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The successful application of heterosis in hybrid rice has dramat-
ically improved rice productivity, but the genetic mechanism for
heterosis in the hybrid rice remains unclear. In this study, we
generated two populations of rice F1 hybrids with present-day com-
mercial hybrid parents, genotyped the parents with 50k SNP chip
and genome resequencing, and recorded the phenotype of ∼2,000
hybrids at three field trials. By integrating these data with the col-
lected genotypes of ∼4,200 rice landraces and improved varieties
that were reported previously, we found that the male and female
parents have different levels of genome introgressions from other
rice subpopulations, including indica, aus, and japonica, therefore
shaping heterotic loci in the hybrids. Among the introgressed exog-
enous genome, we found that heterotic loci, including Ghd8/DTH8,
Gn1a, and IPA1 existed inwild rice, but were significantly divergently
selected among the rice subpopulations, suggesting these loci were
subject to environmental adaptation. During modern rice hybrid
breeding, heterotic loci were further selected by removing loci with
negative effect and fixing loci with positive effect and pyramid
breeding. Our results provide insight into the genetic basis underly-
ing the heterosis of elite hybrid rice varieties, which could facilitate a
better understanding of heterosis and rice hybrid breeding.
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The phenomenon that hybrid progenies often perform better
(e.g., higher growth rate or biomass) than their homozygous

parents, which is known as heterosis (or hybrid vigor), is wide-
spread in crop plants like rice and maize (1–4). The successful
application of heterosis in hybrid crop breeding has improved
food production during the past several decades. Today, hybrid
seeds are used in about half of all rice crops in China and nearly
all maize crops in the United States (5, 6). Historical efforts to
genetically improve hybrid parental lines have led to significant
increases in commercial hybrid rice production in China, from
∼3.8 t/ha in the 1970s to ∼6.8 t/ha in recent years (7). Recent
studies have mapped hundreds of agronomical traits heterotic
quantitative trait loci (QTLs) whose performance of heterozy-
gous genotypes differed from the mean performance of two
homozygous genotypes in modern rice hybrids (1, 2, 8–10). Many
QTLs contribute to heterosis by dominant or overdominant ef-
fects, with some exhibiting strong heterotic effects and including
candidate genes implicated in important agronomical traits such
as grain yield and flowering time (8–10). But the mechanisms
that explain how past breeding efforts led to heterotic QTLs in
modern hybrids and how these heterotic QTLs improved hybrid
performance remain unclear.
Rice genome studies in recent years have detected a large

scale of genetic variations in Asian cultivated rice germplasm
(11–14). By population structure analysis, the Asian cultivated

rice germplasm could be divided into six canonical subpopulations
(11, 13, 14): three indica subpopulations (South China origin, In-
ternational Rice Research Institute [IRRI]-bred lines, and South
Asia origin/Southeast Asia origin indica subpopulations), two
japonica subpopulations (tropical and temperate japonica), and aus,
most of which associated with their geographic origin, indicating
rich diversity. Based on the pedigree records, the indica sub-
population from south China and the one which comprises IRRI-
bred lines, were frequently employed during modern rice breed-
ing. An investigation of genomewide breeding signatures at these
two subpopulations found numerous selected genomic regions
which encompassed large numbers of important functional genes
and QTLs and may be the breeding targets during modern rice
genetic improvement (13). These studies enhanced our un-
derstanding toward the population structure and genetic diver-
sity of rice germplasm, but our knowledge about how breeders
utilized the genetic diversity to breed the hybrid parents, and what
genomic regions/genes had been selected during the parental
breeding, is still limited.
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In this study, we constructed two rice hybrid populations com-
prising ∼1,000 hybrids each using current commercial hybrid par-
ents. We then genotyped the hybrid parents using a 50k SNP chip
(RiceSNP50) (15) and genome resequencing, and conducted
phenotyping of ∼2,000 hybrids based on nine important agro-
nomical traits in three experimental trials. Our genetic analysis
indicates that divergent selection among the subpopulations
shaped different heterotic alleles in different subpopulations. The
male and female parents of hybrid rice had genetic variations,
when females displayed a much higher level of genome in-
trogression from other subpopulations, which gave rise to allele
differences at heterotic loci between male and female parents and
shaped heterotic loci in the hybrids. Heterotic loci were then se-
lected based on hybrid performance, which fixed heterotic QTLs
but removed QTLs that caused hybrid depression. Our findings
reveal the mechanisms underlying how heterotic loci were de-
veloped in hybrid rice and how hybrid performance was improved
with intensive breeding efforts. These results yield genetic insights
into hybrid rice heterosis and may lead to improved breeding of
parental lines that produce superior hybrids.

Results
Heterosis in Hybrid Rice Was Contributed by Multiple Loci with Positive
Dominant/Overdominant Effects. To study the genetic basis of het-
erosis in hybrid rice, we employed present-day commercial male
and female parental lines and constructed two populations of rice
F1 hybrids (designated Pop I and II, SI Appendix, Table S1 and
Dataset S1), which included ∼1,000 F1 hybrids each. Pop I is
comprised of 53 three-line hybrids and 947 two-line hybrids, and
Pop II is comprised of two-line hybrids only. The female parents of
two-line hybrids in Pop I shared one of the derived parents with
the female parents of Pop II, but the male parents of Pop I are
totally difference from that of Pop II. We performed phenotyping
for 10 important agronomical traits in the hybrids from three
experimental field trials (Pop I was phenotyped at ChangSha
City, China in the year 2014 [denoted as 2014CS], Pop II was
phenotyped at ChangSha City, China in the year 2015 [denoted
as 2015CS], and HeFei City in the year 2015 [denoted as 2015HF])
over a period of 2 y. Then all 171 male and 104 female parents
(including 11 three-line and 93 two-line male sterility lines,
Dataset S1) were genotyped using a 50k SNP array, and the hy-
brid genotypes were obtained by combining the haploid genotypes
of both parents (SI Appendix).
To identify heterotic loci whose trait value of heterozygous

genotype differed from the mean performance of homozygous
genotypes in the hybrids, we performed additive, dominant, and
overdominant model genomewide association studies (GWAS)
using EMMAX (16), which corrected cryptic genetic related-
ness. The GWAS analyses revealed 143 significant loci including
50 pleiotropic QTL clusters (genomewide significance cutoff:
P value ≤10−5; false discovery rate <0.05; 300 repetitions of permu-
tation test; Fig. 1A and SI Appendix, Fig. S1). These loci overlapped
a wide range of canonical genes previously implicated in important
agronomical traits, including Ghd8/DTH8 (17, 18), NAL1 (19),
IPA1 (20),Gn1a (21), and RCN2 (22), and some of these loci were
also detected at previous studies in indica hybrid populations (9,
10). An evaluation of the dominant/overdominant effects across
loci with three genotypes (two parental homozygous genotypes and
one heterozygous genotype) across all traits revealed that the
number of positive dominant/overdominant loci was higher than
negative dominant/overdominant loci (Fig. 1B). This supports the
notion that heterosis was the overall net effect of multiple loci (8).

Male and Female Parents of Hybrids Have Different Levels of Genome
Introgression from Rice Subpopulations Which Relate to Heterosis in
Hybrids. We inferred the population structure of the parents of
the hybrids based on previously reported resequencing data for
landrace strains and improved varieties (4,214 lines in total) (11–14)

by using the ADMIXTURE tool (23). In accordance with recent
studies (13, 24), the landraces and improved varieties exhibited
six canonical distinct groups (SI Appendix): three indica groups
(designated Ind I, Ind II, and Ind III), two canonical japonica
groups (Tropical Japonica and Temperate Japonica, designated
TroJ and TemJ, respectively), and aus (SI Appendix, Fig. S2A).
Ind I predominantly comprised the landraces and conventional
rice from South China, Ind II predominantly comprised IRRI-
bred germplasm including elite varieties like IR8 and IR24, and
Ind III predominantly comprised landraces from South Asia and
Southeast Asia.
Based on the population structure of landraces and improved

varieties, both the male and female parents of the hybrids dis-
played high proportion of the Ind II genome (an average 94.26%
in male parents and 77.43% in female parents, Fig. 2A). However,
the parents displayed significantly different levels of population
admixture, with the male parent showing a low level of genome
introgression from other subpopulations (average 5.74% of the
genome, range from 0 to 37.21%) and the female parent showing
a high level (average 22.57% of the genome, range from 2.86 to
46.40%). In the male parent, aus contributed an average of 2.34%
exogenous genome introgression (range from 0 to 8.09%), Ind I
contributed 1.46% (range from 0 to 17.36%), Ind III contributed
0.85% (range from 0 to 11.23%), TroJ contributed 0.60% (range
from 0 to 10.78%), and TemJ contributed 0.50% (range from
0 to 9.81%). For the female parent, aus contributed 4.88%
(range from 1.90 to 9.25%), Ind I contributed 14.49% (range
from 0 to 34.26%), Ind III contributed 0.31% (range from 0 to
8.00%), TroJ contributed 1.71% (range from 0 to 9.30%), and
TemJ contributed 0.50% (range from 0 to 7.52%). Overall, hybrid
male and female parents displayed different levels of exogenous
genome introgression, which were introduced by breeders from
Asian cultivated rice.
As the three-line and two-line male sterility lines are two

different hybrid systems during hybrid breeding, the comparison
of their population structure showed that the three-line male
sterility lines (38.13% of exogenous introgressed genome and
29.02% of Ind I genome on average) usually have higher pro-
portion of exogenous introgressed genome and Ind I genome
than these of two-line male sterility lines (20.91% of exogenous
genome and 13.30% of Ind I genome on average). However, the
male parents of both types have no significant difference in the
proportion of exogenous introgressed genome.
To evaluate the impact of exogenous genome introgression on

hybrids, we investigated the correlation between the degree of
genome introgression (proportion of nonInd II genome) and
yield traits in the hybrids. We found that the degree of genome
introgression significantly positively correlated with panicle
weight (PW) and significantly negatively correlated with tiller
number (TN) (Fig. 2B), suggesting that a medium level of in-
trogression may exert a maximum increasing effect on grain
yield. To test this hypothesis, we divided the hybrids into groups
based on their levels of genome introgression: ≤10%, 10–15%,
15–20%, 20–25%, 25–30%, 30–40%, and ≥40% of the genome.
Hybrids with 15–20% introgressed genome had the highest grain
yield per plant (GYPP) and TN, and the lowest PW (Fig. 2C). In
addition, because the general combining ability (GCA) of par-
ents is an indicator of the heterotic potential of their hybrids, we
also investigated the relationship between the GCA of male and
female parents and their degree of genome introgression. We
found that the degree of genome introgression of both parents
correlated positively with the GCA of PW and correlated neg-
atively with the GCA of TN (SI Appendix, Fig. S2 B–D and
Tables S1 and S2). Hybrid parents with a medium level of
introgressed genome had the highest grain yield GCA (SI Ap-
pendix, Fig. S2 D and F). Thus, we suggested that the level of
grain yield heterosis in hybrids and the grain yield GCA of the
parents could be improved by increasing the level of exogenous
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genome introgression in parents up to a certain point. Intro-
ducing exogenous genomes into parents of hybrids and consid-
ering the tradeoff between PW and TN heterosis is crucial for
increasing the yield GCA of parents and the yield heterosis
of hybrids.

Genome Introgression from Rice Subpopulations Shaped Heterotic
Loci in Hybrids. To detect introgressed regions in parent genomes,
we resequenced 36 core female parental lines and 79 male lines
(Dataset S1), removed the parental lines of three-line hybrids
and screened introgressed regions using the four-taxon fd statistic,
which calculates excessively shared derived variants between two
taxa (25). We calculated the fd statistic with a window size of 25 kb
and a step of 10 kb, removed windows with fewer than three in-
formative SNPs or with a meaningless result (fd > 1, fd < 0 or with
Patterson’s D statistic <0) (25), and used the population admixture
result (see SI Appendix) to determine the fd cutoff for detecting
introgressed regions. In total, we detected 349 (16.80 Mb) and 664
(37.42 Mb) introgressed regions in male and female parents, re-
spectively (Fig. 3A and Datasets S3 and S4). Male and female
parents shared 5.38 Mb (10.25%) of introgressed regions, but only
23.42% of these shared regions (1.26 Mb, 2.40% of all introgressed
regions) derived from the same subpopulation, suggesting that
97.60% of introgressed regions differ between male and female

parents (Fig. 3A and Datasets S3 and S4). We found that the
parental introgressed regions included many important genes
controlling grain yield, heading date, and biotic resistance (Fig.
3A), such as, Gn1a (21), GW2 (26), IPA1 (20), DTH8 (17, 18),
Bph14, and Xa27 (27). Male and female parents had different
alleles for these genes (SI Appendix, Fig. S3A) because they
derived from different subpopulations, that shaped heterozy-
gous genotypes at these regions in the hybrids.
To investigate whether heterotic loci of hybrids are related to

introgression differences between male and female parents, we
compared heterotic loci to the introgressed regions and found 48
out of 143 heterotic loci (33.57%) overlapped with the intro-
gressed regions (Dataset S5). Of these loci, 24 of which were
contributed by indica subpopulations, 28 were contributed by
japonica, and 11 by aus. We defined the heterotic effect of the
QTLs as the proportion of the trait value of the heterozygous
genotype that was different from that of the homozygous geno-
type. We observed that the heterotic QTLs in the introgressed
regions had an average 4.50% greater heterotic effect (P value =
1.001e-07, Wilcoxon rank sum test) than those in other genomic
regions (Fig. 3B). Meanwhile, we observed many large-effect
heterotic QTL clusters that affected multiple traits located in
the introgressed regions. For example, the heterotic locus on
chromosome 8 that overlapped with heterotic gene IPA1 (20),
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Fig. 1. A genomewide association study was used to identify potential heterotic loci in the hybrids. (A) Chromosomal distribution of heterotic loci identified
in the 2014CS trial. Ellipses indicate the heterotic loci detected using the dominant/overdominant model, while rectangles represent those detected using the
additive model. Different colors represent different traits. (B–D) Distribution of the degree of dominance of heterotic loci in the 2014CS (B), 2015CS (C), and
2015HF (D) trials. Only loci representing all three genotypes (one heterozygous and two homozygous genotypes) in the hybrids were investigated.
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a gene that encodes a squamosa promoter-binding-like transcrip-
tion factor and a semidominant regulator of panicle branching and
plant architecture, had a strong heterotic effect on the biomass per
tiller trait and was involved in genetic introgression from Ind I and
aus to the female parent (Fig. 3 C and D). Other heterotic loci,
such as the ones located on chromosome 11 and chromosome 12,
both of which had strong heterotic effects for multiple traits, in-
cluding biomass, panicle weight, and grain yield (SI Appendix, Fig.
S3 B–E), were involved in genetic introgression from Ind I and
TroJ to the female parent, respectively. By heritability partitioning,
we found that the introgressed regions explained an average of
41.44% grain yield heritability, 45.46% biomass heritability,
45.86% tiller number heritability, and 35.02% panicle weight
heritability in the hybrids. Given that the introgressed regions
comprised only 13.90% of the rice genome (Fig. 3E), which
suggested that many heterotic loci in the hybrids were shaped
by genome introgression from different subpopulations.
The introgressed regions detected above did not cover all het-

erotic loci due to false-positive controls or the lack of informative
variants located near the loci. Therefore, to further investigate

whether other heterotic loci were due to differences in parental
genetic introgression, we constructed polygenetic trees for all
heterotic loci with their 25-kb flanking variants using FastTree2
(28) and analyzed the tree topology to detect potential intro-
gression events (SI Appendix, Fig. S4). By this method, we un-
covered the origins of male and female alleles for 141 of heterotic
loci (98.60% of all loci, SI Appendix, Table S6). We detected 125
of the heterotic loci that were involved in parental genetic in-
trogression. Among them, 87 of the heterotic loci were in intro-
gression from the indica subpopulations, 61 from the japonica
subpopulation, and 29 from other subpopulations. These results
demonstrate that large proportions of heterotic loci in the hybrids
were potentially affected by parental genetic introgression.

Heterotic Loci Were Potentially Divergently Selected Among Rice
Subpopulations. Our polygenetic analysis of heterotic loci indi-
cates that lines were clustered by subpopulation in a large pro-
portion of trees (SI Appendix, Fig. S4). This suggests that the two
heterotic alleles (the introgressed allele and the local allele) might
have been divergently selected among different subpopulations
during evolution. Then we investigated genomewide Fst values
(29) for introgression donor and recipient populations using a
window size of 100 kb and a step size of 10 kb. At heterotic loci
involved in introgression from indica or japonica subpopulations,
we consistently observed that heterotic loci were enriched in re-
gions with high Fst values (Fig. 4A). We also investigated the allele
frequency difference (AFD) between the introgression donor and
recipient subpopulations and observed that the AFDs of heterotic
loci were higher than those of the genome background (P value =
1.05e-252, Wilcoxon rank sum test, Fig. 4B). For example, the
pleiotropic heterotic locus on chromosome 8 overlaps with flow-
ering time, plant height, and the grain yield regulator gene Ghd8/
DTH8 (17, 18), which encodes a CCAAT box-binding transcrip-
tion factor associated with yield heterosis in modern hybrid rice (9,
10). This locus involves in the genetic introgression from japonica
to male parent (SI Appendix, Fig. S5A). The Fst value between
indica and japonica was higher than the genomewide 95th quantile
(Fig. 4C), indicating a high level of divergence. The haplotype
network and haplotype frequency ofGhd8/DTH8, which reveal the
relationship among haplotypes from different subpopulations,
clearly show that the gene was divergently selected between indica
and japonica (Fig. 4D and SI Appendix, Fig. S5A). As another
example, the heterotic locus at chromosome 1 overlaps with Gn1a
(21), a gene that encodes cytokinin oxidase/dehydrogenase and
regulates grain number per panicle. This locus involves in the
genetic introgression from Ind I to the female parent (SI Appendix,
Fig. S5B). The Fst value between Ind I and Ind II was higher than
the genomewide 95th quantile (Fig. 4E), indicating a high level of
divergence. The haplotype network and haplotype frequency show
that the gene was divergently selected between Ind I and other
indica subpopulations (Fig. 4F and SI Appendix, Fig. S5B). Fur-
thermore, we also observed that IPA1 (20) was involved in genetic
introgression from Ind I to the female parent (SI Appendix, Fig.
S5C). The Fst value between Ind I and Ind II was higher than the
genomewide 60th quantile (Fig. 4G), indicating a medium level of
divergence. The haplotype network and haplotype frequency show
that the gene was divergently selected between Ind II and the other
indica subpopulations (Fig. 4H and SI Appendix, Fig. S5C).
Some other loci are involves in genetic introgression from

subpopulation to the male parent. For example, the locus on
chromosome 6 had a strong heterotic effect on grain yield and
panicle weight and overlaps with RPL1 (SI Appendix, Fig. S5D),
a gene that affects epigenetic processes and regulates phenotypic
plasticity in different environments (30). The Fst of the locus and
haplotype network of the RPL1 gene show that it was divergently
selected between Ind I and the genetic background of the male
parent Ind II (Fig. 4 I and J and SI Appendix, Fig. S5D). Fur-
thermore, integrating the hybrid parents with the genome of

A

B

C

Fig. 2. The heterotic level of hybrids increased with increasing exogenous
genome introgression. (A) Population structure difference between male
and female parents under different numbers of ancestor populations (K
represents the prior number of ancestor populations). All 171 male and 104
female parents were integrated with ∼4,200 previously reported rese-
quenced landraces and improved varieties to conduct the population struc-
ture analysis. The reasonable number of ancestor populations was determined
using five-fold crossvalidation. Only SNPs on the 50k SNP chip were used to
conduct the population structure analysis. Aus represents the south Asia origin
aus rice subpopulation. (B) Correlation between degree of genome in-
trogression and grain yield per plant (Left), panicle weight (Middle), and tiller
number (Right) of hybrids. The effects of year, location, and population were
regressed out using a general linear model for each trait, and the trait values
for all hybrids in the study were used to conduct the analysis. (C) Comparison of
hybrid yield traits with level of exogenous genome introgression. The yield
traits included grain yield per plant (Left), panicle weight (Middle), and tiller
number (Right). Hybrids were grouped by their cumulative levels of exogenous
genome introgression (male parent + female parent). The bar in the middle of
each box plot indicates the 50th quantile of the trait value for the group.
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66 representative accessions of O. sativa and O. rufipogon reported
in previous study (31) further confirmed the result of the haplotype
network analysis (SI Appendix, Fig. S6). Overall, we observed the
heterotic loci alleles were divergently selected among their derived
subpopulations during rice evolution.
Rice domestication can cause subpopulation divergence. Three

types of variants may be subject to divergent selection: new vari-
ants (NVs), arisen after subpopulation divergence; standing vari-
ants (SVs), which existed before subpopulation divergence and
domestication; and postdomestication standing variants (PSVs),

arisen during subpopulation divergence and domestication. To
determine which types of variants contributed to the divergence
of heterotic loci, we investigated the AFDs of the three types of
variants within the 25-kb flanking regions of the heterotic loci.
Our results indicate that the SV had a much higher AFD than
the PSV (P value ≅ 0, Wilcoxon rank sum test) and the NV (P
value ≅ 0, Wilcoxon rank sum test, SI Appendix, Fig. S7). Fur-
thermore, by constructing the haplotype network of heterotic
genes, we observed that many alleles involved in the heterosis of
these loci existed in wild rice (SI Appendix, Figs. S5 and S6).
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These results suggest heterotic alleles were shaped by the vari-
ants that existed before domestication, but not by the variants
that arose during rice domestication or modern breeding (SI
Appendix, Fig. S7).

Heterotic Loci Were Further Selected to Improve Heterotic Effect
during Rice Hybrid Breeding. During indica hybrid breeding, intro-
gression regions with potential benefit were introduced from rice
subpopulations. But only a few proportions of the introgression
were kept in hybrids. To demonstrate how introgression regions
were selected through hybrid breeding, we used the cross-pop-
ulation composite likelihood ratio (XP-CLR) approach to screen
selective sweeps of the parental genomes using landrace strains as
the reference population and male/female parents as the query

population (32). Regions with the strongest 5% of the XP-CLR
values were considered as the selective sweeps. As expected, we
found that tms5 (33), the male-sterile gene which had been widely
used to develop hybrid female parents, was located by our selective
sweeps (SI Appendix, Fig. S8A). This indicated that our strategy
could detect selected genes. In total, we detected 19.96 Mb (5.25%
of the genome) and 19.68 Mb (5.18% of the genome) of selective
sweeps on the paternal and maternal genomes, respectively
(Datasets S7 and S8). We observed that 10.40 Mb of the paternal
selective sweeps overlapped with maternal selective sweeps
(Datasets S7 and S8), demonstrating that many genomic regions
were targeted by breeders in both the male and female parents.
We found that 14.90% of the paternal introgressed regions were
selected during breeding of the male parent and 20.93% of the

A B

C

Ind I Ind II Ind III TemJ TroJ Aus

FemaleMale Type A Type B

Type C Type D

�

�

�

�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�
�

�

100%
60% 20%
Quantile of Fst value

0%
40

%
80

%

P
ro

po
rti

on
 o

f l
oc

i 
> 

Fs
t q

ua
nt

ile

p = 0.0019
paired t-test

� �QTLs Other genome regions

�

�

�

� �

� �

�
�

� �

100%
60% 20%

�

�

�

�

�

�

�

�

�

�
�

p = 0.0010
paired t-test

−0.5 0.0 0.5 −0.5 0.0 0.5

0.
0

1.
0

2.
0

1.
0

3.
0

D
en

si
ty

AFD of Indica-Japonica

Other genome regions QTLs

Ind vs 
Jap

Ind2 vs 
Ind1

Ind vs Jap Ind2 vs Ind1

AFD of Ind I-Ind II

Type A Type B Type C
Male Female

Ind I Ind II Ind III TemJ TroJ Aus

Type A Type B

Type C Type D

Ind I Ind II Ind III TemJ TroJ Aus

FemaleMale Male Female Type A Type B

Type C

Ind I Ind II Ind III TemJ TroJ Aus

0.
0

0.
2

0.
4

Fs
t o

f I
nd

ic
a

 a
nd

 J
ap

on
ic

a

DTH8

3.0 4.0 5.0 6.0 (Mb)
Position on chr 8

top 20%
top 5%

top 50%

D F

H J

E

����������������������������
���������������
���������
�������
�������
��
�����
����
������
���
�����������
��
���
����
�����������������
��
��
�
��������������������������������������������������������

������������
�����������������������������
����
������
��
����
�����������������������������������������������������������������������

��������������������������������������
��������
�����
���
��������
����������������������������
�
����
�
����������
������
���������������
���������
��������������������������������

����
�������������������
������������������������
����
���
�����
��
������������
�
��
����
��
���
�
�
��
�����������������
����
����
�

�
����������������
����
��������
������������������������������������������

���������������
������������
�
�

�
���
��
������������������
���
�������
����
�
�
��
��
��
����
�����
����
������
���������
�����
�����
�������������������������������

���������������������������
�����
�����
�����������������������������������������

�������������
�������������������
���������������
����
��������
�����������������������������������������

�������
��������������������������������������

������
���
����������������
������������������������
�����
������
���
����������������������������������������

��
�����
���������������������������
������
���
�������������������
��������
���
���
����
���
��
��
��
��
�����
��������
��
��
�

������������������������������������������
��
��������������
�������������
������������������������������������������������������

�����
�������
�������������������
�������������
��
������������������������������������������������������������������������

������������������������
���������
���
������������������
������������������������������

���
�������������
��
�����
���
������������
���
�����
��
�����
����
����
���
���������
��������
�����
�
��
���������������
��
�
��
��
��
�������������
��������
������������
�����
������������������������������

���������������������������������������������������������������������
��
������������������
��
����������������������������������������������������������������������

��
��������������
��������������������������������������������������������������������������������������

���
����
���
��������
��������
����
����
����
�

0.
05

0.
15

4.5 5.0 5.5 6.0 (Mb)
Position on chr 1

Fs
t o

f I
nd

 I
 a

nd
 In

d 
II Gn1a

������������������������������������

�
�
���������������������������������������������������������������������������������������������������

���������������
���������
����������
�������������
������
���
�����������������������������
�����
����������������������������������

�����������������
������������������������
�����
����
������������������������������������������������������������������������

�
��
�
��
��������������
�
�
�
�
��
��
�����
�
�
��
�
�����������
������
���������������������������������������������������������������������

������
������������������������������������������������������������������

����������
�������������
����������������������
����������
���������������
��
������������
������������������������������������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������������������������������������
���������������
��������������������������������������

�����������������������������������������
�������������������������������������������������������

����
����
����
���
������
��������
��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

���������������������
���������������
����������
���������
�������
��������
����
��
������������
���
������������������
��������������������������������

����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
����
������������������������
�
�
�
�
����������������������������������������������������������

����������������������
��
����������������
�
�
������������������������������������������������������������������������

������������������������
�����
���������
���
��������������������������������������

������������
����
������������
���������������
��������������
�������������
�����
����
�����������
��������������������������������������������������������������������������������������������������������������������������������������������

24.5 25.0 25.5 26.0

0.
05

0.
15

Position on chr 8

Fs
t o

f I
nd

 I
 a

nd
 In

d 
II

IPA1

G

����������
���
�������������������
��������
������
���
���
�����
���������������������������
�����
����
���
�����
������������������������������������������������������������������������������

����
������������������������������������

�����������������������������
���
����������������
�������������
���
���������������������������������������������������������������������������������������������������

�������
�����������
�����������
��
�����
���������
���
���������������
�����������
��������������������������
���������������������������
���������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

����������������������������������������������������������������������������
���������������������������������������������������������������

����������������������������������
������������������������
���������
���
�����������
�����
����������
��������
�������
������
������������������������
����
�������������������������������������������������������������������

���������
���������
��������������������
������
������
�������������������������������

�����������
�������������������������������������

��
���
��
��
��
��
���
��
������
�
���
���
����
���
�������
����
��
�
�
�������������������
��
�������
�����
����������������
����
�
�
�
���������
�
�
�
�
��
�

�
���
�����������������������
�
�����
�������������
���
��
��
�
��
���
���
���
�������
����
������������������
�����
�����������������������������
�����
������������������������������������

�
������
�
���������������������������
����
����
�����
����������
����
������
����
������
���
�����������
����������
�
�
��������������������������������������������������������������������������������������������������

��
�����
�������
���
��
�����
������
������������������������
�
����������
����������
�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

�����������������������������
�������������
�����������
����������
��������������������

7.0 7.5 8.0 (Mb)

0.
10

0.
20

Position on chr 6

0
RPL1

Fs
t o

f I
nd

 I
 a

nd
 In

d 
II

I

Fig. 4. Alleles of heterotic loci were divergently selected among their derived subpopulations. (A) Heterotic loci originating from both the indica–japonica origin
and the Ind I–Ind II origin were enriched in divergent regions between their derived subpopulations. The origins of heterotic loci alleles were analyzed using a
polygenetic tree profile constructed from the 25-kb flanking variants of the loci. Alleles from indica and japonicawere classified as indica–japonica-origin heterotic
loci. Alleles from Ind I and Ind II were classified as Ind I–Ind II-origin heterotic loci. The highest Fst values located within 5 kb of the heterotic loci were used to
analyze divergence within the loci. We conducted 100 repeats to generate random loci, with each repeat QTL sampling equal to the number of loci, and calculated
the Fst of these loci as the genomewide negative control. (B) Heterotic loci exhibited greater AFDs of derived subpopulations than that of genomewide back-
ground. The AFD of the variants in the 25-kb regions flanking the heterotic loci were selected to investigate divergence at these loci. The distribution of AFD of
variants at other genome regions was investigated to serve as genomewide negative control. (C and D) Fst (C) and haplotype frequency (D) indicate divergent
selection between indica and japonica at theGhd8/DTH8 locus. (E and F) Fst (E) and haplotype frequency (F) indicate divergent selection between Ind I and Ind II at
the Gn1a locus. (G and H) Fst (G) and haplotype frequency (H) indicate divergent selection between Ind I and Ind II at the IPA1 locus. (I and J) Fst (I) and haplotype
frequency (J) indicate divergent selection between Ind I and Ind II at the RPL1 locus. Haplotype networks for these genes were constructed using the genetic
variants within 5 kb of the heterotic loci. Haplotypes with frequency <2 were removed before constructing the networks. Aus represents the south Asia origin aus
rice subpopulation.
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maternal introgressed regions were selected during breeding of
the female parent. Meanwhile, 27.80% of parental introgressed
regions overlapped with paternal or maternal selective sweeps.
Of these regions, 15.06% overlapped with the common selective
sweeps of male and female parents and 17.25% overlapped
with male or female parent-specific selective sweeps.
Many important genes in genetic introgression regions were

selected during parental breeding. For example, grain yield and
flowering geneGhd7, which encodes a CCT domain protein (34),
was involved in the genetic introgression from Ind I to female
parent and selected during the breeding of male and female
parents (SI Appendix, Fig. S8B). Other genes, including grain
yield gene GW2 (26) and biotic resistance gene pi9 (35), were
involved in both genetic introgression and selection (SI Appendix,
Fig. S8 C and D). We compared the heterotic loci with the pa-
rental selective sweeps, and found that 34.96% of the loci (50 out
of 143) were selected in the parental genome. Of these, 24.00%
(12 out of 50) were specifically selected in the paternal genome,
20.00% (10 out of 50) were specifically selected in the maternal
genome, and 56.00% (28 out of 50) were selected in both the
paternal and maternal genomes (Fig. 5A and Dataset S9).
We defined the parentally differentially selected alleles if their

allele frequency differences were higher than 0.15; while other
alleles were determined to be commonly selected in both parents
(Fig. 5B). The loci with different alleles selected in male or fe-
male parents exhibited an average 10.95% higher heterotic effect
than the commonly selected alleles across traits and trials (P
value = 8.06e-10, Wilcoxon rank sum test). The average heterotic

effect of different alleles was 2.61% and the average effect of
common alleles was −8.34% (Fig. 5C). These results demonstrate
that during hybrid breeding, divergently selected regions among
subpopulations were first introgressed into hybrid parents, then
they were selected based on their effect. When the loci with pos-
itive heterotic effect were selected to improve heterosis, the loci
with hybrid depression was also selected to suppress heterozygous
genotypes in the hybrids (Fig. 5 D–I).

Discussion
In this study, we generated large-scale genotypic and pheno-
typic data for two populations of rice hybrids constructed from
present day commercial hybrid parents. By combining these data
with ∼4,200 resequenced rice landrace strains and conventional
varieties (11–14), this comprehensive genetic analysis revealed
that those male and female parents have different genetic
structure. Female parents have a much higher level of genome
introgression from other subpopulations than do male parents
(Fig. 2A). These differences in parental population structure
shaped heterotic loci in the hybrids and explained a large pro-
portion of variation in biomass, grain yield, and tiller number
(Fig. 3). Effect-based selection toward heterotic loci during hy-
brid breeding reduced the rate of heterozygous depression loci
but improved the rate of positive heterotic loci in hybrids,
resulting in improved hybrid performance (Fig. 5). Tracing the
origin of heterotic alleles suggests that they were divergently
selected during evolution of the derived subpopulations (Fig. 4).

A

B

C

D

F

E

I

H

G

Homozygous

Heterozygous1

Heterozygous2

Fig. 5. Heterotic effect-based selection toward heterotic loci improved hybrid performance during breeding. (A) Comparison of heterotic loci selected in the
male and female parents. (B) Allele frequency in the male and female parents for the 28 heterotic loci selected in both the male and female parents. Loci with
an AFD >0.15 between male and female parents were classified as having different alleles in the male and female parents; loci with an AFD <0.15 were
classified as having common alleles in both parents. (C) Comparison of the heterotic effect of heterotic loci with common or different alleles selected in the
male and female parents. (D–F) Different alleles were selected at that heterotic locus that overlaps the heterotic gene Ghd8/DTH8. This locus was involved in
genetic introgression from japonica to male parents (D, Bottom) and was selected in both male and female parents (D, Top), resulting in different allele
frequency spectra between male and female parents (E). This locus was responsible for heterosis of biomass per tiller (F, Left) and plant height (F, Right) in the
2014CS trial. Chr on the x-axis label is the abbreviation for chromosome. (G–I) Common alleles were selected in the hybrid depression locus on chromosome
12. This locus was not involved in any genetic introgression events and was strongly selected in both male and female parents (G, Top), and significantly
associated with the variation of grain yield per plant, panicle weight and biomass per plant at 2014CS trial (G, Bottom), resulting in similar allele frequency
spectra between male and female parents (H). Heterozygous genotypes had lower trait values than those that were homozygous for grain yield per plant (I,
Left) and panicle weight (I, Right).
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Two factors may contribute to the population structure dif-
ference of male and female parents. The breeding of hybrid rice
employs a male sterility line as female parent and a restorer line
which could restore the sterility of female parents as the male
parent. The sterility-restorer relationship between female and
male parents leads to genetic difference at sterility genes like tms5
(33). As expected, we observed obvious genotypic differences
between our two-line male and female parents at the tms5 locus
(SI Appendix, Fig. S9A), indicating the sterility-restorer relation-
ship between female and male parents contributes to the genome
difference between them. Another factor may be the utilization of
dominant/overdominant effect loci during hybrid breeding. Many
heterotic loci show dominant or overdominant effect in the hybrids
(Fig. 1 B–D). To utilize the dominant and overdominant effect of
these loci, breeders may select different alleles in the male and
female parents, therefore generating genome difference between
male and female parents (SI Appendix, Fig. S9 B and C).
According to the pedigree record (http://www.ricedata.cn/

variety), IRRI-bred varieties, like IR8 and IR24, were widely used
to develop conventional varieties and parents of hybrids during
China’s past hybrid rice breeding efforts because of their outstanding
performance. Accordingly, we found that both male and female
parents have connections with IRRI-bred varieties. Male parents
contained an average of 5.74% introgressed exogenous genomes
while the female parents contained 22.57% introgressed exogenous
genomes (Fig. 2A). Introgression into the parental genomes
explained a large proportion of variation in yield trait phenotypes
(Fig. 3E) and was estimated to be involved in 88.60% of heterotic
loci in the hybrids. These results demonstrate that differences in
parental genetic introgression shape heterotic loci in the hybrids.
With this parental construction strategy, the outstanding per-

formance of elite genetic background varieties, such as high yield
and stress resistance, could be directly inherited by the hybrids.
However, this strategy was limited by the extent of applied het-
erotic loci. Previous studies have revealed the importance of ac-
cumulating favorable alleles when it comes to improving hybrid
performance (8, 10). But the strategy incorporated only a portion
of the heterotic loci containing beneficial alleles from the two
distinct genomes and thus was unable to exploit the full heterotic
potential. Furthermore, Ind I provided the majority of genes
introgressed into female parents (64.20% of the introgressed ge-
nome, Fig. 2A), indicating that there is room for improving gene
introgression from other subpopulations to help shape heterotic
loci in the hybrids. Taken together, we conclude that introducing
divergently selected regions to parents, improving the proportion
of the exogenous genome, then removing hybrid depression loci
and fixing heterotic loci would promote the accumulation of ad-
ditional superior alleles. This strategy could help overcome yield
improvement bottlenecks in recent rice hybrid breeding.
The majority of the genome introgressed into female parents

was contributed by Ind I, which originated from South China and
included varieties that had been intensively used during histori-
cal breeding of conventional rice and hybrid parents (Fig. 2A).
For example, Aijiaonante from Ind I was the first semidwarf
variety released in 1956 in China and offered early semidwarf
germplasm for the breeding of semidwarfnese varieties (36). Ind
I contributed a large number of important genes associated with
yield traits, flowering time, and resistance to abiotic and biotic
stresses, including Gn1a (21), GW2 (26), TGW6 (37), Ghd7 (34),
IPA1 (20), OsFD1 (38), Xa27 (27), Bph14 (39), and OsPT13 (40)
(Fig. 3A). QTL tree topology profiling revealed that Ind I af-
fected 44.06% of heterotic loci in the hybrids, including an av-
erage of 34.05% of grain yield loci over all trials (Dataset S6).
Other maternal introgressed regions were contributed by Ind III,
aus, and japonica. Although japonica introgression contributed
only 3.31% of the genome in the parents of the hybrids, it none-
theless contributed alleles associated with important agronomical
traits (Fig. 3A), like NAL1 (19), Ghd8/DTH8 (17, 18), and Xa27

(27). Our introgressed regions analysis and polygenetic tree pro-
filing both supported the conclusion that japonica affected an
average of ∼37.75% of the grain yield heterotic loci over all
trials (Datasets S5 and S6). This indicates that the introduction
of japonica germplasm played an important role in indica hy-
brid breeding. And further improving the proportion of japonica
germplasm may facilitate the improvement of indica hybrid rice
heterosis. Important genes and heterotic loci in introgressed re-
gions from Ind I and japonica germplasm displayed selective sig-
natures during hybrid breeding (Fig. 5D and SI Appendix, Fig. S8
B–D), suggesting that they were the targets of breeding efforts to
improve hybrid performance. Therefore, the introgression of Ind I
and japonica germplasm explained a large proportion of heterotic
loci in the recent hybrids. These loci would be good targets for
future “breeding-by-design” efforts.
In crop breeding, heterosis is associated with the level of di-

vergence between parents, but whether heterotic loci are af-
fected by divergent selection remains unclear. Our results show
that heterotic loci enriched in differentiated genome regions of
derived subpopulations and important heterotic genes likeGhd8/
DTH8 (17, 18), Gn1a (21), and IPA1 (20) were divergently se-
lected during the divergence of their derived subpopulations
(Fig. 4 C–H). This suggests that heterotic loci had undergone
divergent selection during rice evolution. Genome divergence
could potentially be shaped by many factors, including selection
arising from regional adaptation, genetic drift, genetic conflict,
and chromosomal structure (41). Previous studies on the pop-
ulation structure of landraces and improved varieties found that
rice subpopulations were divided by their geographic origin (14).
We also observed that divergence at heterotic loci among subpop-
ulations were mainly shaped by predomestication standing variants
(SI Appendix, Fig. S6). For specific heterotic loci, the divergence was
widespread among subpopulations, rather than limited to two spe-
cific subpopulations (Fig. 4 C–J). Some heterotic candidate genes,
like Ghd8/DTH8 (17, 18) and RPL1 (30), were involved in the
gene–environment interaction. Qualifying the contribution of en-
vironmental and geographic factors to genetic differentiation
emphasized their critical role in shaping genomewide divergence
among subspecies (42). Therefore, we suggest that the divergence
at heterotic loci among derived subpopulations arose from adap-
tation to different environments. Hybrids carried more adaptive
alleles than either of their parents, leading the improved adapt-
ability of hybrids to external environments.

Materials and Methods
Hybrid parents were constructed by using restorer lines improved from elite
backbone restorer lines or conventional cultivars, and male sterile lines and
relative improved lines that were frequently applied during modern
breeding. Two hybrid populations (∼1,000 hybrids each) were respectively
constructed during the year of 2014 (denote as Pop I) and 2015 (denote as
Pop II). Pop I was cultivated in Changsha, China, in the summer of 2014, and
Pop II was cultivated in both Changsha and Hefei, China (denoted as 2015CS
and 2015HF, respectively), in the summer of 2015. Night important agro-
nomical traits were recorded at all three experimental trials. All hybrid
parents were genotyped by RiceSNP50 chip designed by our previous
study or by genome resequencing with a depth of ∼3× (Dataset S1). Hybrid
genotypes were obtained by combining the haploid genome of their
corresponding parents. GWAS was conducted to map heterotic loci across
experimental trials. For detail information of population design and map-
ping of heterotic loci, see SI Appendix. By integrating the hybrid parents
with previously reported landraces and improved varieties, the population
structure of hybrid parents, the introgressed genome regions, selective
sweeps on male and female parental genome, and the potential divergence
at heterotic loci were exploited as described at SI Appendix, Materials
and Method.

Data Avaliability. The RiceSNP50 chip genotype of hybrid parents and phe-
notype data of hybrids are included in Dataset S10. The resequencing data of
hybrid parents were deposited to GSA (https://bigd.big.ac.cn/gsa/) with
Bioproject ID PRJCA001768.
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