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Abstract Tillering is one of the most important agro-
nomic traits related to grain production in rice (Oryza
sativa L.). A japonica-type variety, Aikawa 1, is known to
have low-tiller number. The detailed location of a low-
tillering gene, Ltn, which has been localized on chromo-
some 8 in Aikawa 1, was conWrmed by molecular mapping.
Using BC5F2 individuals derived from a cross between
IR64 and Aikawa 1, the low-tillering gene was mapped to
an interval deWned by SSR markers ssr5816-3 and A4765.
This was designated as Ltn because there was no reported
gene for tillering in the region of chromosome 8. Through
high-resolution linkage analysis, the candidate region of
Ltn was located between DNA markers ssr6049-23 and

ind6049-1 corresponding to 38.6 kbp on the Nipponbare
genome sequence. These DNA markers, which were tightly
linked to Ltn, are useful for marker-assisted selection in
breeding studies.

Introduction

Tillering is one of the most important agronomic traits
related to crop adaptation to target environments: high
tillering is suitable for most favorable growing conditions;
however, low tillering may be more desirable for stress
conditions. Many breeders and scientists have been inter-
ested in controlling tillering to identify genotypes better
adapted to the environment where they are grown. In irri-
gated lowland conditions, high tillering is preferable to
achieve high yield. Under wet direct-seeding conditions
where the seed rate is high to ensure good competitiveness
against weeds, desirable genotypes will have less tillers
because of high competition among plants in a Weld. In con-
ditions, where drought events are expected to occur episod-
ically during crop growth, desirable genotypes will produce
few, but vigorous tillers which reduce water consumption
while storing reserves to cope with unfavorable growing
conditions. Tillering is also a key component in the expres-
sion of phenotype plasticity of the plant in response to tran-
sient changes in growing conditions. For these reasons, the
control of tiller number in rice (Oryza sativa L.) has been
an important focus of the research at the International Rice
Research Institute (IRRI). Breeders developed new plant
type (NPT) lines with low tillering and high productive
tiller ratio to improve crop adaptation to direct-seeding
conditions (Khush 2000).

These Wrst-generation NPT lines did not have great
success because of many undesirable factors that reduced
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the productivity of the crop. Using a molecular (genotype-
based) breeding approach to manipulate tillering by focusing
on a small and well-identiWed genetic region will considerably
reduce the undesirable eVects that were expressed in the
NPT lines that were developed through conventional
(phenotype-based) breeding. Although tillering is an agro-
nomically important trait for crop adaptation and phenotype
plasticity, studies on the genetics of control of tillering have
not been carried out in detail. Therefore, materials that are
suitable for genetic analysis, such as mutant lines, near-iso-
genic lines, recombinant inbred lines, and double-haploid
lines, are necessary.

Mutants derived from spontaneous mutations, �-ray radi-
ation, and ethyl methane sulfonate methods were used to
identify genes controlling tiller number (Takamure and
Kinoshita 1993; Takamure 1994; Iwata et al. 1995; Li et al.
2003; Jiang et al. 2006). Several genes for number of pro-
ductive tillers at maturity have been cloned using mutants
that were clearly diVerent from the wild type. A mutant
series of reduced culm number (rcn) at maturity, rcn1–
rcn9, has been screened for low culm number (Takamure
and Kinoshita 1993; Takamure 1994; Jiang et al. 2006).
Among these genes, RCN8 and RCN9 have been mapped
on the long arm of chromosome 1 and the short arm of
chromosome 6, respectively. In addition, gene MOC1 from
a monoculm mutant that had only a single main culm was
identiWed as a putative GRAS family nuclear protein that
initiated axillary buds and promoted their outgrowth (Li
et al. 2003). On the other hand, the high-tillering mutants
were often recognized initially as dwarf mutants because of
their short stature (Iwata et al. 1995). Two dwarf mutant
genes for high tillering, D3 and Htd1, have been identiWed.
D3 was orthologous to Arabidopsis MAX2/ORE9 (Ishikawa
et al. 2005), and Htd1, was orthologous to Arabidopsis
MAX3/CCD7 (Zou et al. 2005).

In 1980, a spontaneous low-tiller mutation was identiWed
in a farmer’s Weld transplanted with the japonica-type vari-
ety, Akiyutaka. This mutant line has subsequently been
released as the commercial variety ‘Aikawa 1’ in Japan
(National Institution of Crop Science; http://www.ine-
web.narcc.affrc.go.jp/index.html). Japanese breeders con-
sidered it as a useful variety for direct-seeding cultivation
with high seeding rate to compete against weeds. The
single gene, Ltn(t), that controlled low tillering in Aikawa 1
was mapped near the simple sequence repeat (SSR) marker
RM264 on the long arm of chromosome 8 by Araki et al.
(2003).

An indica type rice, IR64, is a widely grown rice variety
in the tropics. IR64 has many valuable agronomic traits,
such as high yield, good grain quality, and tolerance for
biotic and abiotic stresses (Khush and Virk 2005). More-
over, its grain quality was considered superior to that of
other IRRI-bred varieties. The low-tillering trait of Aikawa 1

was introduced into the IR64 genetic background by back-
cross breeding, and introgression lines (INLs) (IR64-INLs)
are developed as a breeding material suitable for tropical
conditions. In this study, we analyzed the detailed chromo-
somal location of Ltn using BC5F2 and BC5F3 populations
of these lines. A high-resolution linkage map of the target
region on chromosome 8 was constructed for cloning of Ltn
and elucidating the underlying mechanism of the low-tillering
phenotype. In addition, IR64-INLs for low tillering using
Aikawa 1 as a gene source are developed by marker-
assisted selection (MAS) and phenotyping.

Materials and methods

Development of the backcross population

A BC1F1 population was developed from a cross between
japonica variety Aikawa 1 and indica variety IR64 as a
recurrent parent. The BC1F1 population was evaluated for
tiller number at maturity and was subsequently used for
linkage analysis in a previous study (Araki et al. 2003). A
single semi-dominant gene, Ltn, that controlled low tiller-
ing in Aikawa 1 was localized near SSR marker RM264 on
the long arm of chromosome 8. Several BC1F1 plants that
showed low tillering were repeatedly backcrossed with
IR64 to develop a BC5F1 generation. The BC5F1 plants
were then self-pollinated and 94 BC5F2 plants and BC5F3

lines were used to map the gene for tiller number. BC5F3

(3,550 plants) and BC5F4 lines were evaluated for tillering
as a progeny test. INLs, LTK9 and LTK3, for Ltn were
selected from the BC5 progeny based on the tiller number.

Each line was represented by 2 rows of 12 individuals.
Single plants were transplanted at 21 days after sowing at
20 cm between hills and at 30 cm between rows. At matu-
rity stage, phenotypes for tiller number in BC5F3 and BC5F4

lines were classiWed based on visual observation as three
types: low-tillering type, segregating type, and high-tiller-
ing type. Sixteen BC5F3 lines derived from heterozygous
individuals at Ltn in the BC5F2 population were used to
construct a high-resolution linkage map of Ltn.

Phenotypic evaluation of INLs for low-tillering gene

LTK9, LTK3, IR64, and Aikawa 1 were grown in the Weld
at IRRI during the DS (DS: January–May) of 2008. A total
of eight agronomic traits—culm length (CL), panicle length
(PL), leaf length (LL), leaf width (LW), panicle number per
plant (PN), total spikelet number per panicle (TSN), grain
fertility (GF), and 100-grain weight (GW)—were evaluated
in donor parents and the INLs at maturity. For each line, at
least 20 individuals planted in the middle for each row were
measured, and single values per plant for these traits were
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scored. CL was measured from the soil surface to the neck
of the tallest tiller in a plant. PL was measured from the
panicle neck to the panicle tip of the tiller. LL and LW were
measured on the second leaf under the Xag leaf of the main
tiller. PN was measured as the number of productive pani-
cles per plant. TSN was calculated as the sum of Wlled and
unWlled spikelets of a panicle. GF was calculated as the
ratio of Wlled spikelets per total spikelet number of a pani-
cle. One hundred Wlled grains were weighed as GW for
each plant.

LTK9 and donor parents were grown in a screen house at
IRRI, Los Baños, Laguna, Philippines, during the dry sea-
son in 2009. More than 14 plants of each line were planted
in pots. The tiller numbers of LTK9, IR64, and Aikawa 1
were counted every week from transplanting to heading.

Genotyping using DNA markers

The genomic DNA of 94 BC5F2 plants for gene mapping,
99 BC5F3 plants for recombinants in high-resolution link-
age mapping, and LTK9 was individually extracted from
freeze-dried leaves using the CTAB method (Murray and
Thompson 1980). The genomic DNA of 3,550 BC5F3

plants for high-resolution linkage mapping was extracted
from fresh leaves using a simple extraction method. The
leaves of 3,550 BC5F3 plants were collected in 96-deep
well plates that had 100-�l NaOH (0.25 M) and two stain-
less-steel beads in each well. The leaf samples in 96-deep
well plates were crushed using a Geno/Grinder (Glen
Mills). At 10 min after crushing leaf samples, 400 �l Tris–
HCl (100 mM, pH 7.5) was put in each well and the plates
were centrifuged at 1,500 rpm for 10 min. After the super-
natants were diluted 20 times, 5-�l diluted supernatants
were used as a PCR template. The genotypes of DNA
markers in BC5F2 and BC5F3 individuals were then deter-
mined by PCR ampliWcation in a DNA engine dyad peltier
thermal cycler (Bio-Rad). The thermal cycler was pro-
grammed for a Wrst denaturation step of 5 min at 95°C, fol-
lowed by 35 cycles, each of 95°C for 30 s, 55°C for 30 s,
and 72°C for 30 s. The PCR products were resolved in
4.0% agarose gel by electrophoresis at 200 V for 1 h in
0.5£ TBE buVer.

The whole genome of LTK9 was surveyed using 272
SSR markers that showed polymorphism between IR64 and
Aikawa 1. The 272 SSR markers were evenly distributed
across the 12 rice chromosomes (McCouch et al. 2002).

Marker development and linkage analysis

In the previous analysis, the single gene for low tillering in
Aikawa 1, Ltn(t), was localized near RM264 on the long
arm of chromosome 8 (Araki et al. 2003). Therefore, 13
DNA markers near RM264, ssr4762-1, ssr5245-1, ssr5816-3,

ssr5816-9, RM23422, ssr6049-23, snp6049-1, ind6049-1,
ind6049-3, ind6049-4, ssr6049-2, A4765, and RM5493 on
chromosome 8, were used to make a linkage map and high-
resolution linkage map (Table 1). The information on SSR
markers RM23422 and RM5493 is available in the Gramene
database (http://www.gramene.org). Other SSR markers
were designed based on the Nipponbare genome sequence
(IRGSP 2005). Three STS markers, ind6049-1, ind6049-3,
and ind6049-4, were designed based on deletions between
the japonica and indica genome sequences. Seven new SSR
markers and three STS markers were designed using
Primer3 (v. 0.3.0) (Rozen and Skaletsky 2000). The linkage
analysis of Ltn in the BC5F2 population was conducted
using the developed SSR markers. The genotypes of SSR
markers in the BC5F2 population were detected by PCR and
electrophoresis. The genetic distances between the SSR
markers and Ltn were calculated based on the genotype and
phenotype data for the BC5F2 population. The linkage map
was constructed using Kosambi centimorgans (cM) to
calculate the genetic distances.

PCR-based markers to genotype SNP

One single-nucleotide polymorphism (SNP) marker was
developed based on the genome sequences of IR64 and
Aikawa 1. A modiWed method for allele-speciWc PCR was
used to improve the speciWcity of the traditional allele-spe-
ciWc PCR method (Kwok et al. 1990; Drenkard et al. 2000;
Hayashi et al. 2004). The snp6049-1 (Aikawa 1) and the
snp6049-1 (IR64) were Aikawa 1 and IR64 allele-speciWc
primers, respectively, with artiWcial base pair mismatch in
the 3rd base pair from the 3� end of the reverse primer
(Table 1). SNP genotypes were determined by the presence
or absence of PCR products using snp6049-1 (Aikawa 1)
and snp6049-1 (IR64).

Results

Mapping of Ltn

The average for tiller number of Aikawa 1 was 5.0 and
that of IR64 was 20.9 in the DS. The tiller number of the
BC5F2 population showed a continuous distribution.
However, phenotype of BC5F3 plants could be clearly
diVerentiated into low-tillering and high-tillering types
by visual observation. Among 94 BC5F3 lines tested, all
plants in 19 lines showed high-tillering and 48 lines seg-
regated for tillering, whereas 27 lines showed low tiller-
ing. This segregation showed a good Wt to a 1:2:1 ratio
(�2 = 1.40, P = 0.50) indicating that a single gene con-
trolled tiller number in the BC5F2 population. The low-
tillering gene was designated as Ltn. By co-segregation
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analysis, the linkage between Ltn and the SSR markers
(ssr4762-1, ssr5245-1, ssr5816-3, A4765, and RM5493)
near RM246 on chromosome 8 were conWrmed using
the BC5F2 population. Ltn was located between ssr5816-3
and A4765. The genetic distances between ssr5816-3 and
A4765, between ssr5816-3 and Ltn, and between Ltn
and A4765 were 6.8, 1.7, and 5.1 cM, respectively
(Fig. 1a).

High-resolution linkage mapping of Ltn

We used Xanking SSR markers (ssr5816-3 and A4765) to
screen recombinant individuals from a large segregating
population derived from a cross between IR64 and Aikawa
1. Among the 3,550 BC5F3 plants, 99 recombinants were
identiWed by these markers. The BC5F4 lines derived from
the 99 recombinant individuals were evaluated for tillering

Table 1 DNA markers used for high-resolution linkage mapping of the low-tillering gene on chromosome 8

a Dominant marker for amplifying Aikawa 1 allele
b Dominant marker for amplifying IR64 allele
c The underline shows the location of artiWcial base pair mismatch
d The PCR product size was estimated based on the Nipponbare genome sequence

Marker Forward primer sequence (5� ! 3�) Reverse primer sequence (5� ! 3�) Nipponbare 
BAC or PAC

(Motif)n Predicted 
size (bp)d

ssr4762-1 GAGATCAACCCACCACCAAC GGCAGATTGGGAATCCAAG AP004762 (CT)9 126

ssr5245-1 CGACTGTTCAGCACACACAA TAGATCCCCAGGAAGTGACC AP005245 (AT)24 137

ssr5816-3 CCACAGCGACTCTCTCCATT ACATACCTCGTCGGAGATGC AP005816 (GCG)6 113

ssr5816-9 TGCAGCTCAATTTTGGTCAG ATGGTAGCAACGGGGATGTA AP005816 (AAAG)5 145

RM23422 GTCGGTCACGAAGTTCAGATCC TCAGGCAAAGTTGAAGATGGTAGC AP005816 (AAAG)5 186

ssr6049-23 TCATCCTTAAGACGGTATCACA CTCCCTCTCCGTTTCATATTC AP006049 (AT)14 192

snp6049-1 
(Aikawa 1)a

GGTGCACCTCATCAAGTGAGACTTC ACCGACTCGAGCTGTGATAc AP006049 – 256

snp6049-1 
(IR64)b

GGTGCACCTCATCAAGTGAGACTTC ACCGACTCGAGCTGTGATCc AP006049 – 256

ind6049-1 GCTCCCCAAAAGACAACATC TCTCACTCCCTTTCTTCTCTCA AP006049 – 299

ind6049-3 CTGAAAACCACCGTTAGAGC GGCTAGATTGGCCGGTTAAA AP006049 – 181

ind6049-4 GGAGATTTTTCTGTCGAATATCAGG GTTAAGTACACTCCTCCGTTCTAAA AP006049 – 300

ssr6049-2 GAGTCGGAGACCATGACGAC TACCGCGTATCATGTCCTTG AP006049 (GAG)7 147

A4765 CTGTCGAATTGGAGCAAAATTTGCC CCAATTTCCCCATCCCAAGAACAG AP004765 (CT)22 126

RM5493 GCAGGACACAGTCACACAGG AGATTCTTTCACCGGTGACG AP003888 (TC)24 154

Fig. 1 Linkage map around the 
Ltn locus on chromosome 8. 
a The linkage map of Ltn using 
94 BC5F2 individuals derived 
from a cross between IR64 
(recurrent parent) and Aikawa 1. 
Horizontal bars represent the 
positions of SSR markers and 
numbers between markers 
indicate the genetic distance. 
b The high-resolution linkage map 
of Ltn using 3,550 BC5F3 individ-
uals. The numbers in parentheses 
under DNA markers show the 
number of plants in which recom-
bination occurred between the 
Xanking marker and the Ltn 
locus. The physical distances at 
the bottom indicate the location 
of DNA markers on the Nippon-
bare genome sequence (build 4)
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phenotype to estimate the genotypes of the Ltn locus in
these recombinants. In 22 out of 99 BC5F4 lines derived
from the recombinants, all plants showed low tillering and
the genotypes of the Ltn locus in these 22 lines were esti-
mated as Aikawa 1 homozygous alleles; 19 out of 99 BC5F4

lines showed all high tillering and the genotypes were esti-
mated as IR64 homozygous alleles. Among the 99 BC5F4

lines, 58 were segregating for tillering and the genotypes
were estimated to be heterozygous. To construct a high-res-
olution linkage map of Ltn, the eight DNA markers
(ssr5816-9, RM23422, ssr6049-23, snp6049-1, ind6049-1,
ind6049-3, ind6049-4, and ssr6049-2) located between
ssr5816-3 and A4765 were used. The candidate region of
Ltn was speciWed between ssr6049-23 and ind6049-1, rep-
resenting 38.6 kbp based on the Nipponbare genome
sequence (Fig. 1b). The SNP marker snp6049-1 in 3,550
BC5F3 individuals completely co-segregated with the Ltn
locus.

Candidate genes in the 38.6-kbp region

Based on the available sequence annotation, RiceGAAS
(http://www.ricegaas.dna.affrc.go.jp/), there were six pre-
dicted genes (Predgene06-Predgene11 on a BAC clone of
the Nipponbare genome, AP006049) in the 38.6-kbp target
region. Among these genes, four had unknown functions
and two had functional annotations: (1) Predgene06 (gene
ID) was a gene with a transcript length of 1,503 bp contain-
ing 11 exons, classiWed as a putative �-glucosidase isozyme
2 precursor; (2) Predgene08 was a gene with a transcript
length of 1,254 bp containing three exons, classiWed as a
putative SBP-domain protein (Table 2).

Characteristics of INL with Ltn

Tiller numbers of IR64, Aikawa 1, and LTK9 were evalu-
ated weekly (Fig. 2). Tiller development of LTK9 was
similar to that of Aikawa 1, while it was clearly diVerent

from that of IR64. The introgressed segments from Aikawa
1 in LTK9 were detected on chromosomes 1 and 8 using
272 SSR markers (Fig. 3). Although the genome composi-
tion of LTK9 was similar to that of the recurrent parent
IR64, several agronomic characteristics (PL, PN, LL, and
TSN) of LTK9 were diVerent from those of IR64 as well
as Aikawa 1. PN of LTK9 was signiWcantly lower than that
of IR64 though higher than that of Aikawa 1 in the DS of

Table 2 Candidate genes that co-segregated with Ltn in the region between ssr6049-23 and ind6049-1

The genes on a BAC clone of the Nipponbare genome, AP006049 (OSJNBa0016N23), were predicted in RiceGAAS
a The physical distance shows the location of the predicted gene in the Nipponbare genome sequence (build 4)

Predgene GenBank CDS feature Full-length cDNA Number 
of exons

Gene 
size (bp)

GC (%) 
content

Physical distance (bp)a

Start End

Predgene06 Putative beta-glucosidase 
isozyme 2 precursor

AK059210, AK098938, 
AK105908

11 1,503 59.4 25,348,142 25,354,940

Predgene07 Unknown protein AK068450 3 744 66.4 25,358,063 25,361,633

Predgene08 Putative SBP-domain protein AK107191 3 1,254 64.0 25,362,546 25,366,701

Predgene09 Hypothetical protein – 1 702 68.0 25,367,043 25,367,744

Predgene10 Hypothetical protein – 2 291 52.7 25,368,974 25,369,384

Predgene11 Hypothetical protein – 1 330 55.9 25,389,965 25,390,294

Fig. 2 Phenotypic characteristics of an introgression line for Ltn
(LTK9). a Photo of IR64, LTK9, and Aikawa 1 at maturity stage.
b Weekly changes in tiller numbers of IR64, LTK9, and Aikawa 1.
Tiller numbers were counted weekly before heading and shown as
mean § SD
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2008 (Table 3). PL and LL of LTK9 were signiWcantly
longer than those of parents, and TSN of LTK9 was signiW-
cantly higher than that of IR64 and not diVerent from that
of Aikawa 1. As for CL, GF, and GW, LTK9 was similar to
the recurrent parent IR64 in the 2008 DS. The agronomic
traits of LTK9, IR64, and Aikawa 1 in the wet season were
similar to those in the dry season (data not shown).

Discussion

The genes for tiller number of rice at maturity have been
identiWed on a linkage map using DNA markers and several
genes have already been cloned in diVerent populations.
MOC1, which encoded a putative GRAS family nuclear
protein, was located on the long arm of chromosome 6 (Li
et al. 2003). The genes for rice culm number, RCN8 and
RCN9, were located around RM3411 on the long arm of

chromosome 1 and around RM6836 on the short arm of
chromosome 6, respectively (Jiang et al. 2006). rcn1, rcn2,
and rcn5 were analyzed using marker genes for identifying
chromosomal location (Takamure and Kinoshita 1993;
Takamure 1994). rcn1 from N-133 and rcn5 from N-185
were linked to the marker gene of chromosome 6 and rcn2
was linked to the marker gene of chromosome 4. In this
study, Ltn from Aikawa 1 was located between ssr6049-23
and ind6049-1 on the long arm of chromosome 8. Ltn was a
new gene for tiller number on chromosome 8 because the
chromosomal locations of the reported genes, MOC1, rcn1,
rcn2, rcn5, RCN8, and RCN9 (excluding QTLs), were
diVerent from those of Ltn.

Using molecular genetic analysis, many QTLs for tiller
and panicle numbers have been identiWed on rice chromo-
somes (Yan et al. 1998; Hemamalini et al. 2000; Xing et al.
2002; Brondani et al. 2002; Miyamoto et al. 2004). Three
QTLs for tiller numbers have been detected on the long arm
of chromosome 8 using DNA markers (Yan et al. 1998;
Hemamalini et al. 2000; Miyamoto et al. 2004), and also
two QTLs for panicle number have been detected in the
same regions (Ishimaru et al. 2001; Lanceras et al. 2004).

These QTLs have not been mapped as single Mendelian
factors, and their precise chromosomal locations are
unknown. Although Ltn might have corresponded to these
QTLs for tiller and panicle numbers in previous studies, we
designated the low-tillering gene from Aikawa 1 as a new
gene, Ltn. Genetic information, such as the high-resolution
linkage map for Ltn and tightly Xanking DNA markers in
this study, is useful for breeding using MAS. The SNP
marker snp6049-1, which co-segregated with Ltn in high-
resolution linkage analysis, is a valuable tool for introduc-
ing Ltn to cultivated varieties by MAS. In a future study,
the identiWcation of the encoding gene in Ltn will be useful
in elucidating tiller development.

The substituted segments of Aikawa 1 in LTK9 were
detected using SSR markers (Fig. 3). Although the genome
composition of the INL was almost the same as that of
IR64, several agronomic traits were diVerent (Table 3). PN
of LTK9 was much lower than that of IR64 although it was

Fig. 3 Graphical genotype of an introgression line for Ltn (LTK9).
The 12 pairs of bars represent the chromosomes, numbered at the top.
The horizontal lines on the bars show positions of marker loci. White
squares show the chromosomal segment of IR64, while gray squares
show that of Aikawa 1

1 2 3 4 5 6 7 8 9 10 11 12

Ltn

RM531

10cM

RM6966

Aikawa 1

IR64

Ltn

RM8131

RM493

Table 3 Agronomic traits of a low-tillering introgression line (LTK9) derived from a cross between Aikawa 1 and IR64 as a recurrent parent in
the dry season of 2008

Means denoted with diVerent letters are signiWcantly diVerent at the 1% level according to the Tukey–Kramer test

CL culm length, PL panicle length, LL leaf length, LW leaf width, PN panicle number per plant, TSN total spikelet number per panicle, GF grain
fertility, GW 100 grain weight
a Average § standard deviation of more than 20 plants in each line

Line Mean of agronomic traitsa

CL (cm) PL (cm) LL (cm) LW (cm) PN TSN GF (%) GW (g)

LTK9 65.1 § 6.4 b 27.6 § 1.3 a 38.8 § 5.1 a 1.1 § 0.1 b 10.4 § 2.6 b 187.8 § 41.0 a 72.4 § 11.0 b 2.4 § 0.2 b

IR64 63.4 § 2.8 b 24.2 § 1.1 b 34.1 § 2.7 b 1.2 § 0.1 ab 20.9 § 4.3 a 109.2 § 21.5 b 74.8 § 5.0 b 2.6 § 0.1 b

Aikawa 1 71.2 § 4.2 a 21.7 § 1.0 c 33.9 § 6.2 b 1.2 § 0.1 a 5.0 § 1.4 c 176.8 § 27.7 a 88.0 § 4.7 a 2.8 § 0.2 a
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not as low as that of Aikawa 1. This diVerence of PN
between INL and Aikawa 1 might be the eVect of genetic
background. TSN of LTK9 was much higher than that of
IR64 and was not diVerent from that of Aikawa 1. The
increased TSN in LTK9 could be explained mostly by a
compensative reaction of reduced tiller number. To conWrm
the eVect of introgressed segment on phenotype, a sister
line of LTK9, LTK3 was compared. Agronomic traits (such
as TSN, PL, and PN) of LTK3 were similar to those of
LTK9. The introgressed segments from Aikawa 1 in LTK3
were detected on chromosomes 1, 4, and 8. A substituted
segment was commonly detected on the long arm of chro-
mosome 8 in LTK3 and LTK9 (data not shown). The result
suggested that the substituted segment on the long arm of
chromosome 8 was related to the agronomic traits, includ-
ing increased TSN other than low tillering. Therefore, in
addition to a compensative reaction, this result might be
explained by the following reasons: (1) a pleiotropic eVect
of Ltn on TSN; or (2) a gene for TSN is tightly linked to
Ltn. PL of LTK9 tended to be longer than that of both par-
ents, IR64 and Aikawa 1. This was also thought to be
caused by the introgressed segment of Aikawa 1, including
the Ltn region.

Since the 1960s, many IRRI-bred varieties have been
released and distributed worldwide and used by farmers
and breeders as important parental varieties in breeding
programs. In particular, IR64, which was released in 1985,
has been widely accepted as a high-quality rice variety in
many countries (Khush 1987). In our study, Ltn of Aikawa
1 was genetically identiWed and introduced into the IR64
genetic background. The INLs for Ltn probably had the
elite agronomic characteristics of IR64, such as superior
grain quality and enhanced resistance to several diseases
and pests. These INLs are useful breeding materials for rice
improvement. The INLs are also useful for understanding
the development of plant structure and the relationship
between yield components and grain yield of rice. Further-
more, these INLs could be used to identify suitable plant
type under various Weld conditions.

Acknowledgments This paper reports the results obtained in the
IRRI-Japan Collaborative Research Project phases III, IV, and V sup-
ported by the Ministry of Foreign AVairs and the Ministry of Agricul-
ture, Forestry, and Fisheries of Japan. We are grateful to Mr. B. Hardy
and Dr. D. J. Mackill of IRRI for English editing to improve manu-
script. We would like to thank an editor and anonymous reviewers for
critical and constructive comments which have improved the contents
of this manuscript.

References

Araki E, Ebron LA, Cuevas RP, Mercado-Escueta D, Khush GS, Shee-
hy JE, Kato H, Fukuta Y (2003) IdentiWcation of low tiller gene
in rice cultivar Aikawa1. Breed Res 5(Suppl 1):95

Brondani C, Rangel PHN, Brondani RPV, Ferreira ME (2002) QTL
mapping and introgression of yield-related traits from Oryza
glumaepatula to cultivated rice (Oryza sativa) using microsatel-
lite markers. Theor Appl Genet 104:1192–1203

Drenkard E, Richter BG, Rozen S, Stutius LM, Angell NA, Mindrinos
M, Cho RJ, Oefner PJ, Davis RW, Ausubel FM (2000) A simple
procedure for the analysis of single nucleotide polymorphisms
facilitates map-based cloning in Arabidopsis. Plant Physiol
124:1483–1492

Hayashi K, Hashimoto N, Daigen M, Ashikawa I (2004) Development
of PCR-based SNP markers for rice blast resistance genes at the
Piz locus. Theor Appl Genet 108:1212–1220

Hemamalini GS, Shashidhar HE, Hittalmani S (2000) Molecular mark-
er assisted tagging of morphological and physiological traits un-
der two contrasting moisture regimes at peak vegetative stage in
rice (Oryza sativa L.). Euphytica 112:69–78

International Rice Genome Sequencing Project (2005) The map-based
sequence of the rice genome. Nature 436:793–800

Ishikawa S, Maekawa M, Arite T, Onishi K, Takamure I, Kyozuka J
(2005) Suppression of tiller bud activity in tillering dwarf mutants
of rice. Plant Cell Physiol 46:79–86

Ishimaru K, Yano M, Aoki N, Ono K, Hirose T, Lin SY, Monna L,
Sasaki T, Ohsugi R (2001) Toward the mapping of physiological
and agronomic characters on a rice function map: QTL analysis
and comparison between QTLs and expressed sequence tags.
Theor Appl Genet 102:793–800

Iwata N, Takamure I, Wu HK, Siddiq EA, Rutger JN (1995) List of
genes for various traits (with chromosome and main literature).
Rice Genet Newsl 12:61–93

Jiang H, Guo LB, Xue DW, Zeng DL, Zhang GH, Dong GJ, Gu MH,
Qian Q (2006) Genetic analysis and gene-mapping of two
reduced-culm-number mutants in rice. J Integr Plant Biol 48:341–
347

Khush GS (1987) Rice breeding: past, present and future. J Genet
66:195–216

Khush GS (2000) New plant type of rice for increasing the genetic
yield potential. In: Nanda JS (ed) Rice breeding and genetics.
Science Publishers, EnWeld (NH), pp 99–108

Khush GS, Virk PS (2005) Selection criteria. In: IR varieties and their
impact, International Rice Research Institute, Los Baños,
Philippines, pp 6–15

Kwok S, Kellogg DE, McKinney N, Spasic D, Goda L, Levenson C,
Sninsky JJ (1990) EVects of primer-template mismatches on the
polymerase chain reaction: human immunodeWciency virus type
1 model studies. Nucl Acids Res 18:999–1005

Lanceras JC, Pantuwan G, Jongdee B, Toojinda T (2004) Quantitative
trait loci associated with drought tolerance at reproductive stage
in rice. Plant Physiol 135:384–399

Li X, Qian Q, Fu Z, Wang Y, Xiong G, Zeng D, Wang X, Liu X, Teng
S, Fujimoto H, Yuan M, Luo D, Han B, Li J (2003) Control of
tillering in rice. Nature 422:618–621

McCouch SR, Teytelman L, Xu Y, Lobos KB, Clare K, Walton M,
Fu B, Maghirang R, Li Z, Xing Y, Zhang Q, Kono I, Yano M,
Fjellstrom R, DeClerck G, Schneider D, Cartinhour S,
Ware D, Stein L (2002) Development and mapping of 2240
new SSR markers for rice (Oryza sativa L.). DNA Res 9:199–
207

Miyamoto N, Goto Y, Matsui M, Ukai Y, Morita M, Nemoto K (2004)
Quantitative trait loci for phyllochron and tillering in rice. Theor
Appl Genet 109:700–706

Murray MG, Thompson WF (1980) Rapid isolation of high molecular
weight plant DNA. Nucl Acids Res 8:4321–4325

Rozen S, Skaletsky H (2000) Primer3 on the WWW for general users
and for biologist programmers. In: Krawetz S, Misener S (eds)
Bioinformatics methods and protocols: methods in molecular
biology. Humana Press, Totowa, pp 365–386
123



1240 Theor Appl Genet (2010) 120:1233–1240
Takamure I (1994) Genetic studies on several mutants related to mor-
phological and physiological characters in rice. Mem Fac Agric
Hokkaido Univ 19:151–202

Takamure I, Kinoshita T (1993) Genetic analysis of reduced culm
number mutants indicated by gamma-ray irradiation in rice. Mem
Fac Agric Hokkaido Univ 18:447–454

Xing YZ, Tan YF, Hua JP, Sun XL, Xu CG, Zhang Q (2002)
Characterization of the main eVects, epistatic eVects and their

environmental interactions of QTLs on the genetic basis of
yield traits in rice. Theor Appl Genet 105:248–257

Yan JQ, Zhu J, He CX, Benmoussa M, Wu P (1998) Analysis for the
developmental behavior of tiller number in rice (Oryza sativa L.).
Theor Appl Genet 97:267–274

Zou J, Chen Z, Zhang S, Zhang W, Jiang G, Zhao X, Zhai W, Pan X, Zhu
L (2005) Characterizations and Wne mapping of a mutant gene for
high tillering and dwarf in rice (Oryza sativa L.). Planta 222:604–612
123


	Fine mapping of a gene for low-tiller number, Ltn, in japonica rice (Oryza sativa L.) variety Aikawa 1
	Abstract
	Introduction
	Materials and methods
	Development of the backcross population
	Phenotypic evaluation of INLs for low-tillering gene
	Genotyping using DNA markers
	Marker development and linkage analysis
	PCR-based markers to genotype SNP

	Results
	Mapping of Ltn
	High-resolution linkage mapping of Ltn
	Candidate genes in the 38.6-kbp region
	Characteristics of INL with Ltn

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


