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Abstract Chromosome segment duplications are integral
in genome evolution by providing a source for the origin of
new genes. In the rice genome, besides an ancient poly-
ploidy event known in the rice common ancestor, it had
been identified that there was a special segmental dupli-
cation involving chromosomes 11 and 12, but the biolog-
ical role of this duplication remains unknown. In this study,
by using a set of chromosome segment substitution lines
(CSSLs) and near isogenic lines (NILs) derived from the
indica cultivar 9311 and japonica cultivar Nipponbare, a
major QTL (¢SI2) resulting in hybrid male sterility was
mapped within ~400 kb region adjacent to the special
duplicated segment on the short arm of chromosome 12.
Compared to the japonica cultivar Nipponbare, the two
sides of the ¢S/2 candidate region were inverted in the
indica cultivar 9311. Among 47 of the 111 rice genotypes
evaluated by molecular markers, the inverted sides were
detected, and found completely homologous to indica
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cultivar 9311. These results suggested that the two inverted
sides protect the sequence in the ¢SI/2 regions from
recombination. On the short-arm of chromosome 12, two
QTLs S-e and S25, in addition to ¢SI2, were previously
detected as a distinct segregation distortion and pollen
semi-sterility loci. We propose these three hybrid sterility
loci are the same locus, and the duplicated segment on
chromosome 12 may play a prominent role in diversifica-
tion, i.e., sub-speciation of cultivated rice.

Abbreviations

CSSL Chromosome segment substitution line
CAPS Cleaved amplified polymorphic sequence
ICIM Inclusive composite interval mapping
ICIM-ADD ICIM of QTLs with additive effects

Mb Mega base pairs

MYA Million years ago

NIL Near isogenic line

PVE Phenotypic variation effect
SMA Single marker analysis
SSR Simple sequence repeat
STS Sequence-tagged site
WGD Whole genome duplication
Introduction

Large chromosomal segment duplications are commonly
detected during genome evolution in many species, such as
Arabidopsis thaliana (The Arabidopsis Genome Initiative
2000), Sorghum bicolor (Paterson et al. 2009) and Oryza
sativa (Yu et al. 2005). Benefit from the release of the
whole genome sequence, extensive gene duplications
had been discovered across the rice genome (Paterson et al.
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2009; Wang et al. 2005a; Yu et al. 2005). There might be
two independent duplications in rice genome, i.e., an
ancient whole genome duplication (WGD) occurred ~ 70
million years ago (MYA) and a strange segmental dupli-
cation seemingly occurred recently between the distal
regions of the short-arms of chromosomes 11 and 12.

The later duplication was estimated with a length of
about 2.5-6.5 Mb by either genetic or physical mapping
(Nagamura et al. 1995; Wu et al. 1998), and further con-
firmed by several studies (Jacquemin et al. 2009; Jiang
et al. 2007; The Rice Chromosomes 11, 12 Sequencing
Consortia 2005; Wang et al. 2005a, 2005b; Yu et al. 2005).
Jiang et al. (2007) proposed that the appropriate length of
the later duplicated DNA segments should be only ~2 Mb,
based on the synonymous substitution rates (Ks) between
conserved gene pairs of chromosomes 11 and 12. The
relative chronology of this DNA duplication is unclear.
Some studies implied that it might have happened recently,
about 5-7 MYA based on the mean Ks value between the
conserved gene pairs (Jacquemin et al. 2009; Jiang et al.
2007; Wang et al. 2005a, 2005b). But Paterson et al. (2009)
and Wang et al. (2007, 2009, 2011) thought it should be
an ancient duplication because it was also found in sor-
ghum, wheat and other cereal genomes, and the high
similarity between the two duplicated segments might
be a consequence of gene conversion and illegitimate
recombination.

Although the age of the unique duplication between the
chromosomes 11 and 12 is controversial, there was no
doubt about the rapid evolution and high frequency of
sequence rearrangement within the pair of duplicated seg-
ments, especially in the duplicated segment on chromo-
some 12, which might facilitate the speciation in rice (Jiang
et al. 2007; Wang et al. 2009, 2011). Therefore, several
studies suggested that this special duplication might play a
prominent role in rice genome evolution and diversifica-
tion. But it remains unknown for the detail biological
function as well as the evolutionary implications of these
duplicated segments.

DNA segment duplications are considered very impor-
tant for organism evolution, which could provide a hotbed
for the evolution of many genes at once within the dupli-
cated segment (McLysaht et al. 2002; Ohno et al. 1968).
After gene duplication, one copy has the potential to evolve
freely and rapidly, while the other copy maintains its ori-
ginal function (Lynch and Conery 2000; Lynch et al. 2001;
Prince and Pickett 2002; Tocchini-Valentini et al. 2005).
Although most new genes were reported without novel
function, it had been suggested that duplicated genes still
have a possibility in providing a source for the origin of
reproductive barriers (Lynch and Conery 2000). And
hybrid sterility serves as one of the major reproductive
barriers (Mayr 1942).
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In rice, partial hybrid sterility is a common phenomenon
for hybrids between intraspecific crosses. Oka (1953) first
described the partial sterility of the hybrid between indica
and japonica. To date, several QTLs for intraspecific
hybrid sterility has been mapped on rice genome. By using
isogenic lines, Oka (1974) firstly identified sal, sa2, scl,
sc2, etc., for hybrid sterility between distantly related
varieties of cultivated rice. Then, many such QTLs for
hybrid sterility had been identified and mapped (Ikehashi
and Araki 1986; Wan et al. 1998; Sano et al. 1994;
Sawamura and Sano 1996; Zhang and Lu 1996; Liu et al.
1997; Wang et al.1998; Yan et al.2000; Kubo and
Yoshimura 2001; Zhuang et al. 2002; Ji et al. 2005; Qiu
et al. 2005; Zhu et al. 2005; Zhao et al. 2006). Among
them, two loci were successfully isolated (Chen et al. 2008;
Ji et al. 2010; Long et al. 2008), and one locus causes male
sterility and acts as a segregation distorter (Long et al.
2008). Besides, more than 30 QTLs for reproductive bar-
riers were also identified from a genome-wide survey using
different crosses in a F, population between indica and
Jjaponica (Harushima et al. 2002). Among these identified
QTLs, several were located in or near the region of the
special duplicated segment on chromosome 12, which
implied that the DNA duplication might lead to reproduc-
tive barriers (Win et al. 2009; Zhu et al. 2008). But up to
now, none of the gene for hybrid sterility has been isolated
or confirmed in this region.

In present study, the relationship between the hybrid
sterility and this special DNA duplication on chromosome
12 was confirmed. By using a set of chromosome segment
substitution lines (CSSLs) and their derived near-isogenic
lines (NILs), a major QTL (gS12) responsible for partial
hybrid sterility was mapped in an approximately 400 kb
DNA region, which was located in the duplicated segment
of rice chromosome 12. The results from a comparative
genomics investigation indicated that the two sides of this
candidate region in japonica cultivar Nipponbare were
inverted from indica cultivar 9311.

Materials and methods
Plant materials

A total of 111 rice cultivars, including 58 indica and 53
Jjaponica, were used in this study (Table S1). A set of 40
CSSLs, which were developed using japonica rice variety
Nipponbare as the background parent, and indica rice
variety 9311 as the donor parent, was used for the genome-
wide survey of hybrid sterility loci. The genotype of each
CSSL was firstly identified using molecular markers, and
then confirmed with re-sequencing technology (Zhang
et al. unpublished) according to the methods described by
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Huang et al. (2009) and Xu et al. (2010). Each CSSL was
crossed with their parents, respectively, and the spikelet
fertility was recorded as the phenotypic trait to survey the
hybrid sterility loci. Subsequently, the CSSLs carrying the
hybrid sterility locus were crossed with their background
parent. After self-pollination of two or three generations,
the heterozygous plants exhibiting partial sterility were
selected and allowed to produce a set of NILs. The sterility
trait was assayed every generation during NIL construc-
tion, which was used to further map the QTL ¢SI2.
Besides, a F, population, derived from a cross between
Nipponbare and 9311, was used to fine map and investigate
the segregation ratio of ¢S/2. All the rice materials were
planted in the summer season at Mainland or in the winter
season at Hainan of China, and the field management of
rice plants was similar to that under normal rice production
conditions.

Examination of spikelet and pollen fertility

In the summer of 2009, all CSSLs as well as their parents
were planted in the Experiment Station at Yangzhou Uni-
versity, Yangzhou, Jiangsu Province, and their spikelet
fertility was recorded. The ratio of fertile spikelets to total
spikelets of the main panicles from three to five plants in
each line was applied to calculate as the spikelet fertility
score. The NILs were planted in the winter of 2009 at
Sanya, Hainan province, and some NILs containing prog-
enies generated from a cross between SY098 and SY025
were planted in the summer of 2010 in the Experiment
Station of Wuhan University on Wuhan, Hubei province.
The spikelet fertility score for NILs was the ratio of filled
grains to total spikelets of three to four panicles. The pollen
fertility examination was performed as described by Zhang
and Lu (1996), and the average normal pollen ratio to total
pollen of more than three spikelets was determined as the
pollen fertility.

DNA extraction and molecular marker assay

Total genomic DNA was extracted from young fresh leave
according to the method described by Murray and
Thompson (1980). The molecular markers used in this
study included SSR (Simple Sequence Repeat), CAPS
(Cleaved Amplified Polymorphic Sequence) and STS
(Sequence-Tagged Site) (Table S2), some of them were
developed according to published polymorphism databases
between the two sequenced rice varieties (McCouch et al.
2002; Shen et al. 2004; Wang et al. 2005b; Zhang et al.
2007). Molecular marker assays were performed as
described previously (McCouch et al. 2002; Zhang et al.
2007).

Genome-wide survey of the hybrid sterility locus
and data analysis

A genome-wide survey was performed by regression
analysis with the CSSL package using QTL IciMapping
software under the mathematical models described by
Wang et al. (2006). Two mapping methods, Single Marker
Analysis (SMA) and Inclusive Composite Interval Map-
ping (ICIM) of QTLs with additive (and dominance)
effects (ICIM-ADD), were employed for power analysis.
The parameter of threshold condition numbers for corre-
lated marker variables was 1000, a LOD threshold of 2.0
(P = 0.05) for each method, and a 0.01 probability in
ICIM-ADD step regression was used to reduce the Type-I
error and identify suggestive QTLs. 1000 replicates were
applied for the permutation tests, and tests of significance
were performed using a 7 test or 7> test at a P < 0.01 level.

Fine mapping of the ¢SI2 locus

To further map the ¢S72 candidate region, all polymorphic
markers were physically mapped on chromosome 12 of the
rice genome according to the Nipponbare whole genome
sequence information (International Rice Genome
Sequencing Project 2005). The physical distance of related
linkage markers was used to determine the length of ¢S/2
candidate region.

Results

Genome-wide survey of the hybrid sterility locus
within CSSL populations

The phenotypes for the survey of the hybrid sterility locus
were collected from two crosses between the CSSL and
Nipponbare or 9311. The first cross was conducted to test
the hybrid sterility of each CSSL directly, and the second
one was served as a complementation test of the hybrid
sterility of each CSSL after comparison with the F; hybrid
of the two initial parents. The homozygous (labeled as “0”")
or heterozygous genotype (labeled as “2”) of the substi-
tuted chromosome segments in each CSSL was confirmed
with 140 SSR or STS markers as well as the re-sequencing
results. Based on the re-sequencing data of all introduced
segments in CSSLs, the rice whole genome could be sep-
arated into fragments with 196 re-sequencing tags. These
data were used to represent the genotype of each CSSL,
and the average length of each substituted fragment was
approximately 2 Mb.

According to both SMA and ICIM-ADD analyses
for the first cross test (CSSL x Nipponbare), two
QTLs for hybrid sterility, with the LOD scores of more
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than 2.0, were detected near marker M98 or M184,
respectively (Table 1, Figure S1). The QTL near M98
was located in the region on chromosome 6 containing
the cloned hybrid sterility gene S5 (Chen et al. 2008),
which has been demonstrated as a major wide com-
patibility locus in rice (Ikehashi and Araki 1986; Ji
et al. 2005; Qiu et al. 2005). The later QTL near
M184, named as ¢SI2, was detected in the region
adjacent to the recently identified duplicated segment
on chromosome 12. The data from SMA analysis gave
a LOD score of 2.26 for the QTL ¢SI2, while 7.53
from the ICIM-ADD analysis, which could explain the
largest phenotypic variation effect (PVE) of 35.45 %
for hybrid sterility (Table 1).

In the second cross test (CSSLx9311), the SMA anal-
ysis revealed two QTLs near the markers M46 and M 183,
respectively, for hybrid sterility with the LOD scores of
2.28 and 3.70 (Table 1, Figure S1). But only one QTL near
M183 was identified after analysis by ICIM-ADD with a
threshold LOD score of 7.25, which explained 40.60% of
the phenotypic variance (Table 1). Interestingly, both
markers M183 and M184 were located in the duplicated
region on chromosome 12. Therefore, we proposed that the
two QTLs around M184 and M183 detected in the two
cross tests are the same locus, ¢gS12. Taken together of the
two analyses, in addition to the cloned hybrid sterility gene
S5 on chromosome 6, ¢S12 seems as another major QTL
for hybrid sterility in rice.

Further mapping of ¢S/2 by using NILs

Of 40 CSSLs, nine contain the substituted chromosome
segment covering the molecular marker M183. Based on
the re-sequencing information of these nine CSSLs as well
as their spikelet fertility phenotypes, the QTL ¢S/2 was
firstly determined to locate in a region between 0 and 4 Mb
on the short distal arm of chromosome 12. Then, the ¢S12
region was confirmed and delimited by selected six
recombinants from these CSSLs (Fig. 1).

We subsequently observed the spikelet fertility of rice
plants in NILs around the ¢S12 locus derived from a cross
between CSSL N21 with low spikelet fertility and its
background parent Nipponbare. The spikelet fertility of a
total of 339 offsprings from these NILs was recorded and
the spikelet fertility of the background parent Nipponbare
(73.4%) was set as a control. We further assayed the
genotypes of 113 individual plants by using markers sur-
rounding the ¢S72 locus. Among these 113 individuals, 53
were identified with low spikelet fertility (LF, <42%), and
most (38 of 53) carried the heterozygous segment before
marker MS102 (Figs. 2 and 3). Nearly all the other plants
(n = 60) with high spikelet fertility (HF, >43%) exhibited
a homozygous genotype following marker MS027 and
before marker MS102 (Figs. 2 and 3). These results sug-
gested that the ¢S/2 locus might be located between the
markers MS027 and MS102. Among the above 38 plants
with low spikelet fertility, several individuals were iden-
tified heterozygous between markers MS027 and MS102.
One recombinant SY025 with low spikelet fertility
(22.65%) was detected to contain a heterozygous segment
between markers MS062 and RM247 (Fig. 3, Figure S4).
Thus, these results suggested that the plausible location of
qS12 is between the markers MS062 and MS102 (Fig. 3).

Alternatively, ¢S12 may have an interaction with several
genes to control the fertility phenotype, which might be
located prior to marker MS062 or between markers MS102
and RM247. We therefore investigated these possibilities
by crossing SY(098 (containing a homozygous segment
from 9311 before marker MS102) and SY025 (with a
heterozygous genotype between marker MS062 and
RM?247). The genotypes and spikelet fertility of individuals
derived from these two lines were assayed. All offsprings
with a heterozygous genotype (n = 5) for most markers
before RM247, with the exception of a homozygous region
between MS062 and MS102, had a high fertility score
(>90%). However, plants with a heterozygous genotype
between markers MS062 and MS102 showed partial hybrid
sterility. These results indicated that there was no locus

Table 1 Hybrid sterility QTLs detected from CSSL x Nipponbare and CSSL x 9311 crosses

Conduct Analysis method Loci Chromosome Marker LOD PVE (%)
CSSL x Nipponbare SMA qS6 6 M98 297 30.88
qSI2 12 M184 2.26 24.55
ICIM-ADD qS6 6 M98 4.58 18.47
qSI2 12 M184 7.53 35.45
CSSL x 9311 SMA qS3 3 M46 2.28 23.61
qSI2 12 M183 3.70 35.42
ICIM-ADD qSI2 12 M183 7.25 40.60

LOD likelihood ratio, PVE percentage of phenotypic variance explained, CSSL chromosome segment substitution lines, SMA single marker
analysis, ICIM-ADD inclusive composite interval mapping (ICIM) of QTLs with additive (and dominance) effects
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Fig. 2 Distribution of heterozygous and homozygous genotypes of
113 plants between markers MS027 and MS102. Heterozygous
genotypes represented by white bars and homozygous genotypes
represented by black bars. The arrow indicates Nipponbare spikelet
fertility

responsible for partial sterility in the region prior to marker
MS062 or the region from markers MS102 to RM247.
Consequently, ¢S12 must be located in the region between
markers MS062 and MS102 (Fig. 3 and Figure S5).

Physical mapping of ¢S12

Based on the genomic sequence information of the two
parents Nipponbare and 9311, it was established that ¢S12
is located on a chromosomal duplicated segment with a
length of approximately 400 kb in the Nipponbare rice
genome (International Rice Genome Sequencing Project,
2005). In the genome of indica 9311, ¢gSI2 occupies an
approximate length of 460 kb between 840 kb and
1,300 kb on chromosome 12 (Yu et al. 2005). Furthermore,
we produced 450 plants derived from the NILs with het-
erozygous genotype in the ¢gSI/2 candidate region, and 476

after a comparative genomics study between Nipponbare
and 9311, it indicated that the two sides of the ¢S/2 can-
didate region had just been inverted, and most of the center
region remains parallel (Figure S3) (Ouyang et al. 2007).
Consequently, we assumed that recombination in the ¢S/2
candidate region is limited by the two inverted sides, which
might maintain the ¢S/2 sequence as a conserved element.
Based on the genome sequence of the two rice cultivars
Nipponbare and 9311, we designed a dominant marker
XF28401 to identify one of the inverted sides of the ¢S12
region.

The marker XF28401 was applied to analyze 58 indica
and 53 japonica cultivars (also including Nipponbare and
9311). The results showed that 29 (50%) indica and 18
(34%) japonica cultivars contain the inverted sides similar
to 9311, while the other indica (29) and japonica (35)
cultivars were found lacking the two inverted sides. These
111 cultivars were further assayed with another 10 co-
dominant markers within the gs/2 candidate region. All 47
cultivars with inverted sides showed complete identity to
that of 9311 in the candidate region, but the cultivars
lacking the two inverted sides exhibited several genotypic
markers corresponding to Nipponbare. Among the 35
japonica cultivars lacking inverted sides, excluding six
cultivars with an indica marker, 29 japonica cultivars were
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Fig. 3 a Physical maps of markers surrounding ¢S12, and mapping
of ¢gS12 with NILs grown in two different environments. SY rice
plants grown in the city of Sanya, Hainan province; WH rice plants
grown in the city of Wuhan, Hubei province; LF plants with low
spikelet fertility, HF plants with high spikelet fertility. Black bars
represent substituted segments from the donor parent, and gray bars
represent chromosomal contributions from the background parent. MS

detected to have the same genotype in the candidate region
of japonica variety Nipponbare by using 10 markers (Table
S1). And an average homologous 67% hit to indica variety
9311 was generated for all 29 indica cultivars lacking the
two inverted sides (Fig. 4). These results further supported
that the two inverted sides in cultivars liking 9311 might
protect the sequence in the ¢S/2 region as a conserved
element. In addition, the two inverted sides might be a
primary cause for the low recombination frequency in the
target region, and an obstacle for isolating ¢S72, which was
evidenced by the absence of recombinant in this conserved
region.

The ¢S12 candidate region was a segregation distortion
locus exhibiting male semi-sterility

By using a NIL population derived from the plants with
heterozygous region around ¢S72, the pollen fertility was
carefully investigated. The results showed that the plants
heterozygous for ¢S12, such as plants 322-09, 322-10,
324-01, and 324-08, exhibited a lower pollen fertility score
(<50%) than that of their recipient parent plants (Fig. 5).
The effects of the japonica gS12 allele were evaluated with
a 476 F, population derived from a cross between Nip-
ponbare and 9311. After analyzing using markers MS075
and MS096 located within the gS12 region, 54 plants were
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selected to have the Nipponbare homozygous genotype.
Besides, among a NILs population with 497 individuals
generated from the plants with heterozygous ¢SI2 region,
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only seven plants were screened with the homozygous
genotype of Nipponbare by using the same two markers,
which was significantly (P < 0.01) fewer than that from
the F, population. These data obviously showed that the
segregation ratio among the three types of zygotes, i.e.
homozygous dominant and recessive, and heterozygous,
was not consistent with the 1:2:1 genotypic ratio
(P < 0.001) (Table 2). It indicated that male gametes car-
rying the japonica qS12 allele might be largely sterile, so
few zygotes with a homozygous ¢S12 genotype derived
from japonica cultivar Nipponbare were observed in the
two separate populations. Further more, In the region
adjacent to gsI2, Zhu et al. (2008) and Win et al. (2009)
had identified two QTLs affecting F; pollen sterility,
S-e and S25, using SSR and RFLP markers, respectively.
Their results showed that the male gametes carrying
Jjaponica alleles were responsible for the sterility. More-
over, Win et al. (2009) revealed that sterile pollen grain
abnormalities caused by S25 occurred mainly at the late
bicellular stage after initiation of starch accumulation.
These data suggested that the gS12, S-e, and S25 loci might
represent the same locus for hybrid sterility in rice, and
function as a segregation distortion locus with male semi-
sterility.

Discussion

Following entire sequencing of the rice genome, an ancient
whole-genome duplication (WGD) event was revealed by
the comparative genomic studies. It was suggested that the
duplication occur prior to the divergence of grasses
approximately 70 MYA (Paterson et al. 2003; Wang et al.
2005a, 2005b; Yu et al. 2005). Furthermore, a ~2 Mb
unique segmental duplication between chromosomes 11
and 12 was firstly estimated to have occurred 5-7.7 MYA
based on the mean Ks value between conserved gene pairs
(Jacquemin et al. 2009; Jiang et al. 2007; Wang et al.
2005a, 2005b). However, after a detailed analysis of the
chromosome 11 and 12, Wang et al. (2011) pointed out that
the age of this duplication might be misleading estimated
in previous studies, and they suggested that the two con-
served duplicated segments should have experienced a
singular evolutionary history. Besides the high similarity,
extensive gene losses and high frequency of sequence
rearrangement rate were also observed in the pair of
duplicated segments in several studies (Jiang et al. 2007,
Wang et al. 2007, 2009, 2011). In addition, even non-
homologous chromosome pairs have been found between
these two duplicated segments on chromosomes 11 and 12
during the haploid rice meiosis by fluorescence in situ
hybridization (Gong et al. 2010). Therefore, some authors
suggested this duplication event might serve a significant

role in rice genome evolution (Jiang et al. 2007; Wang
et al. 2011). However, its impact on the phenotypic evo-
lution of rice is still unknown.

Reproductive isolation is a criterion for the biological
species concept (Mayr 1942), and the origin of reproduc-
tive barriers is integral in speciation (Johnson 2010),
therefore hybrid sterility or partial sterility is often found
between related species. Hybrid incompatibility loci have
been detected in or near the duplicated segment of chro-
mosome 12 (Harushima et al. 2002; Win et al. 2009; Zhu
et al. 2008), but the exact locations of the loci are unclear.
Furthermore, it is uncertain if the loci are in fact located in
the duplicated segment. Consequently, a hybrid of this
recent chromosome 12 duplicated segments, derived from
indica and japonica resulting in hybrid partial sterility
remains unknown. In the present study, using a set of
CSSLs and several NILs, a major QTL (¢S/2) for partial
hybrid male sterility was confirmed to locate in a ~400 kb
region on the duplicated segment of chromosome 12.
Adjacent to the candidate region of ¢S/2, two QTLs for
partial pollen sterility had also been identified (Zhu et al.
2008; Win et al. 2009). These results suggested that this
unique segmental duplication might truly play a very
important role on divergence between indica and japonica.
The results were also congruent with the assumption that
segmental duplication provides a source for the origin of
reproductive barriers (Lynch and Conery 2003).

From the comparative study of the two varieties’ gen-
omes (Nipponbare and 9311) (Ouyang et al. 2007), it
indicated that the two sides of the candidate region in
Jjaponica cultivar Nipponbare were inverted from indica
cultivar 9311. In this study, several cultivated rice varie-
ties, with which two inverted sides consistent with the
candidate region of 9311, were also detected. All of these
cultivars were tested using markers within the candidate
region, and found completely homologous to 9311. These
results supported our hypothesis that the inverted sides may
protect the sequence in the candidate region, and few
recombination events can occur in the target area. Genetic
studies implied that the rapid evolution of speciation genes
were the major cause for hybrid sterility (Orr et al. 2004),
so there may be one or more speciation genes lied in the
region of ¢S12. Unfortunately, in terms of the inverted
sides, recombinants could not be generated to map the
candidate ¢S12 gene. Therefore, other crosses derived from
non-inverted cultivars representing the two subspecies
must be developed to isolate ¢S/2, and more studies are
necessary to understand the molecular mechanisms
underlying the hybrid sterility at this locus.

Eventually, the ¢S12 locus will be very important for the
rice breeders. We determined that almost all F; hybrids
derived from the crosses between CSSLs carrying ¢S12 and
9311 have increased fertility, especially CSSL N3, which
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Fig. 5 a and b pollen fertility
assays and pollen fertility scores
of heterozygous ¢S12 genotypes
from NILs and rice plants of the
recipient parent NIP
(Nipponbare). The additional
four plants have a ¢SI12
heterozygous genotype from the
NILs population. ¢ Sketched
map of the genotype of a ¢gSI12
heterozygous plant

Table 2 Segregation results from three gS/2 zygote genotypes in F,
and NILs populations

Population Nipponbare Heterozygous 9311 P value

F 54 254 180
NILs 7 152 338

65.9 P <0.001
515.8 P < 0.001

had three substituted segments from the donor parent
(Figure S3). The hybrid F; plants between N3 and 9311
exhibited the highest fertility score (76.62%), compared
with the F; hybrids derived from the two initial parents
grown in the same field (38.17%) (Figure S3). These results
indicated that there might be fewer loci responsible for
hybrid sterility in the F; population than in the F, popu-
lation between indica and japonica. Thus, in new future, it
is promised for application of the indica—japonica hybrid
rice varieties. Interestingly, a percentage (34%) of the
Japonica varieties tested in this study possessed a ¢S12 like
9311 indica allele (Table S1). Therefore, crosses between
Jjaponica varieties with ¢SI12 indica and japonica alleles
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should also result in partial sterility. Therefore, ¢S/2 might
also be a major locus for hybrid japonica incompatibility.

Wild rice has been under cultivation for thousands of
years, with the earliest archeological evidence dating to
8000 BC in central and eastern China (Jiang and Liu 2006).
This suggests that selection for different phenotypes began
thousands of years ago, and population level diversification
may be an artifact of human influences artificially selecting
for desirable traits. Furthermore, molecular data suggests
that Oryza was domesticated at least twice, O. sativa indica
in eastern India and adjacent areas, and O. sativa japonica
in southern China (Londo et al. 2006). Therefore, diversi-
fication may be the result of different geographic domes-
tications. But some other studies believed that indica was
domesticated primarily from its wild relatives, whereas
Jjaponica derived from indica (Chang 1976; Oka 1988). A
broad range of genetic variability and genetically struc-
tured populations have been documented in O. sativa, and
reproductive isolation in the form of genetic incompati-
bilities among interspecific hybrids. These observations
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suggest that speciation processes are operating in the
species, resulting in the origin of two subspecies, indica
and japonica. In present study, we propose that the QTLs
S-e and S25, and ¢S/2 on a recent duplicated segment of
chromosome 12, may represent one segregation distortion,
and pollen semi-sterility locus, which contribute to our
molecular understanding of evolutionary diversification in
Oryza sativa.
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