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ABSTRACT

Speciation has long been regarded as an irreversible process once the reproductive barriers had been es-
tablished. However, unlike in natural populations, artificial selection might either accelerate or prevent
speciation processes in domesticated species. Asian cultivated rice is a target crop for both domestication
and artificial breeding; it contains two subspecies of indica and japonica, which usually produce sterile
inter-subspecific hybrids due to reproductive barriers. In this study, we constructed the evolutionary trajec-
tory of areproductive isolation system S5, which regulates fertility in indica—japonica hybrids via three adja-
cent genes, based on the data of 606 accessions including two cultivated and 11 wild rice species. Although
hybrid sterility haplotypes at S5 lead to establishment of a killer-protector reproductive barrier, origin of
wide-compatibility haplotypes by complex hybridization and recombination provides an opposing force
to reproductive isolation and thus prevents speciation during domestication. Analysis in a diallel set of
209 crosses involving 21 parents showed that the wide-compatibility genotypes largely rescued fertility
of indica-japonica hybrids, indicating that the wide-compatibility gene would enable gene flow to maintain
species coherence. This counteracting system indicates that combined effects of natural evolution and
artificial selection may result in reversible processes of speciation in rice, which may also have implications
for genetic improvement of rice.
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INTRODUCTION

Speciation has long been regarded as an irreversible evolutionary
process in natural populations once the intrinsic reproductive
barriers had been established, inevitably leading to the splitting
of the populations. According to the classical evolutionary
genetic model, intrinsic reproductive barriers are difficult to
undo (Muller, 1939), and these barriers increase as quickly as
the square of the time after the divergence of two taxa (Orr,
1995). Therefore, speciation has become irreversible because
the probability of reversing reproductive isolation quickly
approaches zero (Coyne and Orr, 2004). In domesticated
species, artificial selection would probably accelerate
reproductive isolation depending on the purposes of the
breeders, which generate a number of variants with huge
phenotypic and genetic differences (Schluter and Pennell,

about such a reversible process of speciation during the
evolution.

As a primary force and maintaining mechanism of speciation,
reproductive isolation is widely observed and, from the perspec-
tive of both molecular and evolutionary biology, its understanding
is updated (Fishman and Sweigart, 2018; Sweigart et al., 2019).
Reproductive barriers can arise at either prezygotic or
postzygotic developmental stages showing substantial effects
on population structure and speciation. Hybrid sterility is a
major form of postzygotic reproductive barrier that drives
speciation. The Asian cultivated rice (Oryza sativa) contains two
subspecies, indica/xian and japonica/geng. Hybrid sterility is
commonly observed in inter-subspecific crosses, leading

2017). However, artificial selection may also prevent speciation
due to intervention from humans, although little is known
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Figure 1. A Flowchart Showing the Evolutionary Process of the Allelic Groups of ORF3, ORF4, and ORF5 of the S5 Locus.

The steps of changes were deduced using the 172 SNPs and 30 insertions/deletions (InDels) identified in the coding sequences of ORF3, ORF4, and
ORF5. Each circle represents a unique variant. ORF3, ORF4, and ORF5 are abbreviated as “3,” “4,” and “5.” For example, the description code “3+(13)”
in the circle indicates the 13th variant of ORF3. The sizes of circles are proportional to the numbers of samples for given variants. Colors in the circles
indicate taxonomic subgroups of the rice accessions. Each solid line represents one mutational step that interconnects two variants, and a thread
perpendicular to the line indicates an additional mutation event. Seven variants, ORF3+(27), ORF3—(31), ORF4+(5), ORF5+(38), ORF5—(16), ORF5—(28),
and ORF5/(40) are not included because of the complex process of variation. Unclassified indicates the accessions with unclear classification.

to reduced fitness along with segregation distortion in the
offspring, and several cases regulating hybrid sterility were char-
acterized within O. sativa or between O. sativa and other rice spe-
cies (Chen et al., 2008; Long et al., 2008; Mizuta et al., 2010;
Yamagata et al., 2010; Yang et al., 2012; Ouyang and Zhang,
2013, 2018; Kubo et al., 2016; Yu et al., 2016, 2018b; Li et al.,
2017; Nguyen et al., 2017; Shen et al., 2017; Xie et al., 2017;
Koide et al., 2018). In the cases of O. sativa, there exists a
special group of rice germplasm, referred to as wide-
compatibility varieties, that produce fertile offspring when
crossed with both indica and japonica varieties (Ikehashi and
Araki, 1984). Therefore, such wide-compatibility varieties enable
hybridization between the two subspecies.

We previously found that a killer-protector system S5 regulates
indica—japonica hybrid sterility via three tightly linked genes,
ORF3, ORF4, and ORF5 (Chen et al., 2008; Yang et al., 2012;
Zhu et al., 2017). Typical indica varieties possess the genotype
of ORF3+ORF4—ORF5+, while japonica varieties contain
ORF3—0ORF4+0ORF5—. The ORF5+ and ORF4+ constitute a
killer, which selectively eliminates female gametes that do not
carry the protector ORF3+. The non-functional alleles of
ORF3— and ORF4— encode truncated proteins due to a 13-bp
and an 11-bp deletion, whereas ORF5— had two nucleotide var-
iations resulting in two amino acid substitutions. It was deduced
that such a reproductive barrier originated through Helitron trans-
position and was enhanced by natural selection (Ouyang et al.,
2016).

Here, we show that diverse forms of wide-compatibility haplo-
types at S5 locus originated and evolved owing to the complex
hybridization and recombination during domestication; they
enabled gene flow and provided an opposing driving force to
reproductive isolation, which maintained subspecies identity
and species coherence in the evolution. This counteracting sys-
tem at S5 resulted from a combination of evolutionary forces
including natural evolution, domestication, and artificial selection,
providing a unique example of a reversible process of speciation
in crop plants.

RESULTS

Origin and Divergence of Natural Variations of ORF3,
ORF4, and ORF5 at S5

We expanded the investigation of the natural variations of ORFs 3-5
using the sequence data of 606 accessions with representatives of
two cultivated and 11 wild rice species (Supplemental Table 1). The
analysis identified 37 variants of ORF3 (30 for ORF3+ and 7 for
ORF3-), 33 variants of ORF4 (24 for ORF4+ and 9 for ORF4—),
and 43 variants of ORF5 (28 for ORF5+, 7 for ORF5—, 7 for
ORF5n, and one recombinant) (Supplemental Table 2). A
haplotype flowchart was constructed to illustrate the process of
how these natural variants were generated (Figure 1). The two
distinct allelic groups ORF3+ and ORF3— corresponded to the
indica and japonica groups, respectively. A high percentage of
ORF3+(12) (55.6%) existed in the wild species (Supplemental
Table 2); it had generated numerous derivatives in the wild rice
with AA, BB, BBCC, and EE genome types. Such wide
distribution of ORF3+(12) and its derivatives in the wild rice
suggested that ORF3+(12) might be the most ancestral variant of
ORF3+. The ORF3+(12) might also have generated a critical
variant ORF3+(13) by one nucleotide mutation before the
divergence of the cultivated and the wild species. Although
ORF3+(13) was the most predominant variant identified in 96.1%
of the sampled indica accessions, its frequency was only 5.7% in
the wild rice. This suggested that ORF3+(13) originated from
ORF3+(12) in a more recent time. Subsequently, the ORF3—(11)
variant originated directly from ORF3+(13) by a 13-bp deletion,
and the ORF3—(10) variant, which accounted for 80.5% of the ac-
cessions in japonica, arose from ORF3—(11) after a 1-bp substitu-
tion before the divergence of the cultivated and the wild species.
Afterward, ORF3+(13) and ORF3—(10) became the major variants
in indica and japonica rice groups, respectively.

The evolutionary process of ORF4 could be traced based on the
ORF4+ allelic groups in the japonica rice and the ORF4— allelic
groups in the indica rice (Figure 1). ORF4+(9) existed in 16.7%
of the wild species and 79.2% of the japonica rice; this allele
was likely the most ancestral type that generated other clades
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Figure 2. A Flowchart of the Evolutionary Steps at the S5 Locus.
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A flowchart of the evolutionary steps underlying the main haplotypes (A) and different genotypes (B) of the S5 locus. The evolutionary relationships and
steps are determined using 43 informative haplotypes. Each rectangle represents a unique haplotype of S5. For example, the description code “H31
(13+9+5+)” in the rectangle indicates the haplotype H31 from the combination of ORF3+(13), ORF4+(9), and ORF5+(5). Five distinct clusters are revealed
in different colors. The first class of ancestral types with gray highlight is represented by 11 haplotypes that are found in most of the wild rice accessions.
The gray, light-red, and red colors indicate haplotypes that are favored in indica cultivars. The blue color indicates the incompatible haplotypes of
ORF3—0ORF4+0ORF5— in japonica rice, while the green color represents the wide-compatibility haplotypes. The solid arrows represent mutational and
recombination events which interconnect two haplotypes. The names of the representative accessions for some haplotypes are labeled in the groups. BL,
Balilla; NIP, Nipponbare; NJ11, Nanjing 11; MH63, Minghui 63; CP17, Cplso 17; DL, Dular.

of variants during the evolution. Most of the derivatives of
ORF4+(9) [ORF4+(2), ORF4+(7), ORF4+(8), ORF4+(13),
ORF4+(21), and their related variants] occurred before the
domestication of the cultivated rice. ORF4+(12) had two single-
nucleotide polymorphisms (SNPs) relative to the ancestral
ORF4+(9), and generated the ORF4+(16) clade and the ORF4—
allelic groups. ORF4+(16) originated before the divergence of
the cultivated and the wild species, and its frequency increased
from 5.6% in the wild rice to 19.1% in the cultivated rice
(Figure 1 and Supplemental Table 2). A 11-bp deletion, which
was the most important event, occurred in ORF4+(12) before
the divergence of the cultivated and the wild species, resulting
in the ORF4— allelic group. The frequency of ORF4—(6) increased
drastically in the indica subspecies, which made this variant the
most frequent type in the ORF4— allelic group.

There were three allelic groups in ORF5 that also revealed the
evolutionary process. The first group was made up of the most
frequent and most ancestral ORF5+(5), which existed in 26.4% of
the accessions from the wild species and 71.2% of the indica
rice, producing various forms of derivatives (Figure 1 and
Supplemental Table 2). ORF5—(3) was generated from ORF5+(5)
by two mutations, which were sequence features of the ORF5—
group. Seven variants had the characteristic 115-amino-acid dele-
tion in the N terminus of the predicted protein. These variants were
assumed to be non-functional with respect to the growth and devel-
opment of the plants per se and did not cause female sterility in the
hybrids; they were regarded as belonging to the ORFb5n allelic
group (Chen et al., 2008). The ORF5n(12) in the ORF5n group
was also generated from ORF5+(5) by a 136-bp deletion. Both of
these two mutational events occurred before the divergence of
the cultivated and the wild species.

652 Molecular Plant 13, 650-657, April 2020 © The Author 2020.

Origin and Evolution Processes of Wide-Compatibility
Haplotypes at S5

Although different haplotype groups of ORFs 3-5 were featured in
indica and japonica groups, these natural variants were not fixed in
the respective populations, suggesting that gene flow and ex-
change still occur between indica and japonica subspecies despite
the reproductive barriers. A reasonable explanation might be the
presence of the compatible haplotypes that prevent speciation,
which can serve as a bridge for hybridization between the different
rice groups. To learn how divergent natural variants of ORFs 3-5
evolved into compatible haplotypes at S5, we analyzed the muta-
tional steps and evolutionary process deduced from 94 observed
haplotypes (Figure 2A and Supplemental Figure 1). The
ORF3+(12)ORF4+(9)ORF5+(5) containing the most ancestral
variants of ORFs 3-5 was obviously the most ancestral haplotype
at S5, although it was absent in the surveyed accessions. The
haplotype H31 [ORF3+(13)ORF4+(9)ORF5+(5)], which originated
directly from ORF3+(12)ORF4+(9)ORF5+(5) after one SNP
substitution in ORF3+, behaved as a key component leading to
the origin of S5 system. Subsequently, independent mutational
events occurred in H31 and generated H33 [ORF3+(13)
ORF4+(13)ORF5+(5)] and H30 [ORF3+(13)ORF4+(9)ORF5—(3)],
respectively, leading to different fates of the genetic combinations.

In one lineage, H32 [ORF3+(13)ORF4+(12)ORF5+(5)] originated
from H33 by one SNP mutation in ORF4+, and played a critical
role in the origin of the indica haplotypes (Figure 2A and 2B). The
ORF3+0ORF4+0ORF5+ genotype was retained in one subgroup of
indica rice. However, in the other subgroup, an 11-bp deletion mu-
tation occurred in H32, which led to the functional differentiation
from ORF4+ to ORF4—, giving rise to an indica genotype
ORF3+ORF4—0ORF5+. This in turn generated the predominant
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Figure 3. Summary of the Compatibility Spectra of Main Genotypes at S5 Locus.

The red and green lines indicate incompatible and compatible crosses, respectively, based on our prediction. The numbers of the accessions in each
combination are provided, and the intensity of the blue color corresponds to frequency of the genotypes. The genotype ++/ was not included in the tables.
Ind, indica; Ted, temperate japonica; TrJ, tropical japonica; Gla, O. glaberrima; Un, unclassified; Wild, wild rice.

haplotype of H28 [ORF3+(13)ORF4—(6)ORF5+(5)], which was
observed in 70.8% of the indica rice surveyed.

In another lineage, an intermediate haplotype H30 [ORF3+(13)
ORF4+(9)ORF5—(3)] originated from H31 after two single-
nucleotide mutations in ORF5, which resulted in the functional dif-
ferentiation from ORF5+ to ORF5— and, thus, breakdown of the
killer (Figure 2A and 2B). This haplotype became the common
ancestor of the japonica and the wide-compatibility haplotypes. A
subsequent 13-bp deletion of ORF3+(13) to ORF3—(11) occurred
in H30 after the emergence of non-functional killer, giving rise to
the ancestral japonica haplotype H18. This in turn generated H16
[ORF3—(10)ORF4+(9)ORF5—(3)] spreading to a high frequency of
69.5% in the sampled japonica rice. Hence, the emergence and
subsequent increased frequency of ORF3+ORF4—ORF5+ and
ORF3—0RF4+0ORF5— led to the establishment of the reproductive
barrier, and in hybrids, the killer ORF5+ with an added protector
ORF3+ provides double assurance for the indica rice to kill japonica
gametes while at the same time protecting its own.

In contrast, the wide-compatibility haplotypes containing the
non-functional killer or the functional protector would rescue
the fertility and recover the allele and genotype ratio to Mendelian
segregation in the offspring. A more complex evolutionary pattern
was observed in the formation of these compatible haplotypes

(Figure 2A and 2B). The intermediate haplotype H30 [ORF3+(13)
ORF4+(Q)ORF5—(3)] was compatible to both indica and
japonica haplotypes, and produced a compatible haplotype
of H27 [ORF3+(13)ORF4—(6)ORF5—(3)] by recombination,
presumably after hybridization with a typical indica haplotype
H28 [ORF3+(13)ORF4—(6)ORF5+(5)]. ORF3+0ORF4—0ORF5n was
observed in both the wild rice and cultivated rice species
(Figure 3); H68 [ORF3+(13)ORF4—(4)ORF5n(12)] originated
directly from the indica haplotype H26 [ORF3+(13)ORF4—(4)
ORF5+(5)] by a 136-bp deletion in ORF5. This wide-compatibility
genotype of ORF3+ORF4—0ORF5n facilitated the hybridization
with both the indica genotype ORF3+ORF4+ORF5+ and the
japonica genotype ORF3—ORF4+ORF5—. Consequently, a
new wide-compatibility haplotype H38 [ORF3+(13)ORF4+(16)
ORF5n(12)] was likely generated from a cross between
H68 [ORF3+(13)ORF4—(4)ORF5n(12)] and H63 [ORF3+(13)
ORF4+(16)ORF5+(15)]; this haplotype was observed in 36.5%
of the tropical japonica rice surveyed. Likewise, another
wide-compatibility  haplotype H79 [ORF3—(10)ORF4—(4)
ORF5n(14)] might originate as a result of recombination from
hybridization between H66 [ORF3+(13)ORF4—(4)ORF5n(14)]
and H16 [ORF3—(10)ORF4+(9)ORF5—(3)]. The genotype of
ORF3—0ORF4—0ORF5n was almost fixed (95%) in the aus gene
pool. Besides, the genotype of ORF3—ORF4+ORF5n might also
arise from the recombination between ORF3+ORF4+ORF5n
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and ORF3—0ORF4+0ORF5—, as supported by the observed low
frequencies of the related haplotypes (Figure 3). Therefore, the
creation of these wide-compatibility haplotypes occurred early
by occasional natural hybridization before the divergence of culti-
vated and wild rice, but their increased frequencies might have
been pushed subsequently by artificial selection in cultivated
rice in the early domestication process. If the proportion of
wide-compatibility haplotypes was pushed up to a certain level
in rice varietal groups, these wide-compatibility genotypes would
be able to maintain the population coherence at the species level.

Distributions and Proportions of Diverse Forms of Wide-
Compatibility Haplotypes

We thus investigated the distributions and proportions of diverse
forms of S5 haplotypes. The ancestral genotypes ORF3+
ORF4+0RF5+, which was also a major genotype in indica rice,
was identified in 34 different countries, with higher frequency in
low-latitude regions of the Indian subcontinent, Southeast Asia,
and Africa. The typical indica genotype of ORF3+ORF4—ORF5+
was observed in 26 countries, with geographical preference in
Southwest and South China. The japonica genotype of
ORF3—0ORF4+0ORF5— was distributed in 37 countries, and was
enriched in high-latitude regions of North Pacific, Northeast
China, Russia, and Western Europe. Such differential geograph-
ical distributions had largely contributed in maintaining the repro-
ductive barrier conferred by S5, thus enhancing the genetic
differentiation of the rice populations.

Meanwhile, the 103 accessions carrying wide-compatibility haplo-
types dispersed in 31 countries; they were observed in almost all re-
gions showing coexistence of indica and japonica genotypes
(Supplemental Figure 2 and Supplemental Table 1). This result
supported the inference that the origin of wide-compatibility geno-
types was due to the hybridization and recombination during
domestication. The emergence of wide-compatibility genotypes
further maintained the coherence of the rice species. ORF3+
ORF4—ORF5n (21.4% of all wide-compatibility accessions),
ORF3+0ORF4+0ORF5n (32.0%), and ORF3—ORF4—0ORF5n (38.8%)
can be widely observed, while the other two wide-compatibility ge-
notypes, ORF3+ORF4+0ORF5— (0.07 %) and ORF3+ORF4—ORF5—
(0.02%), were inlow frequencies (Figure 3). We speculate that four of
the genotypes, ORF3+ORF4+ORF5—, ORF3+ORF4+ORF5n,

654 Molecular Plant 13, 650-657, April 2020 © The Author 2020.
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ORF3+0ORF4—0ORF5—, and ORF3+ORF4—0ORF5n, may be global
wide-compatibility genotypes at S5 locus, which can produce fertile
and Mendelian segregation offspring when crossed with any other
genotypes. The ORF3—ORF4—0ORF5n genotype may produce
fertile hybrids when crossed with both typical indica (ORF3+
ORF4—0ORF5+) and japonica (ORF3—ORF4+0ORF5—) genotypes,
but not with ORF3+ORF4+ORF5+ as it is likely that gamete of the
genotype ORF3—ORF4—0ORF5n in the hybrid would be killed by
the killer of ORF4+ and ORF5+ without the protector ORF3+.
Thus, ORF3—ORF4—0ORF5n may also be defined as a wide-
compatibility genotype with the only exception being the cross
with the ORF3+ORF4+0ORF5+ genotype.

Phenotypic Effects of the Wide-Compatibility
Genotypes in Fertility and Segregation Ratio in Offspring

To confirm the speculated effects of the described wide-
compatibility genotypes, we investigated the fertility effect of
S5 locus using crosses from near-isogenic lines (Supplemental
Table 3). Under the genetic background of Balilla, the spikelet
fertility of three homozygotes, Balilla (ORF3—ORF4+ORF5-),
Nanjing 11 (ORF3+ORF4—0ORF5+), and Dular (ORF3—ORF4—
ORF5n), were normal. In a near-isogenic line heterozygous for
S5 from japonica and indica genotypes (ORF3—ORF4+ORF5—/
ORF3+0ORF4—0RF5+), the spikelet fertility was typically semi-
sterile, showing an average 52.6% of seed-setting rate. However,
under the same genetic background, the S5 heterozygotes
from either japonica and wide-compatibility —genotype
(ORF3—0ORF4+ORF5—/ORF3—0ORF4—0RF5n, 86.0%) or indica
and wide-compatibility genotype (ORF3+ORF4—ORF5+/
ORF3—0ORF4—0RF5n, 81.8%) showed a drastic increase of the
fertility. Similarly, under the genetic background of 02428, the
wide-compatibility genotype 02428 (ORF3+0ORF4+0ORF5n) could
rescue the fertility to 81.3% and 77.0% when crossed with either
Jjaponica or indica genotypes. Therefore, these two types of wide-
compatibility genotypes showed a high compatibility with both
indica and japonica rice.

We further analyzed the fertility of hybrids at the population level
in crosses involving a diallel set of 209 crosses from all possible
pairs of 21 parental varieties (Figure 4 and Supplemental
Table 4). The fertility of hybrids between varieties within
subspecies was normal. The fertility of hybrids from 36 crosses
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between nine typical indica varieties with ORF3+ORF4—ORF5+
showed an average fertility of 72.1%, while the spikelet fertility
of the indica variety 9311 (ORF3+ORF4+ORF5+) was 77.7%.
The hybrids from nine crosses between 9311 (ORF3+ORF4+
ORF5+) and typical indica varieties with ORF3+ORF4—ORF5+
varied from 60.0% to 85.9%, with an average value of
76.5%. Similarly, the average fertility of hybrids from 21
crosses between seven typical japonica varieties with
ORF3—0ORF4+0ORF5— was 76.7%.

Reduced fertility was observed in crosses between subspecies
(Figure 4 and Supplemental Table 4). The fertilities of
hybrids from 62 crosses between nine typical indica
(ORF3+0ORF4—0ORF5+) and seven typical japonica varieties
(ORF3—0ORF4+0ORF5-) varied from 2.5% to 64.2%, with an
average of 36.3%. Taking 9311 as an example, the hybrids of
crosses between 9311 (ORF3+ORF4+ORF5+) and seven typical
japonica varieties (ORF3—ORF4+ORF5—) also showed greatly
reduced fertility (28.9%).

In contrast, the average spikelet fertilities of the hybrids from
crosses between wide-compatibility varieties with either indica or
japonica lines were significantly higher. The wide-compatibility
varieties with ORF3—ORF4—0ORF5n can increase the fertility from
36.3% to 73.1% when crossed with typical indica varieties with
ORF3+0ORF4—ORF5+. Besides, the average spikelet fertility of
the hybrids from crosses between ORF3—ORF4—ORF5n and
ORF3+0ORF4+0ORF5+ was up to 84.9%; this fertility was higher
than expected, possibly because of the existence of suppressors
of hybrid sterility in indica genetic background. The wide-
compatibility varieties with ORF3—ORF4—ORF5n were also
compatible with japonica varieties with ORF3—ORF4+ORF5—,
showing an average spikelet fertility of 76.6%. Similarly, the wide-
compatibility varieties with ORF3+ORF4+ORF5n can also increase
the fertility by 15.3% and 35.0% when crossed with indica and
japonica varieties, respectively, compared with the fertility
observed in indica-japonica crosses. These results suggested
that the S5 locus largely accounts for the indica—japonica hybrid
sterility observed in the diallel crosses, indicating that the wide-
compatibility gene enables hybridization and gene flow between
the subspecies, which may reverse the process of speciation.

The transmission ratio of the gametes carrying different genotypes
of S5 locus was also investigated, using six inter-subspecific
crosses (Supplemental Table 5). In the offspring from crosses
between indica rice with either ORF3+ORF4—ORF5+ or
ORF3+0ORF4+0ORF5+ and japonica rice with ORF3—ORF4+
ORF5—, the japonica allele was in severe deficiency, also leading
to deviations in genotype frequencies. Slight segregation
distortion ~was observed in the <cross of Dular
(ORF3—0ORF4—0RF5n) x Akitakomachi (ORF3—ORF4+0ORF5—),
whereas no distortion of transmission was observed in the
cross between Teqing (ORF3+ORF4—ORF5+) and 02428
(ORF3+0ORF4+0ORF5n). Taken together, wide-compatibility haplo-
types do provide a suppression force against reproductive isolation
by recovering the fertility and segregation ratio in the offspring.

DISCUSSION

S5 is identified as a major and perhaps one of the most important
loci contributing to inter-subspecific hybrid sterility and indica—
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japonica differentiation as demonstrated by a large number of
studies using many crosses (Zheng et al., 1992; Yanagihara et al.,
1995; Liu et al., 1997; Zhang et al., 1997; Wang et al., 1998; Song
et al., 2005; Ikehashi and Araki, 2008; Matsubara et al., 2011; Li
et al., 2017). In addition, heterozygosity plots of whole-genome
SNPs in 1439 indica hybrids showed extremely low heterozygosity
at S5 locus, suggesting that this locus controlled reproductive
isolation and thus prevented gene flow between subspecies
(Huang et al., 2015). However, exchanges of genetic information
were still widely observed at the gene and the genome levels
during the process of rice domestication (Mather et al., 2010;
Zhao et al.,, 2018). A possible explanation is the reversible
process of speciation due to wide-compatibility haplotypes driven
by artificial selection during rice breeding and domestication. The
origin of wide-compatibility genotypes at S5 locus began from
the disruption of either ORF5+ or ORF4+, arose due to recombina-
tion upon hybridization during evolution, and finally was preserved
by the breeding and domestication process by human activities.
Wide-compatibility genes also existed at other hybrid sterility loci
such as Sa and Sc in rice (Long et al., 2008; Shen et al., 2017),
suggesting that this might represent a general strategy to recover
fertility and suppress transmission ratio distortion in the
progenies, which serve as a bridge of gene flow between
reproductively isolated indica and japonica populations and thus
lead to the reversible process of speciation. Such a counteracting
dynamic system might be a unique phenomenon in crops
resulting from combined effects of natural evolutionary driving
force and artificial selection during the course of domestication
and breeding.

In addition, hybrid sterility has also been an obstacle in preventing
the utilization of strong inter-subspecific heterosis for achieving
higher rice yield; overcoming the fertility barriers in hybrids re-
mains a major challenge in high-yield indica—japonica hybrid
rice breeding. Therefore, the germplasm containing wide-
compatibility genotypes are useful for breaking the reproductive
barrier between indica and japonica subspecies in rice breeding,
and thus provide a feasible strategy for utilization of heterosis be-
tween the two subspecies (Ikehashi, 2009; Mi et al., 2016; Yu
et al., 2018a).

METHODS

Plant Materials

Arice germplasm panel of 606 accessions used for sequence analysis had
been described in a previous study, including 533 accessions of Asian
cultivated rice O. sativa, one accession of African cultivated rice Oryza gla-
berrima, 25 accessions of Oryza rufipogon, 26 accessions of Oryza nivara,
seven accessions of Oryza barthii, and 14 additional accessions repre-
senting eight other wild rice species (Ouyang et al., 2016). A complete
list of the accessions used in this study is provided in Supplemental
Table 1.

Six indica—japonica populations were used for analysis in deviation of ge-
notype frequency from the Mendelian segregation at the S5 locus,
amounting to a total of 828 lines or individuals. The genotype data from
two RIL populations, 9311 X Nipponbare (Huang et al., 2009; Wang
et al,, 2011) and 02428 x Teqing (Mao et al., 2011), and two F,
populations, Nipponbare X Zhenshan 97 and Nipponbare x Minghui 63
(Li et al., 2017), were obtained from previous studies. The genotype of
S5 locus in two F, populations, Akitakomachi x Dular and Dourado
Precoce x Sadu-cho, was determined using SSR markers.
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A diallel set of 210 crosses was obtained by pairwise crossing of 21 vari-
eties representing a broad range of cultivated rice germplasm including
landraces, modern elite cultivars, and parents of hybrid rice
(Supplemental Table 6). All of these 21 varieties have been used
extensively in rice breeding. Hybrid seeds were obtained for 209
crosses (except Zhonghua 11 x Minghui 63). Seeds of the 209 hybrids
and their parents (230 lines in total) were planted in the field in normal
rice growing season in 2013 following a randomized complete block
design with two replications in the Experimental Station of Huazhong
Agricultural University in Wuhan. Each cross contained 20 seedlings
planted in two rows. True hybrid plants were detected by visual
examination in the growing season. At maturity, true hybrid plants in the
middle of each row were harvested. The spikelet fertility for each plant
was scored as the ratio of the number of filled grains to the total
spikelet. The primers for genotype investigation of ORF3, ORF4, and
ORF5 at S5 locus are listed in Supplemental Table 7.

Analysis of Segregation Distortion at the S5 Locus

The genotype frequency at S5 locus was investigated using a linked bin/
marker in six inter-subspecific populations. The deviation of each bin/
marker from the Mendelian segregation (1:2:1 ratio for genotype fre-
quency in F, populations or 1:1 in RIL populations) was investigated by
chi-square test.

Sequence Analysis

Multiple sequence alignment was performed using Clustal X version 1.83
(Thompson et al., 1997) and was further adjusted manually with GeneDoc
2.7 (Nicholas and Nicholas, 1997). Aligned sequences were imported into
DnaSP 5.0 for extracting the nucleotide polymorphism of the haplotypes
(Librado and Rozas, 2009). The haplotype networks were generated
using the computer program Hap Star 7.0, followed by manual editing
(Teacher and Giriffiths, 2011).
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