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Abstract Bacterial blight (BB) caused by Xantho-

monas oryzae pv. oryzae (Xoo) is a devastating disease

in rice worldwide. The resistance gene Xa7, which

provides dominant resistance against the pathogen

with avirulence (Avr) gene AvrXa7, has proved to be

durably resistant to BB. A set of SSR markers were

selected from the ‘‘gramene’’ database based on the

Xa7 gene initial mapping region on chromosome 6.

These markers were used to construct a high-resolution

genetic map of the chromosomal region surrounding

the Xa7 gene. An F2 mapping population with 721

highly susceptible individuals derived from a cross

between the near isogenic lines (NILs) IRBB7 and

IR24 were constructed to localize the Xa7 gene. In a

primary analysis with eleven polymorphic SSR mark-

ers, Xa7 was located in approximately the 0.28-cM

region. To walk closer to the target gene, recombinant

F2 individuals were tested using newly developed

STMS (sequence tagged microsatellite) markers.

Finally, the Xa7 gene was mapped to a 0.21-cM

interval between the markers GDSSR02 and

RM20593. The Xa7-linked markers were landed on

the reference sequence of cv. Nipponbare through

bioinformatics analysis. A contig map corresponding

to the Xa7 gene was constructed. The target gene was

assumed to span an interval of approximately 118.5-kb

which contained a total of fourteen genes released by

the TIGR Genome Annotation Version 5.0. Candidate-

gene analysis of Xa7 revealed that the fourteen genes

encode novel domains that have no amino acid

sequence similar to other cloned Xa(xa) genes.
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Introduction

Bacterial blight (BB), a vascular disease caused by

the pathogen Xanthomonas oryzae pv. oryzae (Xoo)

resulting in a systemic infection that produces

tannish-grey to white lesions along the veins, is one

of the most serious rice diseases throughout the world
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(Nelson et al. 1994). For the sake of food security,

application of variety resistance has been, and

undoubtedly will continue to be, the major method

of disease control for rice BB. The rice-Xoo patho-

system has become the genetic model for

understanding host–pathogen interactions and co-

evolution for cereals (Dai et al. 2007). In this host

pathosystem, race-specific resistance shows the gene-

for-gene relationship (Mew 1987; Dai et al. 2007).

A clear understanding of the molecular mechanisms

in host resistance to pathogens is the essential

prerequisite for a better design of control strategies

for rice BB (Dai et al. 2007). Large-scale and long-

term cultivation of varieties carrying one single

resistance gene resulted in a significant shift in

pathogen race frequency with consequent breakdown

of resistance in these cultivars. To tackle the problem

of resistance breakdown, pyramiding of resistance

genes into different varieties is indispensable. Identi-

fication and cloning of BB resistance genes has

therefore become very important. During the last

decade, significant achievements have been made in

elucidating the molecular basis of rice–pathogen

interactions (Dai et al. 2007). So far, more than 30

BB resistance genes have been identified and desig-

nated in a series from Xa1 to xa32(t), etc. (Lin et al.

1996; Nagato and Yoshimura 1998; Zhang et al. 1998;

Khush and Angeles 1999; Chen et al. 2002; Lee et al.

2003; Tan et al. 2004; Xiang et al. 2006; Singh et al.

2007). Of the identified genes, seven BB resistance

genes Xa1, Xa3, xa5, xa13, Xa21, Xa26, and Xa27 have

been cloned and characterized (Song et al. 1995;

Yoshimura et al. 1998; Iyer and McCouch 2004; Sun

et al. 2004; Gu et al. 2005; Chu et al. 2006; Jiang et al.

2006a, b; Xiang et al. 2006).

Previous studies have made clear that Xa7 is a

dominant BB resistance gene initially identified in rice

cultivar DV85 (International Rice Research Institute

accession number 8839) (Sidhu et al. 1978). The Xa7

gene of DV85 was transferred to cv. IR24, and the near-

isogenic line (NIL) IRBB7 with Xa7 was created by

backcross with cv. IR24 as a recurrent parent (Ogawa

et al. 1991). This gene was previously mapped in an

interval of 2.7-cM between M1 and M3 with a gap

region between M3 and co-segregated marker M5

(Porter et al. 2003). To date, the Xa7 gene has not been

isolated, but the avirulence (Avr) gene AvrXa7 corre-

sponding to resistance gene Xa7 has been cloned (Yang

et al. 2000). It has been proved that the Xa7 gene would

be a durable resistance gene because of a fitness penalty

in Xoo associated with adaptation to Xa7 (Vera Cruz

et al. 2000). Thus isolation of the Xa7 gene can

facilitate understanding of the interactive mechanism

between durable BB resistance gene and Xoo pathogen.

The underlying objective of this study was to

construct a high-resolution map of the Xa7 gene, in

an effort to clone it using the map-based cloning

method. We have developed an F2 mapping popula-

tion with 721 highly susceptible individuals derived

from the cross between the resistant parent IRBB7

and highly susceptible cv. IR24 using Chinese Xoo

race 4 (strain SCB4-1) and have identified a great

deal of SSR and STMS (sequence tagged microsat-

ellite) tightly linked markers of Xa7 and have

constructed a BAC/PAC contig containing the target

gene with overlapping clones, which will accelerate

future marker-assisted selection (MAS) breeding of

Xa7 and, finally, isolation of the gene.

Materials and methods

Plant materials and disease evaluation

The indica rice cv. IRBB7, which is the NIL with the

Xa7 gene, was used as the donor parent, and crossed

with the indica susceptible cv. IR24 which is a non-

Aus variety of isozyme group I developed at the

International Rice Research Institute (IRRI) in the

Philippines. Chinese Xoo race 4 (strain SCB4-1)

which is compatible with IR24 and incompatible with

IRBB7 was selected to evaluate the resistance

segregation of the F2 population derived from the

cross between IR24 and IRBB7 by the leaf-clipping

method at the booting stage (Kauffman et al. 1973).

Thirty-nine major rice varieties in production

and experimental lines from Guangdong province,

South China, including Qilisimiao, Yuexiangzhan,

Xianxiaozhan, Yesizhan, Yuefengzhan, Texianzhan25,

Qishanzhan, Jingxian89, Lvhuangzhan, Zhongerruan-

zhan, Meixiangzhan2, Z1, GD9501, Texianzhan13,

Fengaizhan1, Fengbazhan, Fengfuzhan1, Fenghuazhan,

Fengsizhan, Fuqingzhan4, Huasizhan, Huanghuazhan,

Huangxinzhan, Meisizhan, Meixiangzhan, Wushan-

youzhan, Yuetaisimiao, Zhen-sizhan, Molisimiao,

Molixinzhan, Wufengzhan2, BL122, 28zhan, R7, R8,

R9, R10, R11, and R17, were used for the Xa7 MAS

breeding.
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BB resistance to strain SCB4-1 was evaluated by

scissors-clipping three of the youngest leaves of each

plant approximately 2 cm below the leaf tips with a

bacterial suspension having an OD600 = 0.6. The

inoculum was prepared from bacteria revived from

glycerol stocks and grown for 72 h in nutrient yeast

sucrose broth at 30�C. After inoculation the plants

were maintained in a growth chamber with 12 h of

light, relative humidity above 80%, night tempera-

tures of 28�C and day temperatures of 32�C. The

plants were scored as resistant or susceptible through

the average lesion length which was measured for the

three inoculated leaves after 20 days of inoculation

(Kauffman et al. 1973). Leaf tissue of these plants

was stored at -70�C under refrigeration for DNA

extraction from a portion of the uninoculated tissue,

which was harvested at the time of bacterial blight

inoculation. The controls used during inoculation

were both parents of the F2 population.

Marker development and detection

Plant DNA was prepared from frozen leaves of rice

plants using the CTAB method (Murray and Thompson

1980). Only SSR and STMS (prefix GDSSR99)

markers were used in this study. For SSR markers, the

primer sets were adopted from the ‘‘gramene’’ database

(http://www.gramene.org) based on the known Xa7

gene target region (Porter et al. 2003). The detection

procedures were followed by Blair and McCouch

(1997). For further linkage analysis, STMS markers

were developed in the target region through bioinfor-

matics analysis using the publicly available reference

sequences of the entire rice genome of two subspecies,

i.e. japonica (cv. Nipponbare; http://rgp.dna.affrc.go.jp)

and indica (cv. 93–11; http://www.genomics.org.cn).

Particularly, primer sets for STMS markers were

designed by the reference genome sequences of cv.

Nipponbare using software tools, SSRIT (http://

www.gramene.org/microsat/ssrtool) and FastPCR 4.0

(www.biocenter.helsinki.Fi/bi/programs/fastpcr.htm).

The detection procedures and conditions of STMS

markers are shown in Table 1.

Genetic and physical map construction

According to the initial genomic location of Xa7

(Porter et al. 2003), five DNA markers from M1 to

M5 were selected for chromosome landing. Thirty-

two SSR markers from the ‘‘gramene’’ database were

used for fine mapping of the Xa7 gene. The recessive-

class analysis (RCA; Zhang et al. 1994) was used to

identify polymorphic molecular markers linked to the

resistance gene. After determining the accurate

chromosomal location of the target gene, chromo-

some walking to the resistance gene was initiated

from both sides with SSR and STMS markers

ulteriorly. Linkage analysis was conducted with

Mapmaker/Exp (version 3.0) with a threshold LOD

score of 3.0 (Lincoln et al. 1992). The recombination

frequency was transformed into centimorgans accord-

ing to the Kosambi function (Kosambi 1944).

The physical map of the target gene was con-

structed by bioinformatics analysis using BAC

(bacterial artificial chromosome) and PAC (P1-

derived artificial chromosome) clones of cv. Nippon-

bare released by the International Rice Genome

Sequencing Project (IRGSP). In other words, these

clones were anchored with the target gene-linked

markers and then alignment of sequences was carried

out using the software tool, Pairwise BLAST

(http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html).

Candidate gene annotation

According to the physical map of the target gene, the

publicly available BAC or PAC sequences of O. sativa

cv. Nipponbare in the target gene region were down-

loaded from Rice Genome Sequence Program (RGP)

web site (http://rgp.dna.affrc.go.jp/cgi-bin/statusdb/)

and Genbank (http://www.ncbi.nlm.nih.gov/Genbank/

index.html). The open reading frames (ORFs) and

potential exon/intron boundaries were predicted for the

sequences described above using FgenesH (http://

genomic.sanger.ac.uk), RiceGAAS (http://ricegaas.

dna.affrc.go.jp/), and GeneScan (http://genes.mit.edu/

GENSCAN) software. The candidate genes were

analyzed through BLAST (http://www.ncbi.nlm.nih.

gov/blast/Blast.cgi) and confirmed by the TIGR Rice

Genome Annotation Version 5 (http://www.tigr.

org/tigr-scripts/osal_web/gbrowse/rice/).

Results

Construction of mapping population

The parental lines F1 and the F2 plants, showed clear

reactions to Chinese Xoo race 4 SCB4-1. One of the
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parents of the F2 population, IRBB7 carrying Xa7,

was resistant to pathogen strain SCB4-1 with an

average lesion length of 0.46 ± 0.17 cm 20 days

after inoculation. The other parent of the population,

IR24, was highly susceptible to SCB4-1 with an

average lesion length of 24.6 ± 2.62 cm. The distri-

bution of the lesion length for SCB4-1 inoculation in

the 3201 F2 plants was bimodal with a valley at 5 to

6 cm (Fig. 1). Using a lesion length of 5.0 cm as the

dividing point (R or S), all of the F1 plants from the

cross IRBB7/IR24 were resistant to SCB4-1 (data not

shown). Of the F2 progenies, segregation of resistant

and susceptible plants fitted a 3:1 ratio (2398R:803S,

Chi-Square = 0.13, Asymp. Sig. = 0.91), which

indicated that the resistance of IRBB7 to SCB4-1

was controlled by a dominant resistance gene.

Because the efficiency of mapping with a recessive

class is two or three times higher than that with a

random population per assayed plant (Zhang et al.

1994), a population consisting of 721 highly suscep-

tible F2 individuals (with lesion length C 8.0 cm) was

selected for genetic mapping of the target gene.

Genetic map of the Xa7 locus region

Based on the preliminary mapping result of Xa7

(Porter et al. 2003), three publicly available BAC

sequences of O. sativa cv. Nipponbare, AP005610,

AP006454 and AP006055, were downloaded from

the RGP web site and Genbank in the gap between

clone AP005192 and AP004989. For fine mapping of

the Xa7 gene, thirty-two sets of SSR primers were

adopted from the ‘‘gramene’’ database based on the

above mentioned BAC clones for parents polymor-

phism assay. Of the thirty-two sets of SSR primers

tested, eighteen primer sets were polymorphic

between two parents IRBB7 and IR24 (data not

shown). Eleven sets of SSR primers which showed

clear polymorphism between two parents were

selected to detect the F2 mapping population. In the

first screening, the Xa7 gene was defined in a genetic

interval of 5.3-cM between SSR markers RM20573

and RM20612, i.e. 34 susceptible F2 recombinants

were identified in the 5.3-cM interval. In the second

screening the other nine SSR markers were used to

reduce the number of recombinants. The results

showed that five and two recombinants were screened

out by two markers RM20580 and RM20582 which

were flanked on the side of RM20573. On the other

hand, sixteen, eight, five, three, and two recombinants

Table 1 Primer sequence of sequence tagged microsatellite (STMS) markers developed in the study

Marker name Forward (50–30) Reverse (50–30) PCRa Gelb Product size (bp)

GDSSR01 GCTGATGCATACATACCTTGACG GTGGACTCCGCAAAGCCGTC A I 206

GDSSR02c TGCCCACCGTCGAACTCGTGG AGCTAGCAATTCGCATGATTGC A I 207

GDSSR03 CACGGCGATGGCGTACATCG TGGGCGTTCATCGAGTTCTG A I 93

GDSSR04 CACGGCGATGGCGTACATCG TGTACTAGCCATCGCGAACG A I 223

GDSSR05 TCAGGTGATCGTGCTACTTGG TCTTCTCGTAGACCTAGCCTC A I 118

GDSSR06 TCGTCGGCCATATCACCGACAC CGGAGCAAGTGGAGCTTCTC A I 115

a A: After preheating 4 min at 94�C, 35 PCR cycles (30 sec at 94�C, 45 sec at 58�C, 1 min at 72�C), followed by 5 min at 72�C
b I = 8% acrylamide
c Polymorphic marker corresponding to the parents

Fig. 1 Distribution of lesion length after inoculation with

Chinese Xoo race 4 (strain SCB4-1) in a sample containing

3,201 individuals from a F2 population derived from a cross

between IRBB7 and IR24

436 Mol Breeding (2008) 22:433–441

123



were screened out by five markers RM20608,

RM20603, RM20601, RM206595, and RM20593

flanked on the side of RM20612. The remaining

three markers RM20589, RM20590, and RM20591

were co-segregated with Xa7 (Fig. 2). Thus Xa7 was

mapped in a genetic interval of 0.28-cM between

SSR markers RM20582 and RM20593 (Fig. 2).

To further narrow the region covering Xa7, six

new STMS markers were developed through the

reference sequences of cv. Nipponbare by bioinfor-

matics analysis in the 0.28-cM region (Table 1).

Among the six STMS markers developed, only

GDSSR02 showed polymorphism to both parents

(Table 1). One recombinant derived from RM20573

was detected in the region. Therefore the genetic

region spanning the Xa7 gene was ultimately esti-

mated as 0.21-cM in genetic length (Fig. 2).

Physical map construction in silico

All the anchor markers used in chromosome walking

to the Xa7 gene were landed on the reference

sequences of cv. Nipponbare by bioinformatics

analysis using a software tool BLASTN. Sequences

matching showed that RM20573 and RM20580 were

found in the BAC clones AP005192, RM20582 in

AP005610, GDSSR02 in AP006454, three markers

RM20589, RM20590, and RM20591 in AP006055,

four markers RM20593, RM20595, RM20601, and

RM20603 in AP004989, RM20608 in AP003728, and

RM20612 in AP003723 (Fig. 3). The BAC/PAC

clones landed were downloaded from the RGP web

site and then aligned as a contig map covering the

Xa7 gene through Pairwise BLAST analysis. In

combination with the genetic mapping region, the

physical distance between markers GDSSR02 and

RM20593 in 0.21-cM genetic interval is 118.5-kb on

the RGP BAC/PAC contigs (Fig. 3).

Fig. 2 High-resolution genetic map of the Xa7 region on the

short arm of chromosome 6. The chromosome is represented as

a filled bar. SSR and STMS markers used in this phase of the

study are indicated to the right of the bar; the distance between

markers is indicated to the left

Fig. 3 Physical map of the Xa7 gene. Twelve SSR and one

STMS markers were used in this study. The long horizontal
lines indicate the region containing the Xa7 gene. The short
horizontal lines represent the BAC/PAC clones of cv.

Nipponbare, which were released by IRGSP and assembled

by the corresponding markers linked to the Xa7 gene. The

numbers below the lower long horizontal line are the

recombination events in the mapping populations (recombi-

nants/gametes are indicated). The digits between markers are

physical distances in kilobase (kb). The vertical and dashed
lines denote the relative positions of the corresponding markers

Mol Breeding (2008) 22:433–441 437

123



Candidate gene prediction of Xa7

Xa7 had been mapped within a 118.5-kb interval

flanked by markers GDSSR02 and RM20593

(Fig. 3). Analysis of the 118.5-kb corresponding

reference genome sequences of Nipponbare revealed

that this region contains fourteen genes released by

the TIGR Rice Genome Annotation Version 5.

Among the fourteen predicted genes, six encode

hypothetical protein unclassified, two encode

expressed protein without resistance function, two

encode putative retrotransposon protein unclassified,

the other four encode putative and expressed alpha-

glucosidase precursor, metal transporter Nramp6,

BTB/POZ, and NAC domains containing protein.

Polymorphism of Xa7 linked markers between

Xa7 donors and local varieties

On the basis of fine mapping of Xa7, four Xa7 tightly

linked markers (RM20580, GDSSR02, RM20593,

and RM20595) and three Xa7 co-segregated markers

(RM20589, RM20590, and RM20591) were used for

MAS breeding of Xa7 in Guangdong province, South

China. These seven markers were used to analyze

thirty-nine major rice varieties released in the local

region. IRBB7 and DV85 harboring Xa7 were used as

resistant control cvs, the other thirty-nine major

varieties as susceptible control varieties. The results

indicated that six markers (RM20580, GDSSR02,

RM20593, RM20595, RM20590, and RM20591)

except for RM20589 showed good polymorphism

between resistant control cvs and almost all the

susceptible control varieties (Fig. 4 lists the result for

RM20580 only).

Discussion

Much evidence has indicated that Xa7 is a broad-

spectrum and durable resistance gene. The result of

interactions between IRBB7 and almost all of Xoo

strains from Guangdong province, South China,

during 1991–2006 showed that IRBB7 maintained

good, stable resistance to the Xoo pathogen (unpub-

lished work). Rice lines with Xa7 prevented bacterial

blight epidemics with the presence of virulent Xoo

strains in the Philippines from 1993 to 1995 (Vera

Cruz et al. 2000). After planting cv. IRBB7 (Xa7) in

field sites for 10 years (20 crops), the Xa7 gene

remained highly effective despite the Xoo population

structure changing to one with an increased propor-

tion of strains virulent to IRBB7 and higher

aggressiveness to rice without Xa7 (Leach et al.

2007).

Utilization of the horizontal resistance genes is

more significant than use of the vertical resistance

genes in genes pyramiding. Because the horizontal

resistance gene Xa7 has not been used in MAS

breeding in South China, the Xa7 gene can be

Fig. 4 Polymorphic analysis of partial major rice varieties

from Guangdong province, South China, with SSR marker

RM20580. 1 and 2 represent resistant control cvs IRBB7 and

DV85 carrying the Xa7 gene; 3–29 represent susceptible

control varieties from Guangdong province, South China,

which are Qilisimiao, Yuexiangzhan, Xianxiaozhan, Yesizhan,

Yuefengzhan, Texianzhan25, Qishanzhan, Jingxian89,

Lvhuangzhan, Zhongerruanzhan, Meixiangzhan2, Z1,

GD9501, Texianzhan13, Fengaizhan1, Fengbazhan, Fengfuz-

han1, Fenghuazhan, Fengsizhan, Fuqingzhan4, Huasizhan,

Huanghuazhan, Huangxinzhan, Meisizhan, Meixiangzhan,

Wushanyouzhan, and Yuetaisimiao, respectively; M represents

DNA Marker DL2000
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pyramided into elite varieties combined with other

BB resistance genes. As by-products of our fine

mapping, a number of tightly linked markers for the

Xa7 gene had been developed; these could provide a

useful tool for the marker-assisted transfer of this R

gene in rice improvement programs. Eight markers

(RM20573, RM20580, RM20582, RM20595,

RM20601, RM20603, RM20608, and RM20612)

tightly linked to Xa7 (genetic distance \ 2 cM) can

be used in MAS breeding. Specifically, two tightly

linked markers GDSSR02 (0.07 cM) and RM20593

(0.14 cM) on both sides of Xa7 gene and three Xa7

co-segregated markers (RM20589, RM20590, and

RM20591) should be more available than the previ-

ously identified markers (Porter et al. 2003), because

of their much tighter linkages or co-segregation with

Xa7 than the previous markers (M1–M5), more

convenient operation than for the AFLP-based mark-

ers (M1–M5), and high level of polymorphism in rice

germplasm.

Of the fourteen predicted genes of Xa7, only three

genes which encode putative and expressed metal

transporter Nramp6, BTB/POZ, and NAC domains

containing protein have been reported to have plant-

resistance function (Cao et al. 1997; Collinge and

Boller 2001; Mysorel et al. 2002; Richer et al. 2003;

Oh et al. 2005; Jiang et al. 2006a, b; Lin et al. 2007a,

b; Nakashima et al. 2007). Which of the candidate

genes really is the Xa7 gene must be identified by

using a long-range PCR approach in combination

with Agrobacterium-mediated transformation tech-

nology (Feuillet et al. 2003; Horvath et al. 2003;

Song et al. 2003). Candidate genes analysis indicated

that the Xa7 gene perhaps represents a new class of

plant resistance gene, because it has no protein

similar to other cloned BB resistance genes (Xa1,

Xa3, xa5, xa13, Xa21, Xa26, and Xa27) (Song et al.

1995; Yoshimura et al. 1998; Iyer and McCouch

2004; Sun et al. 2004; Gu et al. 2005; Chu et al.

2006; Jiang et al. 2006a, b; Xiang et al. 2006). From

these reports we found it interesting that the encoded

products of four resistance genes (Xa1, xa5, xa13,

and Xa27) are unique and different in cloned Xa(xa)

resistance genes except for the fact that only three

genes Xa3, Xa21, and Xa26 encode similar receptor-

like proteins, which showed that the structure diver-

sity of BB resistance genes is more abundant. But for

the eight cloned rice blast resistance genes (Pi2, Pi9,

Pi36, Pi37, Pib, Pid2, Pita, and Piz-t; Wang et al.

1999; Bryan et al. 2000; Qu et al. 2006; Zhou et al.

2006; Chen et al. 2006; Liu et al. 2007; Lin et al.

2007a, b), only Pid2 encodes a novel receptor-like

kinase protein with a predicted extracellular domain

of a B-lectin and an intracellular serine–threonine

kinase domain, the encoded products of the other

seven genes are all related to NBS-LRR domains.

Therefore, the isolated BB resistance genes structure

showed more protein diversity than the rice blast

resistance genes, which might be very useful for the

stable balance between resistance genes and Avr

genes in the BB pathosystem.
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