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Abstract Resistance to the brown planthopper (BPH),
Nilaparvata lugens Stal, a devastating sucking insect pest
of rice, is an important breeding objective in rice
improvement programs. Bphl5, one of the 17 major
BPH resistance genes so far identified in both cultivated
and wild rice, has been identified in an introgression
line, BS, and mapped on chromosome 4 flanked by
restriction fragment length polymorphism markers C820
and S11182. In order to pave the way for positional
cloning of this gene, we have developed a high-resolu-
tion genetic map of Bphl5 by positioning 21 DNA
markers in the target chromosomal region. Mapping
was based on a PCR-based screening of 9,472 F, indi-
viduals derived from a cross between RI93, a selected
recombinant inbred line of BS bearing the resistance
gene Bphl5, and a susceptible variety, Taichung Na-
tive 1, in order to identify recombinant plants within the
Bphl5 region. Recombinant F, individuals with the
Bphl5 genotype were determined by phenotype evalua-
tion. Analysis of recombination events in the Bphl5 re-
gion delimited the gene locus to an interval between
markers RG1 and RG2 that co-segregated with the M1
marker. A genomic library of B5 was screened using
these markers, and bacterial artificial chromosome
clones spanning the Bphl5 chromosome region were
obtained. An assay of the recombinants using the sub-
clones of these clones in combination with sequence
analysis delimited the Bphl5 gene to a genomic segment
of approximately 47 kb. This result should serve as the
basis for eventual isolation of the Bphl5 resistance gene.
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Introduction

Rice (Oryza sativa L.) is a staple food for more than one-
half of the world’s population. Insect pests are the major
biotic constraints in rice production. The brown plant-
hopper (BPH), Nilaparvata lugens Stal (Homoptera:
Delphacidae), is one of the most destructive and wide-
spread insect pests that can be found throughout the
rice-growing areas in Asia, causing significant yield loss
in susceptible cultivars every year (Khush et al. 1979;
Sogawa et al. 2003). In addition to causing physiological
damage to the rice plant, BPH also causes indirect
damage by acting as a vector for rice tungro virus, grassy
stunt virus and ragged stunt virus (Heinrichs 1979).
The severe damage and frequent outbreaks of BPH,
along with the hazardous effects of pesticides, prompted
researchers to seek BPH-resistant germplasm from var-
ious sources and to utilize the resistant genes for rice
improvement against BPH. To date, 17 major effective
BPH resistance genes have been identified in indica cul-
tivars and four wild relatives, Oryza australiensis,
O. cichingeri, O. latifolia and O. officinalis. Of these
genes, 13—Bphl, bph2, Bph3, bph4, Bph9, Bphl0, Bphll,
bphl2, Bphl3, Bphl4, Bphl5, bphl6 and Bphl7—have
been assigned to rice chromosomes (Ikeda 1985; Ishii
et al. 1994; Hirabayashi and Ogawa 1995; Takita 1996;
Hirabayashi et al. 1998; Murata et al. 1998, 2001; Huang
et al. 2001; Kawaguchi et al. 2001; Liu et al. 2001;
Renganayaki et al. 2002; Yang et al. 2002; Sharma et al.
2003). These genetic mapping studies of BPH resistance
genes have led to rice and the brown planthopper
becoming ideal model systems for the study of interac-
tions between plants and sucking herbivorous insects.
Two dominant resistance genes, Bphl4 and Bphl5
(previously named Qbpl and Qbp2, respectively), have
been identified in B5, an introgression line of O. offici-
nalis collected in China, and found to confer a strong
resistance to BPH (Huang et al. 2001). The chromosome
locations of these two loci have recently been confirmed
in a recombinant inbred line (RIL) population derived



from the same cross combination by quantitative trait
locus (QTL) analysis and whole genome mapping (Ren
et al. 2004). Bphi4 mapped to the long arm of chro-
mosome 3 and was flanked by restriction fragment
length polymorphism (RFLP) markers R1925 and
G1318. Bphl5 was located to the short arm of chro-
mosome 4, flanked by RFLP markers C820 and S11182.
There is little if any interaction between Bphl4 and
Bphl5. Genetic analysis revealed that in both the F, and
RIL populations Bphl5 significantly contributed to BPH
resistance. Identification of the DNA sequence of Bphl5
should provide clues to the molecular mechanism of the
resistance of the gene and could assist in the develop-
ment of BPH-resistant rice plants via the transgenic
approach.

A natural BPH resistance gene has yet to be cloned
in rice. As our current knowledge about insect resistance
genes in plants is very limited, it is therefore not feasible
to adopt a candidate gene approach for cloning the BPH
resistance gene in rice. With the development of DNA
marker technologies and the progress of the Interna-
tional Rice Genome Sequencing Project (IRGSP), map-
based cloning represents the most promising approach
to isolating BPH resistance genes and elucidating the
molecular mechanism of BPH resistance in rice.

Based on the publicly available genomic sequence
data of chromosome 4, markers C820 and S11182 are
located around the centromeric region, with the physical
distance between them being more than 2 Mb (http://
www.gramene.org/). The large physical distance be-
tween these markers and the repetitive sequence-rich
property of the centromeric region are the main prob-
lems hindering the cloning of Bphl5 by chromosome
walking. However, the chromosome landing strategy
proposed by Tanksley et al. (1995) represents an
appropriate approach for isolating Bphl5. The con-
struction of a high-resolution linkage map with DNA
markers is a crucial step in map-based cloning of Bphl5.

We describe here the development of new DNA
markers and the construction of a high-resolution ge-
netic map of the Bphl5 region in a large F, population
comprising 9,472 plants. Bacterial artificial chromosome
(BAC) clones covering the Bphl5 locus were obtained by
screening a BAC genomic library of BS with the most
closely linked markers. We were ultimately able to fix
the BPH resistance gene Bphl5 to a genomic segment
approximately 47 kb long.

Materials and methods
Plant materials and insects

BS5 is an introgression line of Oryza officinalis and shows
high resistance to BPH biotypes 1 and 2 and some
natural BPH populations (Huang et al. 2001). A RIL
population consisting of 187 lines, as described previ-
ously by Ren et al. (2004), was developed through suc-
cessive selfing for up to eight generations from a cross
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between BS and a susceptible indica cultivar, Minghui
63 (MHG63). R193, a selected RIL carrying a single Bphl5
resistance gene, was crossed with a BPH-susceptible
variety, Taichuang Native 1 (TN1), to develop an F,
population. A total of 9,472 F, plants were subjected to
simple sequence repeat (SSR) analysis, and 48 re-
combinant individuals were identified that contained
recombination events within the Bphl5 region spanning
SSR markers RM261 to MS1. The 48 recombinant F,
individuals were used to develop a high-resolution map
of the chromosome region around the Bphl5 locus. The
BPH insects used for infestation were maintained in the
Genetics Institute of Wuhan University on TN1 plants.

BPH resistance scoring and sorting

The Bphl5 genotypes (R: homozygous resistant, H:
segregating heterozygous, S: homozygous susceptible) of
F, individuals were determined by assaying the pheno-
types of their tillers and of those of the corresponding F5
progenies. We employed the modified tiller testing
technique (Fu et al. 1994) to evaluate the BPH resistance
of each F, plant. Four tillers of each F,, RI93 and TN1
line were planted in a plastic pot 30 cm in diameter. Ten
days later, 180 insects at the second- to third-instar
nymphs were placed in each pot. The degree of damage
conferred to each F, plant was evaluated when the tillers
of the TN1 had died. Accordingly, the bulked seedling
test was performed on the F; families as described by
Huang et al. (2001). For evaluating the BPH resistance
of each F3 family, we sowed 20 seeds harvested from
each F, individual in a 20-cm-long row in a plastic box.
The distance between rows was 2.5 cm. Two lines of
RI93 and two lines of TN1 were randomly planted
among the F; families as controls. At the second-leaf
stage, the seedlings were infested with second- to third-
instar nymphs of BPH at a concentration of ten insects
per seedling. When all of the TN seedlings had died, we
scored the degree of damage undergone by the test
seedlings. The scoring criteria were based on the Stan-
dard Evaluation System for Rice (IRRI 1988), with 0
indicating no symptoms and 9 indicating that the seed-
ling was dead. The resistance scoring experiments were
repeated three times.

RFLP analysis

Total cellular DNA was isolated by the CTAB method
as described by Murray and Thompson (1980) with one
additional purification step using chloroform/isoamyl
alcohol to obtain high-quality DNA. Five restriction
enzymes, namely, BamHI, HindIll, EcoRI, EcoRV and
Dral, were used for surveying RFLPs. Restriction
digestion, electrophoresis, hybridization and detection
followed procedures described previously (Liu et al.
1997).
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SSR analysis

The SSR analysis was carried out in a total volume of
12.5 pl containing 1x PCR buffer, 20 ng genomic DNA,
0.2 uM of each primer, 200 uM of each ANTP and 0.5 U
Tag DNA polymerase. The amplification reactions were
carried out using the following profile: 1 cycle of 94°C
for 5 min; 35 cycles of 94°C for 1 min, 55°C for 1 min,
72°C for 2 min; a final extension step of 72°C for 5 min.
The amplification products were separated through a
6% sequencing gel and detected by silver staining
according to Panaud et al. (1996).

Bulked segregant analysis and AFLP analysis

Ten resistant and ten susceptible RILs were selected by
the molecular markers flanking the BPH resistance
genes Bphi4 and Bphl5 to form the resistant bulk (Br)
and susceptible bulk (Bg). The resulting DNA concen-
trations of the bulks and of the parents were adjusted
to 100 ng/ul.

We essentially followed the AFLP protocol devel-
oped and described by Vos et al. (1995) with minor
modifications. Primers that detected qualitative poly-
morphisms between the parents and the bulks were
further tested in ten resistant and ten susceptible indi-
viduals composed of the bulks. Following this, the
linked AFLP markers were employed to genotype the
remainder of the RIL population individually and were
integrated into the molecular genetic map constructed
by Ren et al. (2004). Loci linkages and mapped distances
were determined using MAPMAKER/EXP 3.0 at an LOD
score of 3.0 (Lincoln et al. 1992).

Conversion of AFLP markers

AFLP bands were eluted from the polyacrylamide gels,
re-amplified and cloned into plasmid vector pGEM-T.
Plasmid preparations containing the appropriate insert
fragments were completely sequenced using pUC/M13
primers. Primers for sequence-tagged site (STS) markers
were designed on the basis of sequences of AFLP frag-
ments using PRIMER3 software (http://frodo.wi.mit.edu/
cgi-bin/primer3/primer3.cgi/). RFLP markers were
derived from the cloned AFLP bands. Each AFLP
fragment insert was amplified from the recombinant
pGEM-T plasmid using its corresponding AFLP prim-
ers. The amplified DNA fragment was used as a probe for
RFLP analysis following the procedure described by Liu
et al. (1997). For probe labeling, the procedure described
by Frohman and Mizobuchi (1992) was employed.

Development of co-dominant DNA markers
from the sequence information of the Bphl5 region

DNA sequence information of the target chromosome
region flanked by RFLP markers C820 and S11182

(http://www.gramene.org/) was used to generate PCR-
based markers for genetic and physical mapping. Prim-
ers were designed using PRIMER3 software. The protocol
described by Temnykh et al. (2001) was employed to
detect the putative SSR loci. STS markers were designed
to PCR-amplify single-copy fragments that were 350—
500 bp in length. The PCR products of RI93 and TNI
were electrophoresed through a 4% sequencing gel and
detected by silver staining. The polymorphic primers
were then used as STS markers. The PCR products of
RI93 derived from monomorphic primers were then
used as probes for RFLP analysis following the proce-
dure described by Liu et al. (1997).

Genetic analysis

We determined the Bphl5 genotypes of each F; plant in
which recombination had occurred around the Bphl5
locus by means of progeny testing. The markers devel-
oped in this study were used to assay 48 recombinant F,
plants for the fine genetic and physical mapping of
Bphls. Chi-square tests were used to evaluate segrega-
tion distortion for the Bphl5 gene in both the F, and F;
generations and for the markers linked to this resistance
gene.

Physical mapping using a BAC library
and BAC DNA pools

A genomic library of BS comprising 5.1 haploid rice
genome equivalents (Shi et al. 2003) was used in this
study. High-density filters representing the entire library
were prepared according to Shi et al. (2003). The BAC
DNA pools were prepared following the protocol de-
scribed by Xu et al. (1998), and candidate clones were
screened by PCR analysis with the co-segregating primer
M1. The BAC-end DNA fragments of positive clones
were isolated by thermal asymmetric interlaced (TAIL)-
PCR (Liu and Whittier 1995) and used for fine-scale
mapping. The specific primers used to amplify the left
end were LS1 (5-AGCGCTTACGTACATGGTC-
GAT-3), LS2 (5-ATGTGCTGCAAGG CGATTA
AGT-3) and LS3 (5-AACGACGGCCAGTG
AATTGTAA-3’), while the right end was amplified with
RS1 (5-GAATGGCAAAAGCTCCAATACG-3'), RS2
(5-CAAAAG CTCCAATACGCAAACC-3’) and RS3
(5-TTTATGCTTCCGGCTCGTATGT-3"). The insert
sizes of the BAC clones were determined by pulse field
gel-electrophoresis (PFGE) following digestion with
restriction enzyme Notl.

Results

Identification of AFLP fragments tightly linked
to Bphl5 using targeted BSA

To detect polymorphic AFLP fragments tightly linked
to Bphl5, we adopted targeted bulked segregant analysis
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Table 1 Molecular marker genotypes of RILs forming the brown planthopper (BPH)-resistant bulk and BPH-susceptible bulk

Marker®s  RILs for BPH-susceptible bulk RILs for BPH-resistant bulk
18 51 9 120 124 129 142 143 149 191 47 58 60 8 93 99 105 114 147 184

RM2%61 S8 s s s s S S s s S R R R R R R R R R R
C820 S S S S S S S S S S R R R R R R R R R R
R288 S S S S S S S S S S R R R R R R R R R R
S11182 S S S S S S S S S S R R R R R R R R R R
R1925 R S S S S R S S S S R R R R S S S R S S
G1318 R S S S S R S S S S R R R R S S S R S S

“Markers RM261, C820, R288 and S11182 are tightly linked to Bphl5. Markers R1925 and G1318 that flank Bphl4 are also noted
R, Homozygous for the allele from B5; S, homozygous for the allele from MH63

(BSA) (Dussle et al. 2003). The markers used for
selecting the RILs to form the resistant bulk (Bgr) and
the susceptible bulk (Bs) were R1925, G1318, RM261,
C820, R288 and S11182. The genotypes of these markers
of the individual lines comprising the two bulks are
shown in Table 1. A total of 225 AFLP primer combi-
nations (+3/+ 3) were tested on the two bulks, B5 and
MHG63. On average, 35 AFLP bands could be reliably
scored for each of the 225 AFLP primer combinations.
These AFLP primer combinations showed qualitative
differences between the parents, and the two bulks were
further tested for the individuals constituting the bulks.
Nineteen AFLP fragments generated by 18 pairs of
primers were confirmed as being tightly linked with the
Bphl5 resistance gene, which represents 2% of the bands
polymorphic between BS and MH63. Eleven fragments
were amplified from BS5 and the resistant bulk, and eight
from MH63 and the susceptible bulk. An example of an
R-associated AFLP band (E-AGT/M-CTT) detected in

susceptible individuals

Pr Ps Be Bs resistance individuals

Fig. 1 Portion of an AFLP gel showing the banding pattern
produced by the primer combination E-AGT/M-CTT in the brown
planthopper (BPH)-resistant parent B5 (Pg), BPH-susceptible
parent MH63 (Pg), two RIL bulks (resistant bulk, Bg; susceptible
bulk, Bg) and ten resistant and ten susceptible RILs forming the
bulks. The arrowhead indicates the AFLP fragment linked to the
Bphl5 resistance gene

a single gel is shown in Fig. 1. These 19 tightly linked
AFLP fragments were further used to genotype the 187
RILs and integrated into the genetic map constructed by
Ren et al. (2004). All of these AFLP fragments showed
normal segregation in the RIL population. The results of
mapping these AFLP fragments are presented in Fig. 2a.
Of these 19 AFLP fragments, nine co-segregated with
C820 and two co-segregated with S11182. We ultimately
used 11 AFLP fragments that mapped in the chromo-
some region containing Bphl5 for further analysis.

Conversion of AFLP markers

The 11 AFLP fragments were cloned and sequenced to
develop co-dominant markers. Sequence alignment with
the rice genome sequences by BLASTN searches revealed
that these AFLP fragments were physically located in
the chromosome region around Bphl5 (data not shown).
Sequence-specific primers for these AFLP fragments
were then designed. Two primer pairs derived from
E-ATG/M-CAC and E-ATC/M-CGT revealed poly-
morphism between the B5 and MH63; these were
consequently converted into STS markers, designated as
M1 (F-5-TCAAGCCTGTCTACTTCAGCA-3’; R-5-
AAATCCGTAGAAATTCTTGTCC A-3’) and M2
(F-5-CATCTATGTTGGGCATGTGG-3" and R-5-
ATGAGCCC ATCACGG ATAAT-3). Ml and M2
were validated in the whole RIL population. The
remainder of the AFLP fragments were converted into
RFLP probes to detect polymorphism between RI93
and TNI. Four AFLP fragments were polymorphic
between RI93 and TNI—E-ATT/M-CGT, E-AAG/
M-CAA, E-ATG/M-CAA and E-AGT/M-CTT. Thus,
two STS markers and four RFLP markers derived from
the 11 AFLP fragments could be used to fine map Bphl5
in the large F, population.

Development of DNA markers from rice genome
sequence information

Based on the physical map data of rice chromo-
some 4 (http://www.gramene.org/), nine SSR markers
(RM4853, RM7472, RM3536, RM2530, RMS5009,
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Fig. 2 a Integration of the
newly identified AFLP markers
into the genetic map (Ren et al.
2004) of the Bphl5 region. The
AFLP fragments identified in
this study are underlined. One
primer combination, E-AGA/
M-CAG, generated two
fragments mapped in the same
position on the map. b Fine-
scale linkage map around the
Bphl5 locus made with 9,472
segregating plants. Vertical bars
represent the positions of
molecular markers, numbers
between markers indicate the
numbers of plants in which
recombination occurred
between each pair of adjacent
markers. ¢ Physical map
encompassing the Bphl5 locus.
Long horizontal line indicates
the chromosome region
containing the Bphl5 gene,
short horizontal lines represent
BAC clones, dashed vertical
lines indicate that markers are
contained in each clone. The
physical distances between
markers were deduced by
analyzing the sequences of the
BAC clones
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RM3917, RM6156, RM2848 and RM5953) are distrib-
uted in the Bphl5 region. Unfortunately, all of these
nine SSR markers were either monomorphic between
the resistant RIL RI93 and susceptible variety TN1 or
they amplified poorly and could not be used for genetic
mapping. An additional 47 new primer pairs were gen-
erated on the basis of the DNA sequences of the Bphl5
region, of which 22 bracketed SSR markers and 25 STS
markers were designed to amplify the single-copy
genomic fragments. Of the newly designed SSR markers,
three (MS1, MS5 and MS10) were polymorphic between
RI93 and TNI1. All of the 25 STS markers amplified
PCR products of the same sizes in the RI93 and TNI1
genotypes. These STS markers were then converted into
RFLP markers, of which eight (RG1, RG2, RG5, RG7,
RG10, RG20, RG23 and RG24) were polymorphic be-
tween RI93 and TNI. In total, 11 newly developed
markers from the genomic sequence information were
usable for fine mapping of the Bphl5 resistance gene.
The primers for the 11 newly designed markers,
including three SSR markers and eight STS-derived
RFLP markers, are shown in Table 2.

Regional high-resolution map and placement
of the Bphl5 resistance gene

To precisely determine the genetic distance between
molecular markers in the region of Bphl5, we used
flanking markers RM261 and MSI1 to screen for re-
combinant individuals in a large F, population derived
from a cross between RI93 x TNI1. The two marker
genotypes were analyzed and compared in 9,472 plants,
corresponding to a genetic resolution of 0.005 cM, and
48 recombinants were identified.

The location of the Bphl5 resistance gene on the map
was determined on the basis of the resistance score of the
48 recombinant plants. Special attention was paid to the
phenotyping of these 48 recombinant plants. We evalu-
ated the resistance scores for both the recombinant F,
individuals and their corresponding F; progenies. The
tiller testing technique (Fu et al. 1994) was employed to
distinguish resistant plants from susceptible ones among
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the recombinant plants. The bulked seedling test of the
F3 progeny confirmed the phenotype of susceptible F,
plants and further distinguished the heterozygous from
the homozygous among the resistant plants. In the F,
bioassay, 11 F, plants died 7 days following infestation
with BPH insects, while 37 recombinant F, individuals
survived for 15 days after infestation. Consequently, the
11 F,plants were classified as susceptible (S) and the
remaining 37 F, plants were categorized as resistant (R).
The ratio of resistant to susceptible recombinant F,
plants fitted the expected 3(R):1(S) ratio (y* =0.11,
P>0.7). In the F5 experiment, all of the seedlings of the
11 susceptible parent F, plants were given a score of 9
within 10 days after infestation. This result confirmed
that the Bphl5 genotypes of these 11 F, plants were
BPH susceptible (S). The heterozygous Bphl5 genotype
showed an obvious segregation of BPH resistance in the
F; family, with the proportion of resistant progenies
ranging from 60% to 75%. The segregation of R and S
plants in the complete set of F3 progenies deviated from
the 3(R):1(S) ratio, with there being more susceptible
progenies than expected for the single dominant gene-
control of resistance. Homozygous resistance was thus
judged on the basis of more than 90% resistant proge-
nies because occasionally less than 10% of the seedlings
of the resistant parent F, plants showed a susceptible-
like response. Murai et al. (2001) observed a similar
phenomenon when they studied the hph2 resistance gene.
Subsequently, nine F, plants were classified as BPH-
resistant (R), 28 as segregating (H) and 11 as susceptible
(S) types, showing a good fit to the expected ratio of
1(R):2(H):1(S) (¥* =1.5, P>0.3) (Table 3).

The markers around the Bphl5 chromosome region
were assayed in the 48 recombinants, and a local linkage
map was constructed (Fig. 2b). This map contains 21
DNA markers spanning the region from RM261 to
MSI1. No double recombinants were detected by inter-
vening markers in the chromosome region flanked by
RM261 to MS1. Normal segregation was observed for
the marker loci around the Bphl5 gene from this
flanking region as indicated by chi-square tests for
goodness-of-fit to a 1:2:1 ratio. The resulting high-res-
olution map of Bphl5 showed that RG1 and RG2 were

Table 2 Markers used in fine

genetic mapping of the Bphl5 Marker name PCR product quward Reverse Marker

gene together with their locus length (bp) primer (5-3') primer (5-3") type

name, PCR product size, primer

sequences and marker type. MSI1 197 catggacccacttgtcatcc agcatgagagactgccaagg SSR

These markers were generated MS5 215 ttgtgggtecteatctecte tgacaacttgtgcaagatcaaa SSR

from the publicly available MS10 168 caatacgagaagcccctcac ctgaaggaacacgcggtagt SSR

sequence information on RGI1 355 tgaaggatcagtttggcaat catccagtctccaccaggac STS-RFLP

Nipponbare BAC clones RG2 434 ttcaccaacccttcteete acttggcaacctctttcatc STS-RFLP

spanning the Bphl5 locus RGS 360 tgtctaccectcetttettgttc ctataatagtggcagatgcacc STS-RFLP
RG7 445 ttaactcggcacgcaatg agacaccagatcccaacac STS-RFLP
RG10 393 atgctgccactaccaaatac gcagaaggacaaaccaacac STS-RFLP
RG20 363 gctccacgatgaggttettg acaaagcttctggeggtte STS-RFLP
RG23 361 acctagctcaagttactgee tccacctcttcttttctcace STS-RFLP
RG24 362 ctccagaaagctcctagettg cgactcaaaccttggtcagtg STS-FLP
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Table 3 Segregation of BPH resistance conferred by Bphl5 in the
recombinant F, and F3 population derived from the cross between
RI93 and TN1

F, genotype of Number of Number of
BPH resistance F, plants® F; progenies
R 9 642

H 28 2,146°

S 11 846

Total 48 3,634

a2 value for 1(R):2(H):1(S)=1.5, P>0.3
%2 value for 3(R) (1,382) : 1(S) (764) =129, P<0.001

the most closely linked markers flanking the Bphl5
resistance gene. Two recombinants were identified
between RG1 and Bphl5; three recombinants were
identified between RG2 and Bphl5. The STS marker
M1, derived from AFLP marker E-ATG/M-CAC,
co-segregated with Bphl5 (Fig. 2b).

Physical mapping of the Bphl5 locus

To identify BAC clones covering the Bphl5 gene,
markers RG1 and RG2 were used to screen the BAC
library for B5 by hybridizing to high-density filters on
which the entire library was arrayed. Two positive
clones, 20M14 (27 kb) and 95D11 (47 kb), were
identified by RGI1. Three positive clones, 3918, 59E12
and 6409, each 36 kb long, were identified by RG2.
These BAC clones were digested by BamHI and
transferred to a nylon filter. The filter was sequentially
hybridized with the markers that identified the posi-
tives clones and also with the BAC clones that were
included in the filter. Three positive clones, 39I8,
59E12, 6409, showed the same BamHI fingerprint
(Fig. 3). 20M14 possessed only one BamHI digestion
fragment, which had the same size as the vector
pCLDO04541. 95DI11 possessed all of the fragments
generated by BamHI digestion of 20M14, plus three
additional fragments (Fig. 3). This led to the conclu-
sion that 20M14 is included in 95DI11 and that 39I8,
S9E12 and 6409 are identical. Comparison of the
BamHI fingerprints of 95D11 and 6409 did not reveal
any physical relationship between them. The co-seg-
regating marker M1 was then used to identify BAC
clones filling this chromosome region by screening the
BAC DNA pools. 3918, 59E12 and 6409 were con-
firmed to be positive for M1 (data not shown).

The BAC ends of clone 20M14, 95D11 and 6409
were isolated by TAIL-PCR. The ends of 20M14 and
95D11 were monomorphic between RI93 and TNI
and, consequently, could not be mapped. The ends of
6409 (6409L and 6409R) showed polymorphism and
were used to assay the 48 recombinant individuals.
Three recombinant events were detected between
6409R and Bphl5, and no recombination was de-
tected between 6409L and Bphl5. The 6409L end was
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Fig. 3 Southern blot analysis of BamHI-digested BAC clones
covering the Bphl5 region. Five positive clones (20M14, 95D11;
6409, 59E12, 3918) were BamHI-digested and transferred onto the
filter. The filters were hybridized with RG1, and with BamHI-
digested 20M4, 95D11 and 6409, respectively

used to hybridize the high-density filters, and no
additional positive clone was identified. The ends of
95D11, 20M14 and 6409 were then sequenced and
compared. BLASTN searches against the rice genome
showed that each of these BAC ends produced a
single hit. The sequence of 20M14R and that of
95DI11R were identical . Sequence alignment results
indicated that the 20M14R and 6409L sequences are
contiguous within the rice genome, overlapping at the
BamHI restriction site (data not shown). In order to
confirm that there was no gap between 20M14R and
6409L, two primers (F-5"-cgtccctcttatcaccgtca-3’ and
R-5'-cgcatatgcatctcacatgg-3") were designed, based on
the sequences of 20M14R and 6409L, to amplify the
B5 genomic DNA. The sequencing result of the cor-
responding amplified genomic DNA fragment vali-
dated that 20M14R and 6409L were contiguous DNA
sequences within the B5 genome. All of this evidence
led to the conclusion that clones 20M14 and 6409
covered the Bphl5 locus.

The RGI1, M1 and RG2 sequences were used for
BLASTN searches against the Nipponbare genomic se-
quence database (http://www.gramene.org/). The results
revealed that they were single-copy fragments in the rice
genome and that the physical distances between RGI,
6409L, M1 and RG2 were about 22, 18 and 12 kb,
respectively. The BAC clones 20M 14, 95D11 and 6409
were sequenced at the National Center for Gene Re-
search of China. Sequence analysis of these BAC clones
(Yang et al., unpublished observations) revealed that
genomic segment flanked by RG1 and RG2 was
approximately 47 kb, which is 5 kb shorter than the
sequence delimited by the same markers in Nipponbare.
The physical distances in B5 between RG1, 6409L, M1
and RG] can be deduced to be approximately 16, 22 and
9 kb, respectively (Fig. 2¢).



Discussion

In this study we present a genetic fine mapping and
physical delineation of the BPH resistance gene Bphli5
on chromosome 4. Starting from the flanking markers
C820 and S11182 that are more than 2 Mb physically
apart, we ultimately were able to locate the gene to a 47-
kb segment of genomic DNA. This work represents a
prerequisite step for positional cloning of the BPH
resistance gene. The closely linked molecular markers
developed in this study should be very useful in marker-
aided breeding programs against BPH.

Map-based cloning is applicable to any gene known
only by its phenotype, especially those with character-
istics of QTLs (Takahashi et al. 2001). However, Bphl5
1s located close to the centromere of chromosome 4, a
position that is difficult to map. The centromeric region
of rice chromosomes is characterized by a number of
clusters of CentO satellite repeats and centromeric
retroelements (CRs) (Wu et al. 2004; Zhang et al
2004). Because of the highly heterochromatic structure
of the centromeres, the complete cloning, sequencing
and assembling of the genomic components of this re-
gion have remained a significant challenge. Meiotic
recombination is generally suppressed across the cen-
tromere of eukaryotic chromosomes. However, a low
level of recombination in or near centromeres has been
detected in plants (Copenhaver et al. 1998; Anderson
et al. 2003). In the rice genome, the ratio of the
physical distance to genetic distance is on average
approximately 260 kb per centiMorgan (Chen et al.
2002). According to published data, the ratio of phys-
ical distance to genetic distance around the region of
Bphl5 is more than 1Mb per centiMorgan. The sup-
pression of recombination frequency at the Bphl5 locus
was observed in this study for only 48 recombinants
within the Bphl5 region that were identified by the
analysis of 9,472 F, plants. Isolating Bphl5 via map-
based cloning is a challenge for which the chromosome
landing strategy would be feasible, as proposed by
Tanksley et al. (1995).

To find markers tightly linked to the Bphl5 gene, we
used saturation mapping with large segregating popu-
lations. BSA combined with the AFLP technique has
been proven to be an effective method for detecting
molecular markers tightly linked to genes of interest
(Murai et al. 2001; Dussle et al. 2003). We successfully
identified 18 primer combinations that produced 19
fragments closely linked to the Bphl5 locus. Based on
the sequence data of rice chromosome 4 (Feng et al.
2002), we further developed 22 SSR markers and 25
STS markers around Bphl5. Using this approach, the
genetic map developed in this study is easily tied to the
physical and sequence map developed by the IRGSP
(http://rgp.dna.sffrc.go.jp/; http://www.gramene.org/).
Three SSR markers detected polymorphism between
RI93 and TNI, and eight STS markers showed poly-
morphism when converted into RFLP markers. SSR
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markers are relatively abundant and polymorphic in
the rice genome (Temnykh et al. 2001; Goff et al.
2002). However, in this study RFLP markers derived
from STS markers were more polymorphic (32%) than
SSR markers (13.6%), indicating that the polymorphic
rate of different marker types might vary in different
chromosome regions. We ultimately successfully satu-
rated the Bphl5 region with 21 informative markers at
a resolution of 0.005 cM.

The identification of BACs carrying the most closely
linked markers is a crucial step towards the cloning of
a gene. Using the tightly linked markers RG1 and
RG2, we successfully obtained the BAC clones span-
ning the Bphl5 locus without chromosome walking.
Two and three positive clones were identified by
markers RGl and RG2 in the B5 BAC library,
respectively. Given the fivefold redundancy of the BS
BAC library (Shi et al. 2003), the number of positive
clones identified by these two single-copy probes was
fewer than expected. This may be due to the DNA
fragments of the centromeric region being difficult to
clone. Southern blotting and sequencing of the positive
clones showed that two clones, 20M14 and 64009,
covered the Bphl5 locus. The Bphl5 region, delimited
by RG1 and RG2, is approximately a 47-kb genomic
segment.

Recombination is apparently not evenly distributed
along the segment of the genome encompassing the
Bphli5 locus. No crossover was observed between 6409L
and M1, which i1s a 22-kb segment. In contrast, three
recombinant events took place between M1 and RG2, a
9-kb segment. The genomic segment between RG1 and
RG?2 is about 52 kb in japonica rice Nipponbare, while
in B5 it is 5 kb shorter. This difference in length could
arise from varietal genomic diversity.

GENSCAN analysis indicated that the 47-kb genomic
segment contained 11 open reading frames. Rice has
become a model plant for structural and functional
genomic studies, and Agrobacterium-mediated transfor-
mation is a routine practice in rice gene manipulation.
We are initiating complementary experiments to test
which gene present in the BS genome flanked by RG1
and RG2 will confer resistance against BPH when
introduced into BPH-susceptible plants.
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