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RFLP mapping of the genes controlling hybrid breakdown in rice (Oryza sativa L.)

Abstract Complementary recessive genes hwd1 and
hwd2 controlling hybrid breakdown (weakness of
F
2

and later generations) were mapped in rice using
RFLP markers. These genes produce a plant that is
shorter and has fewer tillers than normal plants when
the two loci have only one or no dominant allele at
both loci. A cultivar with two dominant alleles at the
hwd1 locus and a cultivar with two dominant alleles at
the hwd2 locus were crossed with a double recessive
tester line. Linkage analysis was carried out for each
gene independently in two F

2
populations derived from

these crosses. hwd1 was mapped on the distal region of
rice genetic linkage map for chromosome 10, flanked
by RFLP markers C701 and R2309 at a distance of
0.9 centiMorgans (cM) and 0.6 cM, respectively. hwd2
was mapped in the central region of rice genetic
linkage map for chromosome 7, tightly linked with
4 RFLP markers without detectable recombination.
The usefulness of RFLP mapping and map information
for the genes controlling reproductive barriers are dis-
cussed in the context of breeding using diverse rice
germplasm, especially gene introduction by marker-
aided selection.
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Introduction

While reproductive barriers are essential to maintain
the identity of species, subspecies and ecotypes, these
barriers inhibit breeding efforts to introduce genes in
wide crosses. Within Asian cultivated rice (Oryza sativa
L.), a genetically diverse species consisting of two sub-
species and many ecotypes (Chang 1976), reproductive
barriers have been reported by many workers (Oka
1957a, b; Chu and Oka 1972; Oka 1974; Sano et al.
1979; Sato et al. 1984; Okuno 1985; Sato and Mori-
shima 1987; Ise et al. 1992).

Reproductive barriers have been classified into sev-
eral types (Stebbins 1950). Hybrid inviability (weak-
ness) and hybrid sterility are genetic disorders observed
in F

1
hybrids. The third type of hybrid breakdown

includes both sterility and weakness observed in the
F
2

or later generations. There have not been many
reports of hybrid breakdown in rice. The segregation of
weak or chlorotic plants in the F

2
generation was

observed in crosses between cultivars belonging to dif-
ferent subspecies or to the same subspecies (Oka 1957b;
Sato et al. 1984; Okuno 1985; Ise et al. 1992). One of
these phenomena is controlled by complementary re-
cessive genes, and about 30% of the F

2
have reduced

plant height and number of tillers (Okuno 1985). As
this abnormality is not apparent in the seedling stage,
the number of plants available for selection in breeding
will be significantly reduceed. This hybrid breakdown
was found to be controlled by a pair of complementary
genes or duplicate genes.

The Location on genetic linkage maps of the genes
controlling hybrid breakdown has not yet been deter-
mined, perhaps due to their complicated mode
of inheritance. Recently, the chromosomal locations



of interacting non-allelic genes affecting with hybrid
sterility found in F

2
generation have been reported

(Wu et al. 1995). Mapped RFLP markers provide accu-
rate and efficient means of determining the position of
genes on a linkage map.

We report here the location of the genes controlling
hybrid breakdown found in a cross between two cultivars,
‘Sasanishiki’ and ‘Col. No.15’, using RFLP markers.

Materials and methods

Plant material

A pair of complementary recessive genes have been found which
result in hybrid breakdown (Okuno 1985). Plants with one or no
dominant allele showed a weak plant type with a shorter stature and
fewer tillers than the normal type. Two cultivars, each having a dif-
ferent dominant allele, were each used as one of the parents to
construct the mapping populations. The Nepalese cultivar
‘Siborunauli 1’ is dominant for hwd1 and recessive for hwd2; Thai
cultivar ‘Col. No. 15’ is dominant for hwd2 and recessive for hwd1.
A cross between these cultivars and the tester line (W26), which is
recessive homozygote for both loci, was used to generate the
F
2

mapping population. F
1

plants from both cross combinations
have only one dominant allele and subsequently show a weak plant
type. In the F

2
generation one of the loci is recessive, and segregation

of plant type is determined by the genotype for the other locus. We
analyzed 225 F

2
plants from the cross between W26 and

‘Siborunauli 1’, and 184 plants from the cross between ‘Col. No. 15’
and W26. In these cross combinations, differences in plant type were
only apparent after the three- or four-leaf stage. Plant type was
judged at the heading stage by tiller number: the weak type has fewer
than 10 tillers (4 on average) and the normal type has more than 15.

RFLP analysis

After the plant type was determined, leaves were collected, and total
DNA was extracted using standard procedures. DNA samples were
digested with restriction enzymes and blotted onto a positively
charged nylon membrane after electrophoresis. Southern hybridiza-
tion and signal detection was conducted using an ECL direct nucleic
acid labeling and detection kit (Amersham). RFLP markers mapped
on the rice genetic linkage map (Kurata et al. 1994) were used for
mapping. Restriction enzymes which revealed polymorphism in par-
ental DNAs were selected from eight restriction enzymes (ApaI,
KpnI, DraI, HindIII, BamHI, BglII, EcoRI and EcoRV) for F

2
analy-

sis. Segregation patterns in the F
2

populations were detected with
selected probe-enzyme combinations and scored.

Data analysis

Segregation patterns of DNA markers and plant type in F
2

popula-
tions were analyzed with MAPMAKER/EXP 3.0 (Lander et al.
1987). The map position of two loci controlling hybrid breakdown
was determined by multipoint linkage analysis.

Results

Segregation of plant type in F2 populations

Out of 225 F
2

plants from the cross between W26 and
‘Siborunauli 1’, 52 showed a normal plant type and 173

showed a weak plant type. This fits the expected ratio
of 1 :3 (normal :weak) for a single recessive gene as
expected at the 5% level. In the F

2
population of the

cross between ‘Col. No. 15’ and W26, 56 showed a nor-
mal plant type and 128 showed a weak plant type. This
also fits the expected ratio of 1 :3, (normal :weak) for
a single recessive gene at the 5% level.

Mapping of the genes controlling hybrid breakdown

From the cross between W26 and ‘Siborunauli 1’ link-
age analysis revealed that one of the loci, hwd1, is
located in the proximal region of the rice genetic link-
age map for chromosome 10. Nine RFLP markers
located on this region were used for detailed analysis.
The gene was flanked by C701 and R2309 at a distance
of 0.9 centiMorgans (cM) and 0.6 cM, respectively
(Fig. 1). Since two restriction enzymes (DraI and
EcoRV) were found to reveal different genotypes with
probe C288 in 1 F

2
plant, this probe produced

Fig. 1 A linkage map showing the position of hwd1 constructed with
225 F

2
individuals from the cross between W26 and Siborunauli

1 (right). The frame of the map of chromosome 10 (Kurata et al.
1994) is shown on left
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Fig. 2 A linkage map showing the position of hwd2 constructed with
184 F

2
individuals from the cross between Col. No.15 and W26

(right). The frame of the map of chromosome 7 (Kurata et al. 1994) is
shown on left

2 markers 0.3 cM apart. The distance between RFLP
marker L169 and G1125 was 10.9 cM. Order of the
markers on this region was almost the same as that on
the map constructed in the cross between ‘Nipponbare’
and ‘Kasalath’, except for the position of markers C288
and C913A (Kurata et al. 1994).

In the F
2

population from the cross between ‘Col.
No. 15’ and W26, 19 RFLP markers in the central
region of rice genetic linkage map on chromosome
7 were used to determine the map position of hwd2.
Four RFLP markers (C796B, R1382, C145 and C492)
cosegregated with plant type (Fig. 2). The distance
between the RFLP markers R2401 and C285 was
18.3 cM.

Discussion

Mapping was carried out for complementary genes
controlling the hybrid breakdown (designated as hwd1
and hwd2) found in ‘Sasanishiki’ and ‘Col. No. 15’. The
genes were mapped on chromosomes 7 and 10, and no
other genes seemed to control segregation of plant type

in the cross combinations used. Marker orders on the
neighboring region of hwd1 and hwd2 were almost the
same as those reported by Kurata et al. (1994), with the
exception of 2 markers on chromosome 10. The reason
for this difference is unknown and could be due to
differences in chromosomal structure among cultivars
or to experimental errors. Cryptic structural rearrange-
ments have been implicated in the region causing spike-
let sterility during differentiation of cultivated rice (Li
et al. 1997). To clarify this point detailed analysis
should be carried out on this region using a larger
population and different cross combinations. Com-
plementary recessive genes which produce a plant type
similar to that produced by the genes used in this study
were reported by Oka (1957b). An allelism test or
mapping of the genes reported by Oka should be car-
ried out to clarify whether they are identical to hwd1
and hwd2 or not.

Map information of the gene controlling reproduc-
tive barriers is useful in marker-aided selection. In the
transfer of quantitative trait loci (QTLs) located in
neighboring regions of hwd1 and hwd2 to a desirable
genetic background, the breeding efficiency will depend
on the genotype of both the donor and recipient parent
for hwd1 and hwd2. When the combination of these
genes results in undesirable plants the number of plants
available for selection will greatly reduced. To obtain
recombinants between QTL and hwd1 or hwd2, selec-
tion needs to be carried out in a large population.
Knowledge of the map position of the genes controlling
reproductive barriers is helpful in the design of experi-
ments in marker-aided selection.

Rapid progress in QTL analysis enables the identi-
fication of QTLs associated with agronomic traits of
importance. Several QTLs have been reported on chro-
mosomes 7 and 10, where hwd1 and hwd2 are located
(Redona and Mackill 1996; Xiao et al. 1996a; Lin et al.
1996; Li et al. 1997). Since QTL analysis can reveal
cryptic but useful characteristics, both rice cultivars
and their wild relatives have the potential to improve
rice (Xiao et al. 1996b). Since hybrids from wide crosses
are likely to have reproductive barriers, research into
reproductive barriers can be helpful to overcome this
problem.

Some genes controlling reproductive barriers are re-
ported to be located in a cluster. In Drosophila the
genes causing hybrid sterility lie in a cluster that was
determined by fine genetic linkage analysis (Palopoli
and Wu 1994; Cobot et al. 1994; Davis and Wu 1996).
In these studies, phenotypic variations in fertility
seemed to be caused by different combinations of genes
in one region. Similar observations have been obtained
in rice. The gamete eliminator and its regulating ele-
ments seem to be located on the region between the
waxy (wx) and photosensitivity-1 (Se1) loci on chromo-
some 6 (Sano 1990).

The Discrimination of tightly linked alleles is pos-
sible by analysis of large populations using fine genetic
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linkage maps. Such detailed analysis provides a better
understanding of the genetic system of the genes con-
trolling reproductive barriers. The map information
obtained in this study may be useful for such a detailed
analysis.

Determination of genotypes for the genes controlling
hybrid breakdown in rice cultivars is helpful for the
selection of parents in a crossing program. The geo-
graphical distribution of hwd1 and hwd2 was analyzed
in 100 Asian rice cultivars (Okuno 1986). In that study,
a geographical cline was observed in the frequency of
the genotypes. Cultivars with two dominant alleles
were found mainly in Japan, the Philippines and In-
donesia. The frequency of cultivars with four dominant
alleles increased in south China, Vietnam, Laos, Myan-
mar and Thailand. Since 70% of the cultivars had
two dominant alleles (similar to ‘Siborunauri 1’ and
‘Col. No. 15’), hybrid breakdown was revealed in the
progenies from some cross combinations. Determina-
tion of the genotypes for both loci is now in progress
using test crosses.

This study revealed the detailed map position of two
genes controlling hybrid breakdown in cultivated rice.
RFLP mapping and the determination of genotypes for
the genes controlling reproductive barriers make it
possible to understand the genetic basis of reproductive
barriers in cultivated rice. Such analyses broaden the
choice of breeding materials and are useful for efficient
rice improvement by marker-aided selection.
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