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Abstract Although pronounced heterosis in
inter-subspeciWc hybrids was known in rice for a long
time, its utilization for hybrid rice breeding has been
limited due to their hybrid sterility (HS). For the last
two decades, however, a few inter-subspeciWc hybrids
have been developed by incorporating wide-compati-
bility genes (WCG) that resolve HS, into parental lines
of these inter-subspeciWc hybrids. For eVective use of
WCG, it is necessary to Wnd convenient markers linked
to WCG of practical importance. In this paper, initially
a set of simple sequence repeat (SSR) markers in the
vicinity of known WCG loci identiWed based on com-
parative linkage maps have been surveyed in a popula-
tion derived from the three-way cross- IR36/Dular//
Akihikari, where a known donor of WCG Dular was
crossed to a representative indica and japonica culti-
var. Of the Wve parental polymorphic markers, RM253

and RM276 were found to be closely linked to the
WCG locus S5 at a distance of 3.0 and 2.8 cM, respec-
tively. Later, loci for HS were examined in three F2
populations derived from inter-subspeciWc crosses,
with same set of SSR markers. The locus S8 was con-
Wrmed to have major inXuence on HS in the F2 popula-
tion derived from CHMRF-1/Taichung65 since two
SSR markers in its vicinity, RM412 and RM141, co-
segregated with HS at a map distance of 7.6 and
4.8 cM, respectively. In the F2 population derived from
the cross BPT5204/Taipei309, three SSR markers in
the vicinity of S5, RM50, RM276 and RM136 co-segre-
gated with HS at a map distance of 4.2, 3.2 and 7.8 cM,
respectively. In the third F2 population derived from
Swarna/Taipei309, the SSR markers in the vicinity of
S5, RM225, RM253, RM50, RM276 and RM136 were
identiWed to co-segregate with HS at a map distance of
3.2, 2.6, 3.4, 2.6 and 6.6 cM, respectively. These results
indicated a clear picture of WCG in Dular as well as
the predominant role of HS alleles at S5 locus. The
identiWed SSR markers are expected to be used for
incorporation of WCG into parental lines in hybrid rice
breeding to solve HS in inter-subspeciWc hybrids.

Introduction

The exploitation of pronounced heterosis in crosses
between indica and japonica subspecies of the Asian
cultivated rice (Oryza sativa L.) has been limited by
HS, which has been recognized as a major basis to sep-
arate the subspecies since an early study (Kato et al.
1928). Despite intensive studies on this problem for
decades by several workers, no consensus had been
achieved for the genetic basis of hybrid sterility (HS)
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until Ikehashi and Araki (1986) reported wide compat-
ible varieties (WCVs) which could produce fertile
hybrids in their crosses with both indica and japonica
varieties and proposed “allelic interaction model” to
explain the phenomenon of wide compatibility (WC).
This model explains the HS and WC by three type of
alleles at a particular locus (S-locus), namely a neutral
(Sn), an indica (Si) and a japonica (Sj) allele. Genotypes
of Sn/Si and Sn/Sj will be fertile while Si/Sj will be semi-
sterile due to partial abortion of gamete carrying Sj

allele at most of the known S-loci. IdentiWcation and
use of WC genes have been found eVective in overcom-
ing the HS problem. Inter-subspeciWc hybrids of rice
have been developed since an early attempt in China
(Yuan 1992). Later, when some cross combinations
showed HS despite the presence of the WC allele at the
major WC locus S5, existence of other HS loci govern-
ing the spikelet fertility or sterility were identiWed
(Yanagihara et al. 1992; Wan et al. 1996). Of the 28
HS/WC genes (S1 to S28) known so far in rice, at least
14 loci i.e., S5 (Ikehashi and Araki 1986), S7 (Yanagi-
hara et al. 1992), S8 (Wan et al. 1993), S9 (Wan et al.
1996), S10 (Sano et al. 1992), S11 (Sano 1993), S15
(Wan et al. 1996), S16 (Wan and Ikehashi 1995a), S17
(Wan and Ikehashi 1995b), S18 (Devanand et al. 2000),
S19 (Taguchi et al. 1999), S24 (Kubo et al. 2000), S25
(Kubo et al. 2001) and S26 (Kubo and Yoshimura
2001) have been identiWed in inter-subspeciWc crosses.
Initially, the gene symbol S was used only for HS
expressed by female gamete abortion, which lead to
spikelet semi-sterility in panicles. Meanwhile, some
major loci causing HS in male gametes were designated
as ga3, ga11 etc. (Lu et al. 2000). But many recent stud-
ies assign S symbol to HS in male gamete or pollen
(Taguchi et al. 1999; Kubo et al. 2000; Sobrizal et al.
2002), which is mostly detected through segregation
distortion of particular genotypes because attributing
any male gamete abortion to a particular genotype is
diYcult in a population of male gametes. Until now
screening and development of wide compatible geno-
types is accomplished by measuring the level of spike-
let fertility in the progeny derived from crosses with
appropriate testers utilizing morphological markers
linked to a few WC genes. Initial genetic analysis,
which resulted in the identiWcation of S5 locus, was
conducted with morphological markers, such as chro-
mogen (C) and waxy gene (wx) (Ikehashi and Araki
1986). As these approaches based on morphological
markers are diYcult, time consuming and often incon-
clusive, there is a need for more eYcient and robust
techniques to identify and select speciWc WC gene/
genotype(s). Use of PCR based DNA markers, which
are abundant, phenotypically neutral and not inXu-

enced by environment (Joshi et al. 1999), can help
overcome many of the limitations being encountered in
the morphological marker-based screening of wide
compatible genotypes. Microsatellite markers are one
of the most widely used DNA markers for mapping
and tagging of genes controlling important agronomic
traits (Roder et al. 1998). Microsatellite map of rice
with over 4,500 markers covering almost the entire rice
genome is now available in public databases (http://
www.gramene.org) and these markers are one of the
most preferred markers for breeding applications
(McCouch et al. 2002) and the list is growing day by
day. Recently, SSR markers have been used exten-
sively to identify WC genes or HS loci through
genome-wide analysis. (Heuer and Miézan 2003; Zhu
et al. 2005). Through the present study we attempted
to identify rice microsatellite (SSR) markers for major
WC gene loci through analysis of four populations seg-
regating for the trait of WC or HS, particularly since
little is known so far about the HS loci in Indian breed-
ing materials.

Materials and methods

Plant material and mapping population(s)

The plant materials used in this study consisted of two
kinds of populations. (1) 245 plants derived from a
three-way cross, IR36/Dular//Akihikari were tested,
where IR36 is an indica, Dular is a wide compatible and
Akihikari is a japonica variety. Dular has a set of neutral
alleles at many HS loci (Lu et al. 2000). The F1 plants
(IR36/Dular)were fertile while the three-way cross-
derived plants are expected to segregate for spikelet
fertility in the ratio 1:1, because the three-way crossed
population is composed of two genotypes with respect to
HS genes; one expected from IR36/Akihikari may show
HS while another expected from Dular/Akihikari may
show no HS. (2) three F2 populations derived from the
crosses CHMRF-1/Taichung65, BPT5204/Taipei309
and Swarna/Taipei309 were tested with 182, 204 and 170
plants, respectively. The F1 of these crosses were semi-
sterile, and were expected to segregate for semi-sterility
versus fertility in the F2 generation in the ratio of 1:1,
because in respect of HS genes in the F2 there are two
homozygotes of parental genotypes each at the ratio of
1/4, which would not show HS and one heterozygote
with a genotype similar to F1 at the ratio of 1/2, which
would show HS. When a level of HS is shown in the pan-
icles of F1 plants, the sterility is caused by abortion of
most of the female gametes carrying one of the two alle-
les according to the genetic model of HS. Therefore, the
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ratio of genotypes for HS is expected to be signiWcantly
biased from the ratio of 1:1 in the F2. In the present
experiment, the bias of HS alleles in the F2 was exam-
ined with SSR marker genotypes. Phenotyping was done
as per the procedure described by Yanagihara et al.
(1995), where 4–5 panicles per plant were analyzed.

Selection of microsatellite markers

Thirty-nine SSR markers with map positions near eight
hybrid sterility (HS) gene loci located on six chromo-
somes were selected (Table 1). These markers were
chosen based on their position in a comparative link-

age map consisting of Rice Morphological Map (2000),
Cornell Rice SSR Molecular Linkage Map (2001) and
Cornell Rice RFLP Linkage Map (2001), which are
available online at http://www.gramene.org. These SSR
markers were expected to cover a map distance of
approximately 20 cM on either side of each S-locus,
which has been previously described with morphologi-
cal, isozyme or RFLP markers.

DNA extraction and PCR

DNA was extracted from leaves collected from 45–
50 day old plants as per the procedure described by

Table 1 Polymorphism of SSR markers for testing known hybrid sterility loci in the four hybrid populations

(+): Indicates that the marker is polymorphic for the population under consideration

(¡): Indicates that the marker is monomorphic for the population under consideration

Loci Chromosome SSR
marker

Position 
on linkage
map (cM)

Hybrid populations

IR36/Dular//
Akihikari

CHMRF1/
Taichung65

BPT5204/
Taipei309

Swarna/
Taipei309

S5 6 RM253 37.0 + + ¡ +
RM225 26.2 ¡ + ¡ +
RM50 39.5 ¡ ¡ + +
RM276 40.3 + + + +
RM402 40.3 ¡ ¡ ¡ ¡
RM121 43.8 ¡ + ¡ ¡
RM136 51.2 ¡ + + +

S7 7 RM549 51.3 ¡ ¡ ¡ ¡
RM70 64.6 ¡ ¡ ¡ ¡
RM455 65.7 ¡ + ¡ ¡
RM505 78.6 ¡ + + +
RM234 88.2 ¡ + + +
RM351 105.3 ¡ ¡ ¡ ¡

S8 6 RM182 61.0 ¡ ¡ ¡ ¡
RM10 63.5 ¡ ¡ ¡ ¡
RM509 65.8 ¡ ¡ ¡ ¡
RM412 142.4 ¡ + + +
RM176 142.4 ¡ ¡ ¡ ¡
RM141 146.7 ¡ + ¡ ¡
RM103 146.7 ¡ ¡ ¡ ¡
RM47 35.7 ¡ ¡ ¡ ¡

S9 4 RM119 76.1 ¡ ¡ ¡ ¡
RM177 80.5 ¡ ¡ ¡ ¡
RM273 94.4 ¡ + ¡ ¡
RM241 106.2 ¡ + ¡ ¡

S15 12 RM519 62.6 ¡ ¡ ¡ ¡
RM313 65.6 + ¡ ¡ ¡

S-17 12 RM309 74.5 ¡ ¡ ¡ ¡
RM463 75.5 ¡ ¡ ¡ ¡

S18 11 RM202 54.0 ¡ ¡ + +
RM536 55.1 + ¡ + +
RM260 61.7 ¡ + ¡ ¡
RM287 68.6 ¡ + + ¡

S19 3s RM520 191.6 ¡ + ¡ ¡
RM416 191.6 ¡ ¡ ¡ ¡
RM293 193.4 ¡ ¡ ¡ ¡
RM468 200.3 ¡ ¡ ¡ ¡
RM571 205.4 ¡ ¡ ¡ ¡
RM422 205.4 + + ¡ ¡
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Zheng et al. (1995). Polymerase chain reaction (PCR)
was carried out using selected rice SSR markers as per
the protocol of Chen et al. (1997). PCR ampliWed prod-
ucts were resolved in 3.5% ethidium bromide stained
agarose gels (Amresco, USA) in 0.5 £ TBE buVer as
per procedure described in Sambrook and Russell
(2001), and photographed under UV light and docu-
mented (Alphainnotech, USA). The fragment sizes of
the amplicons were calculated using the software utility
Alphaease® (Alphainnotech, USA) using 100 bp lad-
der molecular weight marker (MBI Fermentas, Lithua-
nia) as size standard.

SSR marker data processing and statistical analysis

In SSR analysis of the WCG in IR36/Dular//Akihikari,
the SSR data were analyzed according to the scheme of
backcross population, where individuals with IR36/Aki-
hikari were scored as heterozygotes and those with
Dular/Akihikari genotypes were scored as homozyg-
otes in the co-segregation analysis. Linkage analysis was
conducted by counting the number of heterozygotes
exhibiting spikelet semi-sterility and number of homo-
zygotes showing fertile spikelets. For calculation of
marker-trait linkage distances, only segregants showing
extreme phenotype, i.e., those plants with spikelet fer-
tility of higher than 80% and those with spikelet fertility
lower than 50% were considered, since genetic
and environmental factors are most likely to be con-
founded in the intermediate fertility range (Yanagihara
et al. 1995). Linkage distances were computed using
MAPMAKER software version 3.0 (Lander et al.
1987) at minimum LOD score of 3.0 and genetic link-
age maps were drawn using Kosambi map function

(Kosambi 1944). A similar approach was followed for
the co-segregation analysis in the F2 population,
wherein extent of linkage between marker heterozygos-
ity with spikelet semi-sterility and marker homozygoz-
ity with normal spikelet fertility was analyzed.

Results

Analysis of wide compatibility 
in IR36/Dular//Akihikari

The 245 plants derived from the three-way cross IR36/
Dular//Akihikari showed a continuous distribution for
spikelet fertility percentage, which ranged from 8 to
96. Even though overall, the distribution was continu-
ous, there was an indication of bi-modality with a dis-
tinct valley at around 65% level (Fig. 1). Considering
65% as the cut-oV point between fertility and semi-
sterility, the population segregated for fertility: semi-
sterility at the ratio of 1:1 (�2 = 0.41, P>0.5). Of the
245 plants, 124 were observed to exhibit extreme phe-
notype wherein 75 plants had spikelet fertility below
50% and 49 had spikelet fertility above 80%. The 1:1
ratio of fertile and sterile plants in this population is
just as expected from the S-locus model, because there
are two component genotypes expected from the
cross- IR36/Akihikari (semi-sterile) and Dular/Aki-
hikari (fertile).

Among the 39 SSR markers analyzed, 5 markers i.e.,
RM253 & RM276 (S5), RM313 (S15), RM536 (S18)
and RM422 (S19) ampliWed polymorphic alleles in this
population. Only two markers, RM276 and RM253,
which are in the vicinity of S5 locus exhibited a co-seg-

Fig. 1 Distribution of spikelet fertility among the plants derived from the three-way cross-IR36/Dular//Akihikari
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regation between marker genotypes and spikelet fertil-
ity, where majority of plants with the genotype of
IR36/Akihikari were semi-sterile with spikelet fertility
< 65% and majority of plants with the Dular/Akihikari
genotype were fertile with spikelet fertility ¸ 65%. The
diVerences of two genotypes with regard to the ratio of
sterile-fertile plants were highly signiWcant by �2 tests
(Table 2). Linkage analysis using plants in the
extremes (spikelet fertility above 80% and below 50%)
revealed that RM276 was at a genetic distance of
2.8 cM and RM253 at 3.0 cM from the locus S5 and that
the two markers were located on either side of the S5
locus (Fig. 2a).

It is noteworthy that in the F1 of IR36/Dular there
was no segregation distortion between Dular and
IR36 allele because the frequency of Dular/Akihikari
genotype and IR36/Akihikari genotype were found at
the ratio of 1:1 (Table 2). This implied that Dular
showed no HS in its cross with IR36 as well as to
Akihikari.

Even though one marker each for the WC loci S15
(RM313), S18 (RM536) and S19 (RM422) exhibited
parental polymorphism, none of these exhibited clear
co-segregation with spikelet fertility.

Analysis of HS loci in three F2 populations

The F2 individuals from the cross CHMRF-1/Tai-
chung65, BPT5204/Taipei309 and Swarna/Taipei309
also showed a continuous and bi-modal distribution for
spikelet fertility percentage with a clear cut valley at
65% and segregated in 1:1 ratio (�2 = 0.04, 0.18 and
0.01, P>0.5) for fertility and semi-sterility. This obser-
vation can also be explained on the basis of S-locus
model, according to which the individuals of F2 are
expected to segregate in the ratio of fertile homozyg-
otes (1/2) and semi-sterile heterozygotes (1/2).

In the F2 population of CHMRF-1/Taichung65 out
of the 39 SSR markers tested, 16 were polymorphic
(Table 1). Two markers, RM412 and RM141 near S8
locus showed association with spikelet fertility. In the
marker genotypes with respect to RM412 and RM141
for S8, plants with the genotype CHMRF-1/T-65 were
mostly semi-sterile and the plants with the homozygous
genotype of CHMRF-1 and the Taichung65 were
mostly fertile (Table 3). The diVerences were con-
Wrmed with highly signiWcant values of �2. Exception-
ally, as for RM141, plants with homozygous marker
genotype of Taichung 65 showed nearly equal number
of fertile and sterile plants. This was perhaps caused by
the extremely reduced number of that genotype.
Extreme segregation distortion was observed with
respect to these two marker genotypes. This is because
the gametes carrying the allele from Taichung65 were
signiWcantly aborted on the F1 plant. Linkage analysis
was performed using plants exhibiting extreme pheno-
types (spikelet fertility above 80% and below 50%)
and the markers RM412 and RM141 were found to be
linked to S8 at a genetic distance of 7.6 cM and 4.8 cM,
respectively on either side of the gene locus (Fig. 2b).
No clear pattern of co-segregation was noticed in this
population for other polymorphic markers.

In the F2 population of BPT5204/Taipei309, out of
the nine polymorphic markers the marker genotypes
with respect to RM50, RM276 and RM136 near the S5
locus exhibited association with spikelet fertility.
Majority of plants of the genotype BPT5204/Taipei309
were semi-sterile, while the parental genotype of
BPT5204 exhibited mostly fertile plants. Another
parental genotype of Taipei 309 did not diVerentiate
the number of fertile and sterile plants probably due to
the extreme decrease of that genotype (Table 3).
Extreme segregation distortion from 1:2:1 ratio was
noticed due to the signiWcant decrease of Taipei 309

Table 2 Number of plants classiWed by marker genotype and spikelet fertility in IR36/Dular//Akihikari

Locus SSR marker Marker genotype Number of plants in each genotype-fertility class

Fertility
< 65%

Fertility
> 65%

Deviation from
1:1 ratio

Total

S5 RM253 Dular/Akihikari 22 103 �2 = 52.49, P<0.001 125
IR36/Akihikari 106 14 �2 = 70.53, P<0.001 120

RM276 Dular/Akihikari 20 102 �2 = 55.11, P<0.001 122
IR36/Akihikari 108 15 �2 = 70.32, P<0.001 123

S15 RM313 Dular/Akihikari 62 58 �2 = 0.13, 0.8>P>0.7 120
IR36/Akihikari 66 59 �2 = 0.39, 0.4>P>0.3 125

S18 RM536 Dular/Akihikari 59 56 �2 = 0.08, 0.9>P>0.8 115
IR36/Akihikari 69 61 �2 = 0.49, 0.4>P>0.3 130

S19 RM422 Dular/Akihikari 60 52 �2 = 0.57, 0.4>P>0.3 112
IR36/Akihikari 68 65 �2 = 0.07, 0.9>P>0.8 133
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allele in the F1. The linkage analysis using plant of
extreme phenotypes (as described earlier) revealed
RM50, RM276 and RM136 to be linked with S5 at a
genetic distance of 4.2, 3.2 and 7.8 cM, respectively
(Fig. 2c). Though seven other markers RM505,
RM234, RM412, RM202, RM536 and RM287 were
polymorphic, they did not exhibit any clear pattern of
co-segregation.

In the F2 population of Swarna/Taipei309, Wve of the
10 polymorphic SSR markers RM225, RM253, RM50,
RM276 and RM136 near the S5 locus showed a signiW-
cant association with spikelet fertility (Table 3).
RM276 was observed to show a very tight co-segrega-
tion, where 81 out of 85 plants with genotype of
Swarna/Taipei309 were in the class of semi-sterility,
while 79 out of 80 plants with Swarna genotype were in
the class of high fertility. As in the other two F2 popula-

tions, segregation distortion from 1:2:1 was noticed
with highly signiWcant �2 values. This fact indicates that
a majority of female gametes with japonica allele were
aborted on the F1 plants. The markers RM225, RM253,
RM50, RM276 and RM136 were identiWed to be linked
to S5 locus at a distance of 3.2, 2.6, 3.4, 2.6 and 6.6 cM,
respectively through a linkage analysis performed
using plants showing extreme phenotype (Fig. 2d).

Discussion

In order to successfully exploit the higher yield hetero-
sis in inter-subspeciWc hybrids, it is imperative to over-
come the hybrid semi-sterility in such crosses. So far 28
loci for HS have been described each with several alle-
les for HS and WC (Nagato and Yoshimura 1998).

Fig. 2 Linkage maps of WC gene loci as inferred from co-segre-
gation analysis of the three-way cross and F2 populations. Map
distances are given in centimorgans. a Linkage map of a portion
of chromosome 6 in the vicinity of the WC gene S5 as inferred
from the co-segregation data of the three-way cross population
IR36/Dular//Akihikari. Positions are shown for the markers
RM253 and RM276 relative to S5. b Linkage map of a portion of
chromosome 6 in the vicinity of the WC gene S8 as inferred from
the co-segregation data of the F2 population –CHMRF/Tai-
chung65. Positions are shown for the markers RM412 and RM141

relative to S8. c Linkage map of a portion of chromosome 6 in the
vicinity of the WC gene S5 as inferred from the co-segregation
data of the F2 population–BPT5204/Taipei309. Positions are
shown for the markers RM276, RM50 and RM136 relative to S5.
d Linkage map of a portion of chromosome 6 in the vicinity of the
WC gene S5 as inferred from the co-segregation data of the F2
population –Swarna/Taipei309. Positions are shown for the mark-
ers RM225, RM253, RM276, RM50 and RM136 relative to S5. T
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Early workers have reported these loci to be linked
with either morphological or biochemical (isozyme)
markers. For instance, S5, the Wrst ever discovered HS
locus in indica/japonica crosses has been located on
chromosome 6 using morphological (C and wx) and
isozyme (Amp-3, Est-2, and Pgi-2) markers by Ikehashi
and Araki (1986). Following this report other HS loci
have been identiWed and linked to isozyme and RFLP
markers by diVerent workers as reviewed in the intro-
duction.

In view of some obvious limitations of isozymes and
RFLPs, PCR based markers, especially microsatellites,
which are popularly called SSRs have been found more
eVective in practical rice breeding (McCouch et al.
2002). Recently, SSR markers have extensively been
used to analyze HS loci in breeding works in China.
But analyses of HS loci with SSR markers have not
been reported for Indian breeding materials. For
example, Williams et al. (1997) reported identiWcation
of a PCR based marker STS-213 linked to the S5 locus,
but this marker did not show signiWcant polymorphism

between the WC varieties and the popular rice geno-
types used in hybrid rice breeding in India (data not
shown).

To solve HS problem in hybrid rice breeding, incor-
poration of WC alleles from known WC varieties is the
initial step. Even though the distribution of percentage
spikelet fertility was continuous, there was a distinct
indication of bi-modality, based on which we consid-
ered the trait as a qualitative one and attempted map-
ping by considering only plants with extreme
phenotypes. This approach successfully allowed us to
map two WC loci, S5 and S8 with SSR markers on
chromosome 6.

In the present study, Wrst a set of SSR markers was
utilized to tag the WCG in Dular, one of the well-
known WCV, using a population derived from a three-
way cross, Dular/IR36//Akihikari, where Dular was
crossed to a representative indica and japonica culti-
var. Of Wve polymorphic markers, RM253 and RM276
were identiWed to be closely linked to the WCG with a
distance of 3.0 and 2.8 cM, respectively. In the present

Table 3 Number of plants classiWed by marker genotype and spikelet fertility in F2 populations derived from the crosses CHMRF-1/
Taichung65 (T-65), BPT5204/Taipei309 (T-309) and Swarna/Taipei309

Locus SSR
marker

Marker 
genotype

Number of plants in each genotype-fertility class

Fertility
< 65%

Fertility
> 65%

Deviation from 1:1 Total Deviation from 
expected ratio 1:2:1

S8 RM412 CHMRF-1 15 48 �2 = 17.29, P<0.001 63 �2 = 9.69 P<0.01
CHMRF-1/T-65 65 19 �2 = 25.19, P<0.001 84
T-65 9 26 �2 = 8.26, P <0.01 35

RM141 CHMRF-1 11 68 �2 = 41.1, P<0.001 79 �2 = 40.63 P<0.001
CHMRF-1/T-65 71 13 �2 = 40.05, P<0.001 84
T-65 7 12 �2 = 1.32, 0.3>P>0.2 19

S5 RM50 BPT5204 19 70 �2 = 29.22, P<0.001 89 �2 = 37.80 P<0.001
BPT5204/T-309 68 10 �2 = 43.13, P<0.001 78
T-309 18 19 �2 = 0.03, 0.9>P>0.8 37

RM276 BPT5204 14 79 �2 = 45.43, P<0.001 93 �2 = 57.88 P<0.001
BPT5204/T-309 83 11 �2 = 55.15, P<0.001 94
T-309 8 9 �2 = 0.06, 0.6>P>0.5 17

RM136 BPT5204 29 66 �2 = 14.41, P<0.001 95 �2 = 51.80 P<0.001
BPT5204/T-309 58 21 �2 = 17.33, P<0.001 79
T-309 18 12 �2 = 1.20, 0.3>P>0.2 30

S5 RM225 Swarna 8 70 �2 = 49.28, P<0.001 78 �2 = 49.34 P<0.001
Swarna/T-309 73 5 �2 = 59.28, P<0.001 78
T-309 2 12 �2 = 7.14, P<0.01 14

RM253 Swarna 4 73 �2 = 61.83, P<0.001 77 �2 = 51.56 P<0.001
Swarna/T-309 78 4 �2 = 66.78, P<0.001 82
T-309 1 10 �2 = 7.36, P<0.01 11

RM50 Swarna 3 76 �2 = 67.46, P<0.001 79 �2 = 64.44 P<0.001
Swarna/T-309 79 7 �2 = 60.28, P<0.001 86
T-309 1 4 �2 = 1.80, 0.3 >P>0.2 5

RM276 Swarna 1 79 �2 = 76.05, P<0.001 80 �2 = 66.17 P<0.001
Swarna/T-309 81 4 �2 = 69.75, P<0.001 85
T-309 1 4 �2 = 1.80, 0.3>P>0.2 5

RM136 Swarna 4 66 �2 = 54.91, P<0.001 70 �2 = 38.32 P<0.01
Swarna/T-309 76 11 �2 = 48.56, P<0.001 87
T-309 3 10 �2 = 3.77, 0.01>P>0.05 13
123



516 Theor Appl Genet (2006) 113:509–517
experiment Dular was conWrmed to produce fertile
hybrids in IR36 (indica)/Dular and Dular/Akihikari
(japonica), while the genotype of IR36/Akihikari
showed semi-sterility in the progeny of the three-way
cross. Wang et al. (1998) have once analyzed the
nature of wide compatibility in Dular using a three-way
cross, similar to the one used in the present study. They
reported that the trait of wide compatibility in Dular
showed a complex genetic basis. But in the present
study it was conWrmed that a single WC locus S5 con-
trols the trait of wide compatibility in Dular. In our
experiment a bi-modal distribution of semi-sterility
versus fertility in the three-way cross population was
observed reXecting the semi-sterile genotype of IR36/
Akihikari and fertile genotype of Dular/Akihikari,
while Wang et al. (1998) could not observe a clear bi-
modal distribution. Hence the observation of Wang
et al. (1998) that WC in Dular might have a complex
genetic basis was most probably due to some problems
in phenotyping. In hybrid rice breeding, extensive
incorporation of WC allele into parental materials is
necessary. Although the agronomic traits of Dular are
rather poor, incorporation of Dular’s WC allele into
parental breeding lines is important as demonstrated
by Heuer and Miézan (2003) and Lu et al. (2000).

Besides, in the present paper loci for hybrid sterility
were examined with SSR markers in three F2 popula-
tions from inter-subspeciWc crosses. The locus S8 for
HS was conWrmed in the F2 derived from CHMRF-1/
Taichung65 with the help of linked markers RM412
and RM141. In the F2 population of BPT5204/Tai-
pei309, three SSR markers RM50, RM276 and RM136
were identiWed to cosegregate with S5 locus. In the F2
population of Swarna/Taipei309, Wve SSR markers,
RM225, RM253, RM50, RM276 and RM136 were
identiWed to co segregate with S5 locus. Although these
markers are identiWed for HS locus, since WC allele is
allelic to the HS alleles at S5 locus, these markers will
also be useful to tag the WC alleles at S5 locus and use
them in hybrid rice breeding.

Throughout the analyses of HS loci with SSR mark-
ers, it is noteworthy that S5 has emerged as a major
locus for HS and WC. The eVect of S8, another HS/WC
locus was found only in a single cross. Therefore, incor-
poration of Dular’s WC allele with respect to S5 is
expected to solve a major proportion of hybrid sterility
problem in rice breeding.

One of the notable features of marker analyses in the
F2 populations is the pronounced segregation distortion
in all the three populations. The increased proportion
of indica allele is considered to be caused by the abor-
tion of female gametes carrying the japonica allele on
F1 plant on the basis of the genetic model for HS.

The present study has added substantially to our
understanding of the genetics of inter-subspeciWc HS.
From practical breeding point of view, the identiWca-
tion of RM276, RM50, RM225, RM253 & RM136
(linked to S5) and RM141 & RM412 (linked to S8)
through the present study would be useful as markers
in the identiWcation and deployment of WC genes for
development of indica-japonica hybrids or varieties of
promise, which are free from semi-sterility problem.
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