for the Xa21-resistant phenotype. These data, 
plus the study by Ronald et al (1992), indicated that the RFLP mark- 
ers RG1030 248 and 818 co-segregated, so we used only the STS 
markers AB9, 248,560 and AE3 to score population 2. All popula- 
tion-2 individuals found to be recombinant with the STS markers 
(52 individuals) were allowed to self and 30 individuals from each 
family of BCsF 4 plants were pooled and screened with RFLP mark- 
ers RG103, 248 and 818, and then re-screened with the four STS 
markers. In addition, nine individuals from each BCsF 4 family were 
screened for the Xa21-resistant phenotype. In this way, we deter- 
mined the genotype at each locus for all recombinants in population 
2 by scoring their progeny. 

Map construction 

The data were analyzed with Mapmaker for the Macintosh pro- 
gramme (Lander et al. 1987; obtained from S.V. Tingey, E.I .  
dnPont Demour Corp., Wilmington, Del.). We first determined the 
orders for marker loci 248, AB9 and AE3. This process resulted in 
a framework map composed of the two most widely spaced markers 
(AB9 and AE3) plus one central marker (248), giving a high degree 
of certainty to the marker order. Then, marker locus 560 was added 
to this framework map by using the "try" command. The order was 
confirmed by determining the difference in likelihoods of maps that 
resulted from all possible permutations of adjacent triplets (the "rip- 
ple" command). Xa21, RG103 and 818 co-segregated with 248, and 
so were assigned the same map position. 

Table 2 Sequences of forward 
(f) and reverse (r) primers for 
six STSs linked to Xa21 

Primer Length Sequence 

AB9f 20 bases 5'-GGG CGA CTA CTA CAA AAC AT-3' 
AB9r 18 bases 5'-GGG CGA CTA CAG AGT TCA-3' 
248f 24 bases 5 '-AGA CGC GGA AGG GTG GTT CCC GGA-3' 
248r 24 bases 5 '-AGA CGC GGT AAT CGA AAG ATG AAA-3'  
818f 24 bases 5'-CAT CAC AAA GAC GTG CTA ATG ACA-3" 
818r 24 bases 5'-CGA GGA TAT GTA CTT GCA ATC TGA-3'  
RG103f 24 bases 5'-AAC CAA GCT AGG ACC AAT GAC CAT-3' 
RG103r 24 bases 5'-GAG AGG AGA TGT TCC AAA TAG GAT-3' 
560f 24 bases 5'-GAT TTT CGC TGA TTT AGG TGC TTA-3' 
560r 24 bases 5'-ACA GGA CCA GGT AAC GCT TGT AAT-3' 
AE3f 24 bases 5'-GCT GGT ACG GTT CTG GGA GGA TTG-3' 
AE3r 24 bases 5'-GGG GGA GGA GGA AGA AAA TAA AAG-3'  



Physical mapping 

High-molecular-weight DNA was isolated, imbedded in agarose 
plugs, digested to completion and loaded in gels (Wang et al. 1995). 
Fragments were separated on a 1% pulsed field gel at 150 V with a 
20 s switching time at 16~ for 54 h. The DNA was fragmented by 
exposing the gel to UV light (254 nm) at a distance of 10 cm for 
1 min. DNA was transferred to Hybond N + filters (Amersham) in a 
0.4 N NaOH, 1.5 M NaC1 solution for 2 days. Hybridization condi- 
tions were the same as described above for RFLPs. 

Results and discussion 

STS markers 

Fig. 2 Linkage map of the 
introgressed region containing 
Xa21 and six marker loci on 
chromosome 11. Three popula- 
tions totaling 1141 individuals 
were used to generate data for 
the map. The distance between 
the markers is shown at the left 
and totals 7.4 cM. Markers 
AB9,248 and AE3 were or- 
dered at LOD 8. Marker 560 
was positioned between AB9 
and AE3 with respect to 248 at 
lod 1.8. No recombination was 
found between Xa21, RG 103, 
818 and 248 
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The STS versions of the markers mapped to the same ge- 
nomic locations and were more easily scored than their pro- 
genitor RFLP or RAPD markers. However, due to the com- 
plex nature of repeats in the region containing Xa21, all 
markers except 248 resulted in the amplification of mono- 
morphic bands (present in both resistant and susceptible 
plants) in addition to polymorphic bands (Fig. 1, Table 1). 
When multiple polymorphic bands were generated, they 
co-segregated. The 248 and AE3 STSs generated addi- 
tional heteroduplex bands, in samples from heterozygous 
individuals, that were not present in samples from either 
type of homozygote. 

Linkage map of the introgressed region containing Xa21 

The order of the framework map, composed of STS marker 
data for AB9, 248 and AE3 from all three populations, was 
unambiguous (Fig. 2). The likelihood of the map with this 
order exceeded all others by LOD 8.0. However, the posi- 
tion of marker locus 560 could not be determined with a 
LOD 3.0 confidence. 

Fig. la-d STS amplification 
patterns. Lanes on all gels are 
as follows: 1 and 2 contain am- 
plification products from ho- 
mozygous-susceptible individu- 
als; 3 and 4 contain amplifica- 
tion products from homozy- 
gous-resistant individuals; 
5 contains amplification prod- 
ucts from a recombinant indi- 
vidual that is homozygous or 
heterozygous for alleles at 
AB9 (a- indistinguishable due 
to dominance of marker), ho- 
mozygous for 248 alleles from 
the resistant line (b), homozy- 
gous or heterozygous for the 
alleles at 560 (c), and heterozy- 
gous for the AE3 alleles due to 
a recombination somewhere be- 
tween 248 and AE3 (d). Heter- 
oduplex bands found only in 
heterozygotes are present in 
lane 5 (d) 

From the total of 1141 progeny, the 52 individuals from 
population 2 that were recombinant between the outside 
markers AB9 and AE3 were subjected to further analysis 
to confirm marker order with respect to Xa21. Pooled prog- 
eny of these individuals were used in RFLP analysis to con- 
firm the genotypes of their BCsF 2 parents for the tightly 
linked loci RG103, 248 and 818. The progeny were also 
used in a disease screen with Xoo to determine the paren- 
tal Xa21 genotype. The resulting map clearly specified the 
marker order to be AB9-248-560-AE3, but no recombina- 
tion occurred between 248, 818, Xa21 (disease phenotype) 
or RG103. We found that all loci except 560 (chi-square= 
16.82, P<0.001) showed no bias in segregation ratios. The 
recessive allele of 560 was more difficult to score and thus 
contributed to missing data more often than the dominant 
560 allele. As a result, the homozygous recessive 560 class 
was under-represented, causing a deviation from the ex- 
pected 3:1 ratio and less certainty in the map position of 
560. 

In comparing map distances between intra- and inter- 
specific crosses, Causse et al. (1994) report that intervals 
averaged 25% shorter in a cross between O. longistamin- 
ata and O. sativa than in an intraspecific O. sativa cross. 
However, a comparison of the region containing Xa21 
among four different mapping populations gives no clear 
trend. The interval between RG303 and RG103 in an intra- 
specific O. sativa cross (McCouch et al. 1988) is reported 
as 18 cM, whereas the same interval in an interspecific 
O. sativa • O. longistaminata cross (Ronald et al. 1992) is 
21.4 cM. In three crosses between O. sativa and an O. sa- 
tiva line containing the introgressed Xa21 region from 
O. longistaminata (Abenes et al. 1994) that same region is 
17.9, 12.3 and 13.1 cM, respectively. We identified no re- 
combination between Xa21 and the three central markers 
RG103, 248 and 818. Abenes et al. (1994) report recom- 
bination in this region flanking Xa21 (818 to Xa21 was 
2.2 cM and Xa21 to RG103 was 3.8 cM in one cross, and 
818 to Xa21 was 2.7 cM and Xa21 to RG103 was 2.7 cM 
in another cross). However, these authors did not confirm 
recombinants by scoring their progeny for resistance and 
RFLP markers. In addition, they mapped in small popula- 
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tions (35 and 63 individuals) .  With  small  popula t ions ,  a 
single ind iv idua l  mis - scored  for  the Xa21 res is tance phe-  
notype would  in t roduce  erroneous double  crossovers  into 
a data  set. 

Phys ica l  analysis  

Phys ica l  l inkage  be tween  copies  of  248 and 818 in the re- 
sistant l ine was c lear ly  shown by  pu lsed- f ie ld  gel  e lec t ro-  
phoresis  (PFGE) studies (Ronald  et al. 1992). These  stud- 
ies sugges ted  that one copy of  818 and RG103 reside on 
the same 270-kb D N A  f ragment  genera ted  by  SfiI. How-  
ever, through higher  resolut ion  PFGE,  we demons t ra ted  
here that 818 hybr id ized  to a 270-kb fragment,  whereas  
RG103 hybr id ized  to a dis t inct  230-kb SfiI genomic  frag- 
ment  in D N A  from the res is tant  l ine (data  not  shown).  Thus, 
these exper iments  indica ted  that all  e ight  genomic  HindIII 
f ragments  hybr id iz ing  to RG103,  the marker  that hybr i -  
dizes to the Xa21 gene, are phys ica l ly  separa ted  f rom frag- 
ments  conta ining 248 and 818. The intensi ty  of  the 230-kb 
f ragment  indicates  that a major i ty  of  the e ight  HindIII frag- 
ments  that hybr id ize  to RG103 reside together  on that one 
fragment.  The phys ica l  d is tance  be tween  RG103 and 
248/818 actual ly  may  be quite small  s ince no r ecombina -  
t ion was ident i f ied  be tween  the markers  during genet ic  
mapping.  

Xa21 confers  b road-spec t rum res is tance to most  iso- 
lates of  Xoo, making  it a va luable  gene for p lant  breeding  
(Khush et al. 1989; Ikeda  et al. 1990). The six molecu la r  
markers  descr ibed  here wil l  be  useful  in marker -ass i s ted  
breeding  because  they wil l  a l low more  eff ic ient  select ion 
of  Xa21 with concurrent  counter  select ion of  l inked mark-  
ers f rom the O. Iongistaminata donor  parent.  In addit ion,  
the avai lab i l i ty  o f  six markers  broadens  the range of  crosses  
in which po lymorph i sms  can be identif ied.  

Acknowledgements We thank Phoi Trinh, Chi Nguyen, Teresa Dil- 
linger, Joanne Jang, Joanne Villarruz, Jennifer Tang and Grace Ko 
for assistance in DNA isolations and PCR. We are grateful to Greg 
Hunt for assistance with linkage map construction. Part of this re- 
search was supported by grants from NIH (Gm47907-02), USDA 
(9300834), and the California Rice Board (RB4). F. A. Goes da Sil- 
va was supported by a fellowship from the National Research Coun- 
cil of Brazil (CNPq). This is a contribution from the USDA-ARS, 
Purdue University and the University of California at Davis. This 
work has been approved for publication as journal series article no. 
15080 from the Indiana Agricultural Experiment Station. 

References 

Abenes MLP, Tabien RE, McCouch SR, Ikeda R, Ronald P, Kush 
GS, Huang N (1994) Orientation and integration of the classical 
and molecular genetic maps of chromosome 11 in rice. Euphy- 
tica 76:81-87 

Causse MA, Fulton TM, Cho YG, Ahn SN, Chunwongse J, Wu K, 
Xiao J, Yu Z, Ronald PC, Harrington SE, Second G, McCouch 
SR, Tanksley SD (1994) Saturated molecular map of the rice ge- 
nome based on an interspecific backcross population. Genetics 
138:1251-1274 

Chunwongse J, Martin G, Tanksley S (1993) Pre-germination geno- 
typic screening using PCR amplification of half-seeds. Theor 
Appl Genet 86:694-698 

Hayano-Saito Y, Saito K, Fujii K, Hashimoto J, Saito A (1993) Ge- 
netic analysis of the resistance gene to rice stripe disease. XV Int 
Bot Congr Yokohama, Japan, Aug 28-Sept 3, pp 509 

Ikeda R, Khush GS, Tabien RE (1990) A new resistance gene to bac- 
terial blight derived from O. longistaminam. Jpn J Breed, 40 
(Suppl 1):280-281 

Kauffman HE, Reddy APK, Hsieh SPV, Marca SD (1973) An im- 
proved technique for evaluating resistance of race varieties to 
Xanthomonas oryzae. Plant Dis Rep 57:537-541 

Khush GS, Mackill D J, Sidhu GS (1989) Breeding rice for resistance 
to bacterial blight. In: Proc Int Workshop on Bacterial Blight of 
Rice. International Rice Research Institute, Los Banos, Philip- 
pines, March 14-18, pp 207-217 

Khush GS, Bacalangco E, Ogawa T (1991) A new gene for resis- 
tance to bacterial blight from O. longistaminata. Rice Genet 
Newslett 7:121-122 

Lander ES, Green R Abrahamson J, Barlow A, Daly M J, Lincoln SE, 
Newburg L (1987) MAPMAKER: an interactive computer pack- 
age for constructing primary genetic linkage maps of experimen- 
tal and natural populations. Genomics 1:174-181 

McCouch SR, Kochert G, Yu ZH, Wang ZY, Kush GS, Coffman WR, 
Tanksley SD (1988) Molecular mapping of rice chromosomes. 
Theor Appl Genet 76:815-829 

Olson M, Hood L, Cantor C, Botstein D (1989) A common language 
for physical mapping of the human genome. Science 245:1434- 
1435 

Osborn TC, Alexander DC, Fobes JF (1987) Identification of restric- 
tion fragment length polymorphisms linked to genes controlling 
soluble-solids content in tomato fruit. Theor Appl Genet 73: 
350-356 

Ronald PC, Albano B, Tabien R, Abenes L, Wu K-S, McCouch S, 
Tanksley SD (1992) Genetic and physical analysis of the rice bac- 
terial blight disease resistance locus, Xa21. Mol Gen Genet 
236:113-120 

Song W-Y, Wang G-L, Chen L-L, Kim H-S, Pi L-Y, Holsten TE, 
Gardner J, Wang B, Zhai W-X, Zhu L-H, Fauquet C, Ronald P 
(1995) A receptor kinase-like protein encoded by the rice disease 
resistance gene, Xa-21. Science 270:1804-1806 

Wang G-L, Mackill D J, Bonmam M, McCouch SR, Champoux MC, 
Nelson RJ (1994) RFLP mapping of genes conferring complete 
and partial resistance to blast in a durably resistant rice cultivar. 
Genetics 136:1421-1434 

Wang G-L, Holsten TE, Song W-Y, Wang H-P, Ronald PC (1995) 
Construction of a rice bacterial artificial chromosome library and 
identification of clones linked to the Xa21 disease resistance lo- 
cus. Plant J 7:525-533 

Williams CE, Ronald PC (1994) PCR template-DNA isolated quick- 
ly from monocot and dicot leaves without tissue homogenization. 
Nucleic Acids Res 22:1917-1918 

Williams JGK, Kubelik AR, Livak KJ, Rafalski JA, Tingey SV 
(1990) DNA polymorphisms amplified by arbitrary primers are 
useful genetic markers. Nucleic Acids Res 18:6531-6535 

Yoshimura S, Yoshimura A, Saito A, Kishimoto N, Kawase M (1992) 
RFLP analysis of introgressed chromosomal segments in three 
near-isogenic lines of rice for bacterial blight resistance genes 
Xa-1, Xa-3 and Xa-4. Jpn J Genet 67:29-37 


