
Three representative inter and intra-subspecific crosses
reveal the genetic architecture of reproductive isolation in
rice

Guangwei Li†, Xiaoting Li†, Yuan Wang, Jiaming Mi, Feng Xing, Dahan Zhang, Qiyan Dong, Xianghua Li, Jinghua Xiao,

Qifa Zhang and Yidan Ouyang*

National Key Laboratory of Crop Genetic Improvement and National Centre of Plant Gene Research (Wuhan), Huazhong

Agricultural University, Wuhan 430070, China

Received 5 May 2017; revised 25 July 2017; accepted 7 August 2017; published online 14 August 2017.

*For correspondence (e-mail diana1983941@mail.hzau.edu.cn).
†These authors contributed equally to this work.

SUMMARY

Systematic characterization of genetic and molecular mechanisms in the formation of hybrid sterility is of

fundamental importance in understanding reproductive isolation and speciation. Using ultra-high-density

genetic maps, 43 single-locus quantitative trait loci (QTLs) and 223 digenic interactions for embryo-sac, pol-

len, and spikelet fertility are depicted from three crosses between representative varieties of japonica and

two varietal groups of indica, which provide an extensive archive for investigating the genetic basis of

reproductive isolation in rice. Ten newly detected single-locus QTLs for inter- and intra-subspecific fertility

are identified. Three loci for embryo-sac fertility are detected in both Nip 3 ZS97 and Nip 3 MH63 crosses,

whereas QTLs for pollen fertility are not in common between the two crosses thus leading to fertility varia-

tion. Five loci responsible for fertility and segregation distortion are observed in the ZS97 3 MH63 cross.

The importance of two-locus interactions on fertility are quantified in the whole genome, which identify

that three types of interaction contribute to fertility reduction in the hybrid. These results construct the

genetic architecture with respect to various forms of reproductive barriers in rice, which have significant

implications in utilization of inter-subspecific heterosis along with improvement in the fertility of indica–

indica hybrids at single- and multi-locus level.

Keywords: Oryza sativa (rice), hybrid sterility, reproductive isolation, speciation, genetic basis, fertility

improvement.
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INTRODUCTION

Reproductive isolation is the indication and maintaining

force of speciation, which allows populations to evolve

independently. During the process of speciation, mutations

have arisen and fixed in diverging populations, leading to

accumulation of genetic changes that confer deleterious

interactions, thus resulting reproductive barriers and for-

mation of new species. Despite the recent progress in

understanding the hybrid incompatibility genes and mech-

anisms responsible for reproductive isolation in model

organisms (Herrmann et al., 1999; Bauer et al., 2005, 2007;

Brideau et al., 2006; Masly et al., 2006; Bomblies et al.,

2007; Chen et al., 2008; Lee et al., 2008; Long et al., 2008;

Seidel et al., 2008; Bikard et al., 2009; Chou et al., 2010;

Mizuta et al., 2010; Yamagata et al., 2010; Maheshwari and

Barbash, 2011; Yang et al., 2012; Ouyang and Zhang, 2013;

Alcazar et al., 2014; Chae et al., 2014; Kubo et al., 2015;

Lafon-Placette and Kohler, 2015; Yu et al., 2016), it remains

to be investigated regarding the evolutionary dynamics

and the underlying genetics of various forms of barriers

leading to the formation of new species.

Rice maintains high genetic diversity and significant

population structures due to adaptation to a wide range of

geographic distributions and domestication under artificial

selection (Huang et al., 2011). The Asian cultivated rice

(Oryza sativa. L) contains two major groups of indica and

japonica and several other sub-types including Aus, aro-

matic/basmati, and intermediate groups (Garris et al.,

2005; Huang et al., 2010; Xu et al., 2012; Rice Genomes
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Project, 2014; Civan et al., 2015). The japonica subspecies

can be further classified into temperate and tropical

groups, whereas two major varietal groups of indica sub-

species, indica I (IndI) and indica II (IndII), were identified

based on whole genome sequencing data, which showed

substantial differentiation due to geographic adaptation

and accumulation of divergent selections in distinct breed-

ing programs (Xie et al., 2015). The indica and japonica

groups have been also referred to as ‘hsien’ and ‘keng’

since the Han Dynasty in China (>2000 years ago) (Ting,

1949a,b), and they were recognized based on the reproduc-

tive barriers observed. Hybrid sterility between indica and

japonica represents one of the best-characterized examples

of postzygotic reproductive isolation in plants. Reproduc-

tive isolation between the indica and japonica subspecies

results in barriers causing sterility in various forms, imped-

ing gene flow between different populations (Ouyang

et al., 2010). The Aus varieties gave relatively fertile

hybrids when crossing either to indica or japonica vari-

eties, which conferred a wide spectrum and high level of

wide-compatibility (Morinaga and Kuriyama, 1958). The

existence of such group was subsequently demonstrated

by Ikehashi and Araki (Ikehashi and Araki, 1984) and was

also confirmed by a series of studies (Yanagihara et al.,

1992; Liu et al., 1996; Wang et al., 1998; Mi et al., 2016),

which enables hybridization and gene flow between the

two subspecies, thus maintaining species coherence and

providing an opposing force for reproductive isolation. The

divergent populations in rice have provided an excellent

model system for understanding the evolutionary genetic

mechanisms of reproductive barriers.

Using different mapping populations, a number of QTLs

that contribute to hybrid sterility have been identified, lead-

ing to both female gamete abortion and pollen sterility

(Ouyang et al., 2009). The genetic basis of hybrid sterility

has been investigated mainly based on biparental crosses

and their derivative mapping populations (Wang et al., 2005;

Zhu et al., 2005a,b; Zhao et al., 2006; Mizuta et al., 2010;

Zhang et al., 2011). Such populations are also used to iden-

tify the genetic factors underlying the mechanisms of segre-

gation distortion (Reflinur et al., 2014). In addition, three-

way crosses are frequently used to assay the genetic effect

of wide-compatibility alleles, which enable hybridization and

produce fertile hybrids between the two subspecies (Yanagi-

hara et al., 1992; Wan et al., 1993, 1996; Wan and Ikehashi,

1995; Liu et al., 1997; Wang et al., 1998; Song et al., 2005).

Seven loci/locus pairs for hybrid embryo-sac or pollen steril-

ity have been cloned in rice, which caused reproductive bar-

riers in diverse inter-specific or inter-subspecific populations

(Chen et al., 2008; Long et al., 2008; Mizuta et al., 2010; Yam-

agata et al., 2010; Du et al., 2011; Yang et al., 2012; Ouyang

and Zhang, 2013; Kubo et al., 2016a; Ouyang et al., 2016; Yu

et al., 2016; Xie et al., 2017). Recent progress in gameto-

phyte development in plants would further facilitate

understandings of the molecular and biochemical mecha-

nisms of these hybrid sterility genes in gamete development

and reproductive barriers (Chen and Liu, 2014; Tucker and

Koltunow, 2014; Zhang and Yang, 2014; Zhang and Yuan,

2014; Shi et al., 2015).

Previous genetic works still have three major limitations in

detection of hybrid sterility QTLs in terms of germplasm rep-

resentation. The populations derived from either biparental

or three-way crosses only allow detection of loci with allelic

differentiation in the two parents, thus hindering the study in

the extent of genetic architecture. Meanwhile, the resolution

of the QTLs is limited owing to the number of recombinant

plants and the density of molecular markers. In addition,

understanding the genetic basis of hybrid incompatibility

requires an investigation in the phenotypic effects from

interacting locus pairs, which remains to be elucidated espe-

cially at the whole genome level. Therefore, genome-wide

detection of hybrid incompatibility loci at single- and multi-

locus level among representative varieties of rice germplasm

would be essential to understand the complexity of mecha-

nisms that lead to reproductive isolation.

In this study, we dissected the genetic basis of hybrid

sterility by investigating the pollen fertility, embryo-sac fertil-

ity, and spikelet fertility in three crosses from Nipponbare

(Nip) belonging to japonica, Zhenshan 97 (ZS97), and Min-

ghui 63 (MH63), belonging to two different varietal groups of

indica subspecies (Xie et al., 2015), which cover the germ-

plasm representation of cultivated rice. Comprehensive data

from crosses using these three parents would explore in

depth the genetic architecture of different reproductive barri-

ers in terms of rice diversity, which could also explain the

mechanism concerning decreasing of fertility in Shanyou 63,

the most widely cultivated hybrids in China from cross

between ZS97 and MH63. Interpreting these QTLs and inter-

action data in light of the genetics and evolutionary dynam-

ics would facilitate the understanding in driving force of

speciation, which also establish a framework for mapping

and cloning of new hybrid sterility genes in future.

RESULTS

Fertility segregation in crosses of the three rice varieties

The three crosses between Nip, ZS97, and MH63 showed

significant differences in hybrid fertility (Table S1). Spikelet

fertility of the three parents and the hybrid from two indica

varieties (ZS97 9 MH63) was normal. However, the F1
hybrids from two inter-subspecific crosses showed

reduced spikelet fertility, 25.54% for the Nip 9 ZS97 hybrid

and 63.04% for the Nip 9 MH63 hybrid.

Spikelet fertility of Nip 9 ZS97 F2 individuals varied from

0% to 90.74%, with an average of 42.20% (Figure S1). Simi-

larly, pollen fertility showed continuous distribution in F2
population, ranging from 0% to 98.83%. A normal embryo-

sac contained an egg apparatus with one egg cell and two
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synergids at the micropylar end, two obvious polar nuclei

locating above the egg apparatus, and a group of antipodal

cells at the chalazal end. Seven types of abnormal embryo-

sacs were observed in Nip 9 ZS97 F2 population, including

degeneration of embryo-sac, small embryo-sac, none polar

nucleus, abnormal location of polar nuclei, single polar

nucleus, and multiple polar nuclei locating either dispersive

or centralized (Figure S1a). The embryo-sac fertility was esti-

mated as the proportion of the embryo-sacs with normal

structure, which varied from 1.30% to 98.51%.

The overall fertility in Nip 9 MH63 F2 population was

higher. The spikelet fertility varied from 0.40% to 92.62%,

with the average of 52.56%. The average pollen fertility

was 81.74%, ranging from 2.76% to 99.20%. The embryo-

sac showed an average fertility of 67.53%, varying from 0%

to 100.00%.

Although the average spikelet fertility of

ZS97 9 MH63 F2 population was close to normal (80.17%),

semi-sterile individuals were also observed. The fertility of

the male and female gametes in F2 individuals ranged from

43.25% to 99.51%, and 37.93% to 100.00%, respectively.

The spikelet fertility was significantly correlated with

both embryo-sac fertility and pollen fertility in both

Nip 9 ZS97 and Nip 9 MH63 populations (Table 1). No

significant correlation was detected between spikelet fertil-

ity and either pollen or embryo-sac fertility in the popula-

tion of ZS97 9 MH63 cross.

Construction of the bin maps

Using restriction site-associated DNA sequencing (RAD-

seq), we obtained 20.009 Gb sequence from 157 plants of

F2 Nip 9 ZS97, equivalent to 128.261 Mb per plant. Simi-

larly, 25.088 Gb and 21.843 Gb sequences were obtained

from 172, and 163 individuals of Nip 9 MH63 and

ZS97 9 MH63 populations, respectively. A total of 76 866,

80 290, and 44 049 high-quality single nucleotide polymor-

phisms (SNPs) were identified between the parents of

three populations (Table S2). Three bin maps were con-

structed based on the recombination breakpoints detected

in these F2 populations, which generated 2668 bins in the

Nip 9 ZS97 population, 2643 in the Nip 9 MH63 popula-

tion, and 1850 bins in the ZS97 9 MH63 population. The

average genetic distance was 0.738 cM per bin in the

Nip 9 ZS97 cross, 0.781 cM in the Nip 9 MH63 cross, and

1.125 cM in the ZS97 9 MH63 cross, leading to total

lengths of 2074.03 cM, 1942.32 cM, and 2081.05 cM of

these three maps. The physical length of each bin in the

Nip 9 ZS97 map ranged from 20 kb to 3.68 Mb with an

average of 141.22 kb, 20 kb to 5.87 Mb in the Nip 9 MH63

map with an average of 139.90 kb, and 20.01 kb to 4.91 Mb

in the ZS97 9 MH63 map with an average 201.75 kb.

Single-locus QTLs for embryo-sac, pollen, and spikelet

fertility

A total of 27 QTLs for embryo-sac, pollen, and spikelet

fertility in the three F2 populations were detected using

one-way analysis of variance (ANOVA) based on the bin

genotypes of each locus with �log10P threshold 2.5.

Three QTLs for embryo-sac fertility were detected on

chromosomes 6, 8 and 12 in the F2 population of

Nip 9 ZS97 (designate as Ef6, Ef8, and Ef12) (Figure 1, Fig-

ure S2, Table 2). At the Ef6 locus heterozygous genotype

showed reduced embryo-sac fertility. However, the

homozygote for Nip allele showed lower embryo-sac fertil-

ity at Ef8, while at Ef12 the homozygote for the ZS97 allele

displayed a significant reduction in embryo-sac fertility.

The Ef6 locus was mapped in chr06_bin55 with 42.462 kb

in length spanning S5 (Chen et al., 2008; Yang et al., 2012),

thus the effect is highly likely caused by the S5 locus. The

Ef12 was mapped to a region of 23.880-25.306 Mb contain-

ing hsa1 (Kubo and Yoshimura, 2005; Kubo et al., 2016a).

The Ef8 region spanned from 4.064 to 18.328 Mb where

hsa2 was located (Kubo and Yoshimura, 2005), thus the

effect of Ef8 might be due to hsa2.

Five QTLs were detected for pollen fertility. Two QTLs

on chromosomes 5 and 12 (designate as Pf5.1 and Pf12)

caused significant pollen sterility in heterozygous geno-

types. Pf5.1 was located to a 3.370 Mb interval, which over-

lapped a previously identified locus f5 (Wang et al., 2006)

or Sb (Li et al., 2006). Pf12 was mapped in a 1.688 Mb

interval, which corresponded to a QTL for hybrid pollen

sterility detected previously (Song et al., 2005; Zhang et al.,

2011). The other three QTLs on chromosomes 1, 5 and 10

(designate as Pf1, Pf5.2 and Pf10) respectively were not

identified previously. The genotype homozygous for the

Table 1 Association between embryo-sac fertility, pollen fertility,
and spikelet fertility using Pearson’s correlation coefficient

Population
Association between
traits Correlation P-value

Nip 9 ZS97 Pollen and embryo-sac
fertility

0.094 0.273

Embryo-sac and spikelet
fertility

0.598* 1.243E-14

Pollen and spikelet
fertility

0.487* 9.043E-10

Nip 9 MH63 Pollen and embryo-sac
fertility

0.349* 7.561E-06

Embryo-sac and spikelet
fertility

0.602* 2.200E-16

Pollen and spikelet
fertility

0.376* 7.803E-07

ZS97 9 MH63 Pollen and embryo-sac
fertility

�0.125 0.139

Embryo-sac and spikelet
fertility

0.174 0.046

Pollen and spikelet
fertility

�0.073 0.389

The star indicates the significant statistics. *P < 0.01.
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Nip allele showed significant reduced pollen fertility at Pf1,

whereas at Pf5.2 and Pf10, the homozygotes for the ZS97

alleles displayed a significant reduction in pollen fertility.

Five QTLs detected for spikelet fertility were likely due to

the abortion of either female or male gametes, including

Sf1.1 caused by Pf1, Sf5 caused by Pf5.1, Sf6 caused by

Ef6, Sf8.1 caused by Ef8, and Sf12.1 caused by Pf12. In

addition, Sf9, a locus without a declared QTL for

embryo-sac or pollen fertility, showed significant effect on

spikelet fertility, possibly resulted from barriers in or post

fertilization.

In the Nip 9 MH63 cross, we detected three QTLs (Ef6,

Ef8, and Ef12) responsible for female gamete abortion on

chromosomes 6, 8 and 12 (Figure 2, Figure S2, Table 2), all

of them were also detected in the Nip 9 ZS97 cross. A

major QTL on chromosome 6 was identified in chr06_bin27

(34.820 kb) containing S5, showing a major effect on

embryo-sac fertility. The two minor QTLs Ef8 and Ef12 cor-

responded to the regions containing hsa2 and hsa1.

Only one QTL Pf8 for pollen fertility was identified on

chromosome 8 where no QTL for pollen fertility has been

reported, the genotype carrying homozygous Nip alleles

showed significant reduced pollen fertility.

Six QTLs were identified for spikelet fertility. Sf6 was

the same locus as Ef6 corresponding to S5, while the

effect of Sf12.2 was likely due to Ef12 corresponding to

hsa1. The Sf8.2 locus spanning from 5.603 to 10.241 Mb

likely resulted from the combined effects of Ef8 and Pf8,

which overlapped with the spikelet fertility locus f8

(Wang et al., 1998), spf8 (Song et al., 2005) or qSS-8b

(Wang et al., 2005). The genotype of Sf4 carrying

homozygous MH63 alleles showed significantly reduced

spikelet fertility. This locus was mapped to a 2.370 Mb

interval, which corresponded to a QTL S9 for spikelet

fertility detected previously (Zhao et al., 2006). In addi-

tion, two new QTLs (Sf1.2 and Sf7) were detected on

chromosomes 1 and 7, and the homozygotes for the

Nip alleles at both loci displayed significant reduction in

spikelet fertility.

In the ZS97 9 MH63 cross, Ef1 for embryo-sac fertility

and Pf3 for pollen fertility were detected in the F2 popula-

tion (Figure 3, Figure S2, Table 2). At both loci genotypes

homozygous for the ZS97 alleles showed significant disad-

vantage in fertility. A QTL Sf3 for spikelet fertility was

detected, and the homozygote for the MH63 allele dis-

played a significant reduction in fertility.

Figure 1. Distribution of QTLs and interacting loci in Nip 9 ZS97 F2 population for embryo-sac, pollen, and spikelet fertility in hybrids.

ef, embryo-sac fertility; pf, pollen fertility; sf, spikelet fertility; SD, segregation distortion. Cut off suggests �log10P higher than 2.5. P1 indicates Nip, and P2

indicates ZS97.
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Prediction of candidate genes for QTLs with respect to

fertility

The high-quality reference genome sequences available for

all three parents allowed the prediction of the candidate

genes of the mapped QTLs. The Ef6/S5 locus was located

in chr06_bin55 (42.462 kb) of the Nip 9 ZS97 cross and in

chr06_bin27 (34.820 kb) of the Nip 9 MH63 cross (Fig-

ure S3). Overlapping region of these two bins contained

LOC_Os06g11010 (S5-ORF5). The ORF5 alleles from ZS97

and MH63 were identical and both differed by two nucleo-

tides from the Nip allele, being characteristic of the func-

tional mutations. Sequence comparison in mapped bins

also revealed a 13-bp insertion in LOC_Os06g10990 (S5-

ORF3) and an 11-bp deletion in LOC_Os06g11000 (S5-

ORF4), respectively, in ZS97 and MH63 compared to Nip.

Thus S5-ORFs3-5 were located exactly in these two bins,

which were well in accordance with our previous map-

based cloning result (Chen et al., 2008; Yang et al., 2012).

Such comparative analysis was applied to predict candi-

date genes for QTLs with �log10P > 4. The Ef8 locus was

mapped in chr08_bin76 in the Nip 9 ZS97 population,

embryo-sac fertility of the Nip allele of this locus was lower

(Figure S4, Table S3). Sequence alignment between Nip

and ZS97 revealed a 41.7 kb insertion (Chr 8: 9242940-

9284596) containing 20 Nip-specific genes encoding 10

chloroplast proteins, two cytochromes, an oxidoreductase,

a RNA polymerase subunit, a photosystem II reaction cen-

ter protein H, a ATP-dependent Clp protease proteolytic

subunit, a apocytochrome f precursor, and three uncharac-

terized or hypothetical proteins. Thus this insertion might

be associated with some undesirable effect on embryo-sac

fertility.

Pf12 (chr12_bin15, 139.95 kb) showed effect on hybrid

pollen fertility in the Nip 9 ZS97 cross (Figure S5,

Table S3). Three Nip-specific genes (LOC_Os12g02560,

LOC_Os12g02570, and LOC_Os12g02750) and eight ZS97-

specific genes (ZS12t0025100-5400, ZS12t0025900-6100,

and ZS12t0027100) were identified in this region, providing

a list of the likely candidates. ZS12t0027100 encoded a bis

(50-adenosyl)-triphosphatase, and other genes were anno-

tated as expressed proteins or hypothetical proteins. We

also found significant differences between Nip and ZS97 in

predicted proteins of six genes due to either SNPs or

InDels in coding regions, leading to a variance in splicing

site in LOC_Os12g02589 and LOC_Os12g02620, a frame

shift in LOC_Os12g02630, LOC_Os12g02640, and LOC_

Figure 2. Distribution of QTLs and interacting loci in Nip 9 MH63 F2 population for embryo-sac, pollen, and spikelet fertility in hybrids.

ef, embryo-sac fertility; pf, pollen fertility; sf, spikelet fertility; SD, segregation distortion. Cut off suggests �log10P higher than 2.5. P1 indicates Nip, and P2

indicates MH63.
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Os12g02720, and a premature termination in

LOC_Os12g02760. Based on expression analysis in these

six genes, we found preferential expression of

LOC_Os12g02620, LOC_Os12g02640, LOC_Os12g02720,

and LOC_Os12g02760 in panicles or stamen. In addition,

the transcripts of four genes, LOC_Os12g02490,

LOC_Os12g02530, LOC_Os12g02540, and LOC_Os12g

02550, also accumulated in panicles or stamen, and these

genes had nonsynonymous mutations relative to the ones

in ZS97. However, further investigation is needed to iden-

tify the real cause.

Pf8 (chr08_bin92, 99.62 kb) was identified in the

Nip 9 MH63 cross inducing pollen fertility (Figure S6,

Table S3). When transposons/retrotransposons and the

genes with identical CDS/protein sequences in two parents

were ignored, sequence alignment identified six genes in

MH63 (MH08t0329000, MH08t0329100, MH08t0329200,

MH08t0329500, MH08t0330600, MH08t0330700) showing

frame shift variations relative to the ones in Nip due to

InDels in coding regions. These genes encoded an F-box

domain containing protein, a pyrophosphate fructose

6-phosphate 1-phosphotransferase subunit alpha, and four

hypothetical proteins. In addition, two insertions (Chr 8:

13844849-13868136, 23.3 kb; Chr 8: 13873820-13878985,

5.2 kb) expanded the segment in MH63, which added six

MH63-specific genes in this bin region (MH08t0329900,

MH08t0330300, MH08t0330400, MH08t0330500,

MH08t0330800, and MH08t0331000). The predicted prod-

ucts included a cell wall protein, a glutathione S-transfer-

ase T3, a serine/threonine-protein phosphatase 7 long

form homolog, and three hypothetical proteins. We also

noticed that nonsynonymous mutations between

LOC_Os08g25710 (in Nip) and MH08t0329400, a gene that

was annotated as a cellulose synthase-like protein D3. It

was specifically expressed in stamen at 1 day before flow-

ering, which might be involved in gamete development.

These 13 genes provided possible candidates for reduced

pollen fertility in the Nip 9 MH63 F2 population.

Segregation distortion and the effects on fertility in each

population

In the F2 population of Nip 9 ZS97, seven regions were

detected showing significant deviations (P < 0.001) from

the expected allelic (1:1) and genotypic (1:2:1) frequencies

(Figure 1 and Table S4). In five of the seven regions (Sd3,

Sd6, Sd10.1, Sd12.1, and Sd12.2), the alleles from Nip were

Figure 3. Distribution of QTLs and interacting loci in ZS97 9 MH63 F2 population for embryo-sac, pollen, and spikelet fertility in hybrids.

ef, embryo-sac fertility; pf, pollen fertility; sf, spikelet fertility; SD, segregation distortion. Cut off suggests �log10P higher than 2.5. P1 indicates ZS97, and P2

indicates MH63.
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in deficiency, also leading to deviations in genotypic fre-

quencies. Five segregation-distorted regions (Sd1, Sd3,

Sd6, Sd12.1, and Sd12.2) caused significantly reduced fer-

tility in heterozygotes (P < 0.05). The distorted region on

chromosome 3 (Sd3) was likely due to the hybrid male

sterility locus Sc (Yang et al., 2004). The pollen fertility of

the heterozygote (60.38%) was lower relative to the

homozygotes (71.02% and 71.06%), although no QTL for

hybrid sterility was detected with the threshold applied.

Three segregation-distorted regions (Sd6, Sd12.1, and

Sd12.2) coincided with the QTLs for hybrid sterility. Signifi-

cantly reduced fertility was detected in heterozygotes at

Sd6 and Sd12.1, due to the effects of Ef6 (S5) and Pf12

causing hybrid female and male sterility, respectively. The

embryo-sac fertility of the homozygote for ZS97 allele at

Sd12.2 was also significantly lower than the homozygote

for Nip allele, likely due to the effect of Ef12 (hsa1). In

addition, Sd1, another locus corresponding to the newly

identified QTL Pf1, also showed significant difference in

pollen and spikelet fertility between heterozygote and

homozygotes.

Seven regions were detected as showing segregation

distortion in the Nip 9 MH63 population, all of which led

to deficiencies in the Nip alleles (Figure 2 and Table S4).

The distorted region on chromosome 3 was also observed,

suggesting that Sc has a sizable effect in reducing the Nip

gametes, although the pollen fertility was normal in

heterozygote. The other six regions were different from

those in the Nip 9 ZS97 cross. None of the seven regions

were associated with lower fertility in the heterozygotes.

We found distorted regions on chromosomes 4 and 9 in

the ZS97 9 MH63 cross (Figure 3 and Table S4), both of

which were also detected in the Nip 9 MH63 cross; signifi-

cant preferential transmission of the MH63 alleles occurred

in both regions, although the fertility of the heterozygotes

at Sd4 and Sd9 was close to normal.

The effects of two-locus interactions on fertility

Two-way ANOVA of two-locus genotypes formed of all possi-

ble pairs of the bins in the whole genome identified a total

of 22 interactions that had significant effects on fertility

(P < 0.001) in the F2 population of Nip 9 ZS97 cross (Fig-

ure 1, Table S5). Seven of the 22 interactions had effects

on embryo-sac fertility, five interactions affecting pollen

fertility, and 10 interactions influencing spikelet fertility.

In 12 of the interactions, the complementary genotypes

in each of the two-locus pairs, i.e. homozygous for Nip

alleles at one locus while homozygous for the ZS97 alleles

at the other, led to significant reduction in fertility. For

example, the genotype with homozygous Nip alleles at

chr08_bin79 (interval: 8.775–18.328 Mb) corresponding to

hsa2 and homozygous ZS97 alleles at chr12_bin144 (inter-

val: 23.027–25.213 Mb) corresponding to hsa1 caused abor-

tion of female gametes, similar to the previous result

(Kubo and Yoshimura, 2005; Kubo et al., 2016a). This kind

of complementary genotypes would contribute to fertility

reduction in the F1 hybrid between the two parents.

In six of the interactions, genotypes at one locus would

affect the fertility of the heterozygote at the other locus.

For example, homozygote of Nip alleles at chr08_bin78

(interval: 8.659–18.328 Mb) corresponding to hsa2 led to a

significant reduction in embryo-sac fertility when

chr07_bin90 (interval: 8.311–15.397 Mb) was heterozygous

compared to the homozygotes. In another case, the

homozygote of ZS97 alleles at chr01_bin73 (interval: 7.068–
8.132 Mb) greatly reduced the spikelet fertility of the

heterozygote at chr06_bin58 (interval: 5.12–9.452 Mb) con-

taining S5. This kind of interactions is also relevant to

hybrid sterility.

In the remaining four interactions, genotypes that are

homozygous for alleles from the same parents at both loci

produced lower fertility. For example, in the locus pairs

chr01_bin255/chr10_bin114, genotype with homozygous

ZS97 alleles at both loci caused significant reduction in

pollen fertility. Whereas in the other three locus pairs

(chr01_bin160/chr06_bin98, chr01_bin156/chr06_bin22,

chr01_bin221/chr06_bin12), genotypes of homozygous Nip

alleles at both loci showed significant reduction in fertility.

Nine significant interactions were detected in the

Nip 9 MH63 cross, including three locus pairs showing

effects on embryo-sac fertility, 4 on pollen fertility, and two

on spikelet fertility (Figure 2, Table S5). However, none of

these interactions were in common with the ones detected

in the Nip 9 ZS97 population. In four of the interactions

(chr03_bin283/chr09_bin132, chr04_bin90/chr05_bin9,

chr01_bin98/chr06_bin11, chr07_bin12/chr08_bin32), signifi-

cant reduction in fertility occurred in genotypes heterozy-

gous at one locus and homozygous at the other. In three

of the interactions (chr09_bin86/chr10_bin93, chr01_bin4/

chr02_bin73, chr03_bin67/chr12_bin139), genotypes with

homozygous Nip alleles at both loci led to significant

reduction in fertility, whereas in the remaining two interac-

tions (chr01_bin219/chr12_bin101, chr02_bin235/

chr05_bin180), genotypes with homozygous MH63 alleles

at both loci caused significant fertility reduction.

Ten significant interactions were detected in the

ZS97 9 MH63 cross, including two showing effects on

embryo-sac fertility, 2 on pollen fertility, and six on spikelet

fertility (Figure 3, Table S5). In five interactions, the com-

plementary homozygous genotypes, i.e. homozygous ZS97

alleles at one locus and homozygous MH63 alleles at the

other, showed significant reduction in fertility. In four of

the interactions, genotypes with homozygous alleles at

both loci from the same parents showed reduced fertility.

In the remaining case, homozygote for the MH63 allele at

one locus (chr11_bin169, interval: 28.646–29.021 Mb)

would affect the spikelet fertility of the heterozygote at the

other (Pf3, chr03_bin20, interval: 2.642–3.506 Mb). But

© 2017 The Authors
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overall the effects of these interactions on fertility reduc-

tion were much smaller than in the other two crosses.

Deviations of genotype frequencies of two-locus combi-

nations from expectations based on independent segrega-

tion of individual loci (two-locus segregation distortion)

may provide another measure for interaction between dif-

ferent loci (Corbett-Detig et al., 2013). Such significant

interactions (P < 0.001) were detected in all three F2 popu-

lations, including 69 locus pairs in the Nip 9 ZS97 cross,

61 in the Nip 9 MH63 cross, and 52 in the ZS97 9 MH63

cross (Figures 1, 2 and 3, Table S6). Combined with two-

way ANOVA for embryo-sac, pollen, and spikelet fertility, 14

segregation-distorted two-locus combinations also showed

significant effects on fertility in the Nip 9 ZS97 cross, 9 in

the Nip 9 MH63 cross, and 12 in the ZS97 9 MH63 cross.

In addition, three interacting two-locus combinations were

detected in both Nip 9 ZS97 and Nip 9 MH63 populations

that involved known loci for hybrid sterility. The first case

involved the segregation-distorted locus pairs,

chr02_bin136/chr05_bin62 in the Nip 9 ZS97 cross and

chr02_bin108/chr05_bin95 in the Nip 9 MH63 cross, which

is in agreement with a previous finding that the region on

chromosome 2 contained an factor epistatic to f5/Sb/S24

on chromosome 5 (Kubo et al., 2016b). In the second case,

chr11_bin174/chr12_bin153 in the Nip 9 ZS97 cross and

chr11_bin191/chr12_bin148 in the Nip 9 MH63 cross also

caused abortion of female gametes, in which the locus on

chromosome 12 in both populations corresponded to hsa1

on chromosome 12 (Kubo et al., 2016a). The third case

occurred in two-locus genotypes of chr05_bin41/

chr08_bin62 in the Nip 9 ZS97 cross and chr05_bin17/

chr08_bin62 in the Nip 9 MH63 cross, suggesting

possible interaction between hsa2 and the region on

chromosome 5.

DISCUSSION

The genetic architecture of reproductive isolation in rice

based on three representative inter and intra-subspecific

crosses

Hybrid sterility between indica and japonica subspecies is

complicated due to the contribution of multiple genetic ele-

ments regulating various types of reproductive barriers.

Although approximately 30 loci are recognized so far

responsible for the fertility of indica-japonica hybrids, the

data is still limited due to a wide range of differentiation in

rice germplasms (Ouyang, 2016). By taking advantage of

three pairwise crosses from representative varieties of

japonica and two indica varietal groups with well

sequenced reference genomes, 43 single-locus QTLs and

223 two-locus combinations are detected for showing

effects in fertility at the whole genome level, which pro-

vided an extensive archive for investigating the genetic

basis of reproductive barriers in rice (Table S7). The three

parents of the mapping populations used in this study rep-

resent a wide range of diversity in the cultivated rice germ-

plasms. Nip belongs to temperate japonica, while ZS97

and MH63 from two indica varietal groups are also used as

the parents of Shanyou 63, the most widely cultivated

hybrid in China. Therefore, the hybrid sterility loci identi-

fied for inter-subspecific and intra-subspecific fertility in

these three crosses have comprehensive implications for

understanding the genetic architecture and diverse varia-

tion of reproductive isolation in rice.

In total, 27 loci were detected for embryo-sac fertility,

pollen fertility, and spikelet fertility in three F2 populations,

including 14 loci showing effects in the Nip 9 ZS97 cross,

10 in the Nip 9 MH63 cross, and three in the ZS97 9 MH63

cross. Along with five consequential segregation distortion

regions affecting the fertility of either homozygotes or

heterozygote, these loci described a framework for repro-

ductive barriers in rice. Ten QTLs were newly detected for

fertility that would provide fresh understanding for repro-

ductive isolation, including four loci for the Nip 9 ZS97

cross, three for the Nip 9 MH63 cross, and three in the

ZS97 9 MH63 cross. Three loci (S5, hsa1, and hsa2)

responsible for embryo-sac fertility were detected in both

Nip 9 ZS97 and Nip 9 MH63 crosses, whereas QTLs for

pollen fertility were not in common between the two

crosses, suggesting that these loci might be responsible

for fertility variation in crosses from various rice germ-

plasms. Three QTLs responsible for embryo-sac, pollen,

and spikelet fertility were identified in the ZS97 9 MH63

cross. Two segregation distortion regions (Sd4 and Sd9)

were also identified, leading to distortion of gamete trans-

mission in hybrids within indica subspecies. These loci for

hybrid fertility might have distinct molecular and biochem-

ical functions, and their mechanisms are in close relation

with the involved pathway in male and female gameto-

phyte development. These genes might result in reduced

fertility in hybrids due to abnormal reproductive process in

various stages, from the formation of sporophytic anther

or ovule, and subsequent meiosis process, to the develop-

ment of mature pollen or embryo-sac (Chen and Liu, 2014;

Tucker and Koltunow, 2014; Zhang and Yang, 2014; Zhang

and Yuan, 2014; Shi et al., 2015). The genes for hybrid fer-

tility might interplay with other reproductive developmen-

tal genes and constitute the network of gamete

development thus leading to partial reproductive barriers

in hybrids.

We failed to detect the effect of two cloned hybrid steril-

ity loci/gene pairs, Sa (Long et al., 2008) and DPL1/DPL2, in

our populations. Sequence comparison revealed that ZS97

carried the neutral haplotype of SaF+SaM� at Sa locus,

while the SaF and SaM genes were lost in MH63. Thus

both ZS97 and MH63 showed compatibility to Nip (haplo-

type of SaF�SaM�). Meanwhile, both DPL1 and DPL2 did

not show functional difference in Nip, ZS97, and MH63,
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which was in consistent with our result. Other discrepan-

cies in QTLs were also observed in this study as compared

with previous reports (Ouyang et al., 2009). This might be

due to either lack of variation or environmental

fluctuations.

Detection of two-locus interaction of all possible pairs

of the bins at the whole genome level also provided the

first glimpse for investigating the contribution of epistasis

in reproductive isolation in rice. Forty-one-two-locus inter-

actions for three types of reproductive barriers were

detected, including 12 locus pairs showing effects in

embryo-sac fertility, 11 in pollen fertility, and 18 in spike-

let fertility. In addition, the fertility was influenced by 35

two-locus combinations showing significant deviation

from the expected genotype frequencies. Interaction

might exist between different QTLs involved in hybrid

incompatibility. We have detected interaction between

hsa2 and hsa1 underlying female fertility, which was in

agreement with interactions between hsa1, hsa2, and

hsa3 identified in previous study (Kubo and Yoshimura,

2005). Duplicated interacting loci also caused genetic

incompatibility in rice (Mizuta et al., 2010; Yamagata

et al., 2010). In addition, epistatic interactions between

hybrid sterility genes and other unlinked loci also con-

tributed significantly to reproductive barriers in rice. Two

independent genetic pathways of EFS-S24 (f5/Sb) and

INK-S35 (Sd/f1) were identified in indica-japonica cross,

both of which were responsible for hybrid pollen fertility

(Kubo et al., 2016b). The effect of S24 on hybrid pollen

sterility would be suppressed by the indica allele of EFS

(Kubo et al., 2011), whereas the indica allele of INK,

which located adjacent to S24, was required to induce

S35-dependent pollen sterility. The interacting locus pairs

and their phenotypic effects observed in three F2 popula-

tions in our study confirmed significant contribution of

complex interactions in reproductive isolation.

The genes responsible for hybrid fertility contribute to

reproductive isolation and evolution of different rice

populations

The origin and divergence of hybrid fertility and segrega-

tion distortion loci have comprehensive implications for

understanding the evolution and differentiation of different

rice populations. Three loci for hybrid female fertility were

shared among inter-subspecific crosses between japonica

and different varietal groups of indica, suggesting genetic

divergence at the early stage of speciation. However, the

loci for hybrid male fertility were different among rice lin-

eages, possibly behaved as a more rapidly evolving form

of incompatibility. Consistently, most hybrid male sterility

loci are not shared in two mouse subspecies pairs (White

et al., 2012). Therefore, the genetics and evolutionary pat-

terns of hybrid male and female fertility loci differ substan-

tially along with speciation. Two segregation distortion

regions, Sd4 and Sd9, might have evolved along the IndII

branches, leading to distortion of gamete transmission

within indica subspecies. Three new loci responsible for

hybrid fertility were identified between two indica varieties,

suggesting that the two varietal groups of indica might

have diverged in the recent past, which was likely due to

the combined effects of ongoing reproductive isolation

and rice breeding process. Our genetic data along with

information on phylogenic relationships of subspecies and

varietal groups provide understandings in evolutionary

dynamics of reproductive isolation and speciation.

Implications in rice genetic improvement

Our finding might have significant implications in rice

genetic improvement. Based on present result, the genet-

ics of hybrid sterility loci differs substantially in diverse

inter-subspecific crosses. Varieties from either IndI or IndII

would be incompatible with japonica rice in hybrid female

fertility, whereas different indica varieties might be able to

produce semi-fertile male gametes at different loci for

hybrid pollen fertility. Utilization of these single-locus

hybrid sterility loci for development of ‘japonica-compati-

ble indica lines’ through introgression would produce fer-

tile hybrids when crossed with targeted japonica lines.

Pyramiding of multiple wide-compatibility alleles at these

QTLs into elite parents with strong heterosis would also

facilitate breaking the reproductive barriers.

In this study, we also quantified the importance of two-

locus interactions on fertility in the whole genome, and

found that three types of interaction contributed signifi-

cantly to segregation of fertility in the F2 populations.

Genetic dissection identified that 17 interactions with

complementary genotypes resulted in fertility reduction in

the hybrid; one locus pairs corresponded to hsa2 and

hsa1 in previous result (Kubo and Yoshimura, 2005).

Genotypes with homozygous alleles at both loci from the

same parents led to reduced fertility at 13 two-locus

pairs, and 11 interactions were relevant to hybrid sterility

with the homozygote at one locus and the heterozygote

at the other locus. These two-locus interactions result in

effects of reducing the fertility in the F2 populations, and

such unfavorable consequence in fertility might be

improved via breaking of the deleterious allelic

combinations.

In particular, the population from ZS97 9 MH63 cross

exhibited a wide range segregation in embryo-sac fertility,

pollen fertility, and spikelet fertility. Genotypes homozy-

gous for the MH63 alleles at Ef1 and Pf3, and homozygote

for the ZS97 allele at Sf3 contributed to increasing fertility

the hybrids. Further improvement in the fertility of

ZS97 9 MH63 cross would be possible using the better

alleles at single-locus level and allelic combinations at mul-

ti-locus level, which might have general implications for

other indica–indica hybrids.
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EXPERIMENTAL PROCEDURES

Rice materials and growth conditions

Three F2 populations, with the plants of 157, 172, and 163, respec-
tively, were obtained from crosses of Nip 9 ZS97, Nip 9 MH63,
and ZS97 9 MH63 followed by self-fertilization of the F1 hybrids.
Nip belongs to japonica subgroup (O. sativa L. ssp. japonica),
while ZS97 and MH63 are two elite rice lines of indica subspecies
(O. sativa L. ssp. indica). All plants were field grown in the rice
growing season in Wuhan in 2014.

Fertility examination

Each plant in F2 population was used to investigate the embryo-
sac fertility, pollen fertility, and spikelet fertility. During flowering
time, florets from the middle and upper parts of three panicles per
plant were sampled for examining embryo-sac and pollen fertility.
The florets were fixed in FAA (formaldehyde: acetic acid: 50%
ethanol = 5:6:89) for 24 h at room temperature, after which they
were washed with 50% ethanol and stored in 70% ethanol at 4°C.
Approximately 150 ovaries were investigated using the whole
stain-clearing method (Song et al., 2005).

Pollen fertility was examined with the I2-KI staining method,
using mixed pollen grains from six to eight florets from each
plant. Three independent microscope fields were observed, with
at least 100 pollen grains per field. Pollen fertility was estimated
from the mean proportion of the stained pollen.

Three panicles per plant were harvested for examination in spi-
kelet fertility, which was scored as the percentage of filled grains.

DNA extraction and genotyping using RAD-Seq

Genomic DNA was extracted from fresh flag leaves (Doyle and
Doyle, 1987), and 3 lg DNA extracted from each individual was
subjected to BGI (Huada Genomics Institute Co. Ltd, China) for
RAD-Seq. RAD library construction, sample indexing and pooling
were performed according to the Manufacturer’s instructions
(Illumina). The DNA library was sequenced using the Illumina
HiSeq 2000 platform, and a total of 45.08 GB paired-end 100-bp
reads sequence data were obtained. All reads were mapped
against the rice reference genome (Nipponbare MSU release ver-
sion 7.1) using the software SOAP2 (version 2.20) (Li et al.,
2009). SNP calling was performed with CaSFS (version 0.983),
and input data was prepared by SAMtools (version 0.1.8) based
on the Bayesian estimation of site frequency at every site (Duan
et al., 2013).

Bin map construction and QTL scanning

The SNP data identified in three F2 populations were converted
into another format to simplify the genotype calling analysis,
based on the reference genome sequences from three parents.
The Nip alleles were coded as ‘a’, and the SNPs from ZS97 or
MH63 were coded as ‘b’ in Nip 9 ZS97 and Nip 9 MH63 popula-
tions. The ZS97 alleles were coded as ‘a’, and the SNPs from
MH63 were coded as ‘b’ in ZS97 9 MH63 population. The
heterozygotes were coded as ‘h’, while missing data were coded
as ‘-’. Based on SNP locations on the reference genome and geno-
types identified, a modified sliding window approach was
adopted, in order to evaluate a group of consecutive SNPs for
genotyping and recombination breakpoint determination (Huang
et al., 2009). For each scanning, a window of 15 SNPs without
missing data was used for genotyping calling. An a/b ratio of 12:3
or higher was recognized as ‘a’, 3:12 or lower as ‘b’ and anything

in between as ‘h’. The crossover of transforming between a
homozygous genotype and a heterozygous genotype in F2 popula-
tion was defined between two adjacent blocks with different geno-
types. Another type of crossover was transforming between the
homozygous genotype from the two parents. There existed sev-
eral temporary ‘h’ in this type of crossover before transformation
into another homozygous genotype, and the third changed SNP
was chosen for determination of the breakpoint. The interval
between two adjacent crossovers in the entire F2 population was
defined as a recombination bin. After initial construction of the
bin map, genotyping errors were identified using R/qtl package
function calc.errorlod with error.prob = 0.001. Genotypes with
error LOD scores >4 were set missing and were imputed using R/
qtl package function fill.geno with the ‘argmax’ method (Broman
et al., 2003). The genetic linkage map based on the bins was con-
structed using the R/qtl package function est.map with Kosambi
map method and error.prob = 0.0001.

QTL analysis was performed using one-way ANOVA to test the
association of the genotype of each bin with the observed trait. A
1.5 –log10P drop support interval was used for each QTL. The vari-
ation explained by each bin was determined using lm function of
R fitted liner model.

Identification for region with segregation distortion

To investigate the deviation of each bin from the Mendelian segre-
gation (1:1 radio for allele frequency and 1:2:1 for genotype radio),
a chi-squared test was performed using the R function chisq.test.
The adjacent bins showing segregated distortion (P < 0.001) were
defined as the segregated distortion region.

Test for independence of marker segregation

To identify the independence of marker segregation, a chi-square
test was employed to scan the independence of all bin pairs along
the whole genome. The bin pairs showing significant association
(P < 0.001) indicated possible two-locus interactions. The P-value
for the most significant bin pairs in two associated chromosome
fragments was assigned to the 2D significant interaction regions,
and �log10P 2-drop support interval was used as the confidence
interval for every one-dimensional of the chromosome segment.

Identification for two-locus epistatic interactions of

fertility-related traits

Two-way ANOVA was performed between all bin pairs across the
whole genome, in order to detect epistatic interactions for
embryo-sac, pollen, and spikelet fertility. Permutation tests were
used to define the genome-wide significant P-value threshold. For
each trait of the three F2 populations, we reshuffled the phenotype
1000 times; 1000 pairs of bins were random selected at each time
to perform two-way ANOVA analysis, and the minimum P-value was
recorded. Among the 1000 times permutation, the 50th minimum
P-value was taken as the genome-wide threshold. The epistatic
interaction regions were detected as described above.

Haplotype analysis for bins showing the most significant

effect in fertility QTLs

The SNP data from rice accessions of O. sativa was download
from the database of RiceVarMap (http://ricevarmap.ncpgr.cn/)
(Xie et al., 2015; Zhao et al., 2015). The SNP data from 98 acces-
sions of IndI, 105 accessions of IndII, and 91 accessions of temper-
ate japonica (TeJ) was used for haplotype analysis with respect to
the bins showing the most significant effect in fertility QTLs.
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Sequence and expression analysis for candidate genes

We compared the sequence of annotated genes within the bins
showing the most significant effect in hybrid sterility, using the
reference genome of Nip (http://rice.plantbiology.msu.edu), ZS97,
and MH63 (Zhang et al., 2016).

Expression profiles of candidate genes in 29 tissues for ZS97 and
MH63 were extracted from the CREP database (http://crep.ncpgr.c
n). The microarray data have been submitted into the NCBI Gene
Expression Omnibus (GEO) under the accession number of
GSE19024 (Wang et al., 2010). After normalization and variance
stabilization, the average signal value of two biological replicates
for each sample, except for samples 7, 8, 17, 18 and 19 (three bio-
logical replicates and two technical replicates) was used for analy-
sis. Wherever more than one probe set was available for one gene,
a randomly selected probe set was used for analysis. Quantitative
differences in gene expression levels were plotted using heatmap.2
function of R library ‘gplots’. For data analysis, Student’s t-test was
performed to identify differentially expressed genes. The genes
that were up- or down-regulated by more than two-fold and with
P-values <0.05 were considered to be differentially expressed.
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