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To furnish significant information for genome analysis of rice, we
have tried to integrate the morphological and restriction fragment
length polymorphism (RFLP) linkage maps of all chromosomes. Thirty-
nine morphological markers and 82 RFLP markers were mapped to-
gether based on segregation analysis of 19 F2 populations derived
from the crosses between indica variety IR24 and japonica lines
with different morphological markers. Both linkage maps of rice were
completely orientated. The gene d2, which had been thought to be-
long to the linkage group of chromosome 4, was linked to some
RFLP markers on chromosome 1. Therefore, chromosomal location
of d2 was shifted to chromosome 1 from chromosome 4. Unmapped
genes gl1 on chromosome 5 and I-Bf on chromosome 9 were mapped
on their respective linkage groups with some RFLP markers. The
segregation distortion was detected on chromosomes 1, 2, 3, 6,
11, and 12. In these regions, the japonica/japonica allele frequen-
cies were significantly less than the normal F2 frequency of 25%.
The RFLP linkage maps on chromosomes 2, 3, 6, 7, and 8 were
considered not to be saturated. On these chromosomes, some marker
genes were estimated to be located beyond the respective terminal
ends of RFLP linkage maps.

Rice linkage studies have been conducted for the last 50 yr. Nagao and Takahashi
(1963) proposed 12 possible linkage groups corresponding to the haploid chromo-
some complement of rice (n=12). Cytogenetic stocks such as trisomics and reciprocal
translocations were used to establish relationship between these linkage groups and
the 12 chromosomes of rice (Iwata 1986).

Recently, restriction fragment length polymorphism (RFLP) linkage maps of rice
have been constructed (McCouch et al 1988, Saito et al 1991, Causse et al 1994,
Kurata et al 1994). It is important to integrate the morphological linkage map with the
RFLP linkage map for various genetic studies involving molecular tagging of genes
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and marker-aided selection. Although some efforts to integrate the morphological
linkage map and the RFLP linkage map have been reported (Kishimoto et al 1992,
Causse et al 1994, Yu et al 1995), the integrated linkage map of all 12 chromosomes
of rice had not been accomplished until now. In this study, we describe an integrated
linkage map of the 12 chromosomes of rice constructed from the morphological link-
age map (Iwata et al 1984, 1989a,b) and the RFLP linkage map (Saito et al 1991).

Materials and methods

Plant materials
Nineteen F2 populations derived from the crosses between indica variety IR24 and
japonica lines with from one to four genetic marker genes were used. Thirty-nine
segregating marker genes of these F2 populations are listed in Table 1.

RFLP analysis
Eighty-two RFLP markers mapped on the molecular map (Saito et al 1991) were
used. DNA of F2 populations were extracted from leaves and digested with six differ-
ent restriction enzymes (BamHI, BglII, DraI, EcoRI, EcoRV, and HindIII).
Electrophoresis, Southern blotting, and hybridization were performed as described
by Saito et al (1991).

Linkage analysis
Linkage analysis was performed on F2 segregation data. Recombination values were
estimated by the maximum likelihood equation (Allard 1956), and the recombination
values were converted into genetic map distances (cM) using the Kosambi function
(Kosambi 1944).

Table 1. Marker genes used in this study.

Chromosome Marker genesa

1 fs2, d18, d2, rl2, spl6, eg
2 tri, bl1, spl2
3 chl1, fc1, dl, spl3
4  d11, Ph, lg
5 gl1, d1, spl7, nl1
6 dp1, spl4, Cl
7 g1, d6, spl5, v11
8 v8, sug
9 IBf, dp2, drp2, Dn1

10 spl10, pgl
11 z2, v9
12 spl1, rl1

aSee Kinoshita (1993).
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Results and discussion

Among the 172 RFLP markers randomly selected from the molecular map (Saito et al
1991), a total of 147 RFLP markers gave polymorphism in the genomic Southern
hybridization patterns of indica variety IR24 and japonica variety Nipponbare. Among
the 147 RFLP markers, 82 RFLP markers randomly selected were used for linkage
analysis.

Japonica lines with different morphological markers were crossed to indica vari-
ety IR24. The segregation of morphological and RFLP markers was evaluated in 70-
140 F2 individuals. Based on the segregation analysis of these F2 populations, an
integrated linkage map of rice containing 39 morphological markers and 82 RFLP
markers was constructed (Fig. 1). When the integrated linkage map was compared
with both the morphological and RFLP marker maps, the following was observed.

Gene d2, which was previously assigned to chromosome 4, was found to be located
on chromosome 1 through detection of linkages between d2 and several RFLP markers
mapped on chromosome 1. Previously, d2 was estimated to be located on the terminal
end of the morphological map of chromosome 4. In this case, gene lg was located on
the middle of the morphological linkage map of chromosome 4. But Saito et al (1991)
located lg on the terminal end of the molecular map of chromosome 4. Therefore, a
long gap was estimated between lg and d2 on chromosome 4 where there were no
RFLP markers. In this study, this gap was closed by shifting the d2 locus from
chromosome 4 to chromosome 1.

Gene gl1 was located on chromosome 5 and its relationship with other morpho-
logical marker genes located on linkage group 5 was established. For chromosome 6,
a linear order of dp1—spl4—XNpb209—XNpb165-1 was determined. As gene wx
(glutinous endosperm) was located on the terminal end of the morphological linkage
map, the arrangement of wx—dp1—spl4—XNpb209—XNpb165-1 was suggested. On
the other hand, Saito et al (1991) located a waxy gene from maize (cmWX) on the
linear order of XNpb209—cmWX—XNpb165-1. Allelic tests between wx and cmWX
need to be made.

For chromosome 7, XNpb50 assigned to chromosome 7 by trisomic gene dosage
analysis (Ideta et al 1990) was located at the terminal end of the integrated linkage
map. The linear order of XNpb50—g1—d6—spl5 on the integrated linkage map was
different from that of d6—g1—spl5 found on the morphological linkage map. More
investigation is needed to determine the order of d6 and g1. For chromosome 9, the
locus of the previously unlocated gene IBf was determined and the linear order of
classical marker genes IBf—dp2—drp2—Dn1 was established.

The segregation distortion was detected in six regions. In the regions of fs2—
XNpb216—XNpb96—d18—XNpb269—XNpb359—d2 on chromosome 1, bl1—
XNpb57—XNpb42 on chromosome 2, XNpb164—XNpb249—fc1—XNpb51—
XNpb15—XNpb182 on chromosome 3, XNpb165-1 on chromosome 6, XNpb389—
XNpb78—z2—gmZ410 on chromosome 11, and rl1—XNpb148—XNpb198 on chro-
mosome 12, the japonica/japonica allele frequencies of both the morphological and
RFLP markers showed significantly less than the normal frequency of 25%.
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The origin of segregation distortion detected in this study was not examined.
However, a gametophyte gene (ga9) tightly linked to d18 on chromosome 1 (Maekawa
and Kita 1985), ga3 (Nakagahra 1972) tightly linked to XNpb51 on chromosome 3
(Sobrizal 1995), ga1 (Iwata et al 1964) and ga4 (Mori et al 1973, Nakagahra et al
1974) located around the wx—C region on chromosome 6, and the gametic-lethal
gene loosely linked to la on chromosome 11 (Tomita et al 1989) can cause segrega-
tion distortion. In addition, Nakagahra (1978) had reported segregation distortion of
rl1 on chromosome 12 without revealing its cause. The new segregation distortion
found on chromosome 2 needs to be further investigated.

Genes tri , spl2 (chromosome 2), chl1 (chromosome 3), dp1, spl4 (chromosome
6), d6, g1, spl5 (chromosome 7), sug and v8 (chromosome 8) were estimated to be
located beyond the terminal ends of the RFLP linkage map by the three-point linkage
test. The RFLP linkage map (Saito et al 1991) was not saturated. Probably, the
molecular map constructed by Kurata et al (1994) can cover these regions since it is
saturated with more than 1,300 DNA markers.

The morphological linkage map and the RFLP linkage map were integrated for
all 12 chromosomes of rice. The integrated linkage map would enhance tagging of
genes governing agronomic traits with both the morphological and RFLP markers.
Recently, Kurata et al (1994) constructed a high-resolution rice genetic map contain-
ing 1,383 DNA markers. The relationship between the RFLP linkage map of Saito et
al (1991) and that of Kurata et al (1994) was determined using recombinant inbred
lines (Yoshimura et al 1995). A well-saturated linkage map integrated with morpho-
logical, isozyme, and RFLP markers would enhance genetic and breeding research
aimed at rice improvement.
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