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Abstract

Background

The hybrid rice varieties have made a significant contribution to food security. Although there has been
rapid development of hybrid indica rice variety, the development of hybrid japonica rice has been
relatively slow. This study aimed to understand the genetic background of representative parental lines of
hybrid japonica rice in northern China that were beneficial for increasing efficiency to find a superior
breeding combination using a restorer line and a sterile line.

Results

We selected 137 parental lines of hybrid japonica rice, including 90 restorer lines, 47 sterile lines, which
broadly represented the recent rice breeding trends in China. These lines were genotyped using 8K SNP-
Chips (China Golden Marker Biotechnology Co. Ltd.) to understand the genetic diversity, population
structure, phylogenetic evolution, and indica blood content. The genetic diversity of total parental lines
averaged 0.264, with values for the restorer line and sterility line as 0.287 and 0.148, respectively. Based
on the model-based population structure analysis and distance-based clustering, these 137 lines were
divided into 14 groups, including seven independent restorer lines groups and seven mixture groups.
There were 70% restorer lines in the above-mentioned seven independent restorer lines groups, and the
indica blood content was 0.348, while 30% restorer lines were genetically similar to the sterile lines and
constituted the other seven mixture groups, where the indica blood content in the restorer lines and the
sterility lines was 0.142 and 0.121, respectively. The results of distance-based clustering revealed that the
restorer lines, Group 1 and Group 2 (containing only restorer lines), had longer genetic distances with
groups containing mainly sterile lines (the genetic distance ranged from 0.672 to 0.788), which served as
a potential heterotic for hybrid rice breeding. This observation was consistent with the breeding strategy
of high yield hybrid japonicarice.

Conclusions

The typical japonica sterile lines were crossed with the restorer lines containing high indica components
indicating a strong heterosis pattern was a feasible scheme for heterosis utilization of indica-japonica
subspecies. Thus, the effective ways to further improve the rice quality of hybrid japonica rice in northern
China included maintaining moderate genetic distance and indica components between the parental lines
along with the excellent quality of both the parental lines.

Background

The hybrid rice varieties have made a significant contribution to food security as they produce
approximately 15—-20% higher yield than the inbred rice varieties. The development of hybrid /indica rice
was rapid, and the planting area accounted for >80% of indica rice and more than 50% of rice. On the
contrary, the development of hybrid japonica rice was relatively slow, and its planting area accounted for
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< 3% of japonicarice (Chen et al. 2015; Sui 2018). This limited development was mainly attributed to the
fact that the heterosis in hybrid japonica rice was weaker compared with hybrid indica rice, which was
due to the narrow genetic distance between the parental lines. Therefore, it was necessary to analyze the
genetic background of the parental lines of hybrid japonica rice to select elite combinations, and it
constituted an important technical strategy to improve its breeding efficiency (Pu et al. 2015; Xie and
Peng 2016; Yang et al. 2016; Lin et al. 2020; Zheng et al. 2020). The genetic diversity and population
structure of parental lines is an effective reference for breeding selection. In the past, genealogical
information along with the origin or the phenotypic variation has been used to evaluate the genetic
diversity and structure populations; however, the results had low reliability (AlmanzaPinzén et al. 2003;
Fufa et al. 2005). The molecular marker technology provides an effective tool to study the genetic
differences between germplasm resources. The results showed that in China, the genetic resources for
three-line hybrid rice production with low genetic differences were scarce, and the resources with large
genetic differences were difficult to be used for production, which further restricted the development of
hybrid rice (Duan et al. 2002; He et al. 2006; Zhao et al. 2010). Moreover, japonica rice has low genetic
diversity than indicarice. The japonica rice lacks the restorer gene, which is introduced from the indica
rice. Thus, a single source of the restorer gene and a single type of male sterile line are the bottlenecks of
japonica hybrid rice breeding in northern China (Hong et al. 2009; Wang et al. 2010; Jin et al. 2014).
Although there are several reports on molecular marker-based genetic diversity analysis of parental lines
of indica hybrid rice, there are only a few reports on the genetic diversity analysis and population
structure of the parental lines of japonica hybrid rice in northern China (Qiu et al. 2005; Chen et al. 2009;
Wang et al. 2009; Cheng et al. 2012; Zhang et al. 2014; Chen et al. 2017). Additionally, previous studies
were mostly focused on restriction fragment length polymorphisms (RFLP) and simple sequence repeats
(SSR) markers. There are no published reports on the use of single nucleotide polymorphism (SNP), a
more efficient molecular marker, to study the genetic diversity of the parental lines of japonica hybrid rice
(Sun et al. 2012; Xu et al. 2016; Gao et al. 2018; Wang et al. 2018). Here, we analyzed the genetic diversity,
population structure, phylogenetic evolution, and indica blood of 137 representative parental lines of
hybrid japonica rice in northern China with important breeding value using 8K SNP-Chips, developed by
China Golden Marker Biotechnology Co. Ltd. The results would help us understand the genetic
differences among these varieties and provide guidance and reference for the breeding of strong
heterosis combinations to effectively utilize restorer lines and sterile lines to breed hybrid japonicarice.

Results

Characterization of SNPs and genetic diversity of the parental lines of hybrid japonica rice in northern
China

Of the 137 parental lines of hybrid japonica rice, 4172 high-quality SNPs were obtained for genetic
background analyses, from which 8344 alleles were detected, each with two expected alleles (Fig. 1a).
The average PIC value of the 137 parental lines was 0.215 within a range of 0.014-0.375, and the PIC
values for the restorer lines and the sterile lines were 0.231 and 0.124, respectively, within a range of 0.00-

0.375 (Fig. 1c, Table 1). The average gene diversity of the 137 parental lines was 0.264 within a range of
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0.014-0.500; the gene diversity of the restorer lines and the sterile lines were 0.287 and 0.148, respectively,
within a range of 0.0-0.500 (Fig. 1b, Table 1). Thus, the average values of PIC and genetic diversity of the
restorer lines were higher than those of the sterile lines. Of the 8K SNP-Chips, we obtained 3190 SNPs,
with differences between Nipponbare and 93 - 11 genomes, for indica blood analyses. The average
indica blood of the 137 parental lines was 0.237 within a range of 0.062-0.623; for the restorer lines was
0.297 within a range of 0.065-0.623; for the sterile lines was 0.121 within a range of 0.062-0.295

(Fig. 1d, Table 1). Thus, the indica blood of the restorer lines was higher than the sterile lines.
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Table 1
Summary statistic of genetic diversity and indica blood

Groups No. of Gene Polymorphism Range of
lines Diversity
information indica
content blood
All lines 137 0.264 0.215 0.062-
0.623
Restorer 90 0.287 0.231 0.065-
lines 0.623
Sterile lines 47 0.148 0.124 0.062-
0.295
Gp_1 11 0.196 0.164 0.313-
0.623
Gp_2 6 0.211 0.170 0.451-
0.591
Gp_3 10 0.192 0.160 0.267-
0.442
Gp_4 7 0.115 0.091 0.332-
0.410
Gp_5 4 0.192 0.153 0.295-
0.484
Gp_6 12 0.156 0.130 0.202-
0.352
Gp_7 11 0.095 0.079 0.171-
0.245
Gp_8 7 0.118 0.097 0.132-
0.247
Gp_9 6 0.057 0.048 0.137-
0.244
Gp_10 6 0.127 0.106 0.124-
0.372
Gp_11 9 0.147 0.124 0.087-
0.279
Gp_12 17 0.118 0.099 0.067-
0.200
Gp_13 9 0.063 0.053 0.072-
0.137
Gp_14 22 0.129 0.112 0.062-
0.218

Average of indica
blood

0.237

0.297

0.121

0.513

0.526

0.388

0.371

0.354

0.285

0.207

0.169

0.160

0.192

0.156

0.131

0.093

0.103
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Population structure of the parental lines of hybrid japonica rice in northern China

In the model-based grouping analysis, when K = 2, the parental lines of hybrid japonica rice showed
apparent differentiation; 42.2% of the restorer lines (38 lines) were in a single cluster and had high indica
blood averaging 0.442(Fig. 1f, Additional files 1: Table S2). Also, 57.8% of restorer lines (52 lines) and
sterile lines (47 lines) were divided into another cluster, where indica blood of the restorer lines and the
sterile lines were 0.191 and 0.121, respectively (Fig. 1g, Additional files 1: Table S2). With an increase in
the K value, further population differentiation occurred in the restorer lines, and the entropy criterion was
used to choose the number of ancestral populations that could explain the genotypic data. Thus, we had
a clear minimum at K = 14, suggesting the presence of 14 genetic clusters in the data (Fig. 1e), including
seven independent restorer line groups(Group1, Group 2, Group 3, Group 4, Group 6, Group 7, and Group
9) with a total of 63 restorer lines and seven mixture groups (Group5, Group 8, Group 10, Group 11, Group
12, Group13, and Group 14) containing varied proportions of restorer and sterile lines (Fig. 1h). Group 5
was dominated by the restorer lines (three restorer lines and one sterile line(53A)) derived from glutinous
rice and had high indica blood. Group 8 and Group 10 both included two restorer lines and five and four
sterile lines, respectively. Group 11 and Group 13 were dominated by sterile lines, and each group
contained a single restorer line with low indica blood. Group 12 and Group 14 had 17 and 22 lines,
respectively, and the ratios of sterile lines to restorer lines were 9:8 and 6:5, respectively. Thus, 70% of the
restorer lines had independent genetic structure and high indica blood averaging 0.348, and 30% of
restorer lines had a close genetic relationship with sterile lines and the indlica blood was 0.142(Additional
files 1: Table S3).

Phylogenetic analysis of the parental lines of hybrid japonica rice in northern China

Next, we constructed a bootstrap NJ tree based on 4172 SNPs variations to further understand the
impact of indica blood on the genetic structure of the parental lines of hybrid japonica rice in northern
China. Most sterile lines were clustered together in one region of the tree except for one(53A) and were
intermixed with 30% of the restorer lines, which were more genetically similar to the Nipponbare genome.
Moreover,70% of restorer lines were clustered in another region of the NJ tree, which was more genetically
similar to the 93 - 11 genome. The NJ tree, combined with the genetic structure analysis, revealed that
japonica-type sterile lines in northern China had gradually separated from most sterile lines (Fig. 2).

Genetic difference and breeding potential of the parental lines of hybrid japonica rice in northern China

The genetic diversity derived from model-based grouping analysis was as follows: Restorer lines > All
lines > Group 2 >Group 1> Group 3 >Group 5> Group 6 > Sterile lines >Group 11 > Group 14 > Group10 >
Group 8 >Group 12 > Group 4 > Group 7 > Group 13 > Group 9. Group 1 and Group 2 comprised restorer
lines and exhibited a high average genetic diversity as well as indica blood (Table 1). The genetic
diversity of Group 4 (0.115), Group 7 (0.095), and Group 9 (0.057), which were also comprised of restorer
lines, was low and should be considered to improve genetic diversity in breeding practice. Group 11,
which mainly contained sterile lines, had the highest genetic diversity (0.147), and thus, could be used as

an important sterile line reference for parental lines in the future. The genetic diversity of group 14,
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composed of 12 sterile lines and 10 restorer lines, was 0.129 with low /indica blood averaging 0.103,
indicating that a neo-diversity of japonica-type restorer lines could have gradually arisen through breeding
selection by the introduction of limited indlica lineages in northern China(Table 1, Additional files 1: Table
S2).

The overall pairwise comparisons between the 14 groups classified based on model-based grouping
indicated significant differentiation between the two model-based groups (Group 1 and Group 2) and
Group 8, Group 10, Group 11, Group 12, Group 13, and Group 14, mainly with sterile lines and genetic
distance values ranging from 0.672 to 0.788 (Fig. 3). Group 3, Group 4, Group 6, and Group 7 (containing
only restorer lines) and Group 5 (contains three restorer lines and one sterile line) showed a modest
degree of differentiation with the above-mentioned six model-based groups (containing mainly sterile
lines) with the pairwise genetic distance values ranging from 0.225 to 0.534. Lower levels of
differentiation were observed in the pairwise comparisons of Group 9 (containing only restorer lines) with
the above-mentioned groups (containing mainly sterile lines) with pairwise genetic distance values
ranging from 0.153 to 0.271. The abundant genetic differences among the parental lines produced strong
heterosis; thus, high levels of differentiation were observed in the pairwise comparisons of Group 1 and
Group 2 with the other groups, specifically the groups containing mainly sterile lines. This indicated that
there was a large space for heterosis utilization.

Discussion

Genetic background of the parental lines of hybrid japonica rice in northern China

The hybrid rice yield largely depends on the diversity of germplasm resources. Thus, it was vital to fully
understand the genetic diversity of the parental lines of hybrid rice in China. The discovery of sterile lines
has promoted the large-scale production of hybrid rice; however, most of the sterile lines have a similar
genetic background and, thus, low genetic diversity, which has created new bottlenecks in the
development of hybrid rice (Peng et al. 2008; Shen et al. 2015). In this study, the sterile lines had low
genetic diversity, even lower than the restore lines. The main reason was the low genetic diversity of
japonica rice compared with indica rice. Also, the sterile cytoplasm of japonica hybrid rice in northern
China only possessed BT-type of pollen abortion, leading to a more singular-type of genetic background.
Therefore, it was necessary to breed a new type of cytoplasmic sterile lines to broaden the genetic
diversity of japonica-type sterile lines in northern China. Additionally, since the japonica rice lacked
restorer genes, they were derived from indica rice. The introduction of indica lineage resulted in the
presence of indica-like components, which increased the genetic diversity of restorer lines compared with
sterile lines, which was consistent with the results of previous studies(Cha et al. 2007; Wang et al. 2010;
Chen et al. 2017). Therefore, breeding restorer lines with indica genetic background was an effective way
to expand genetic diversity and the heterosis of progenies. However, we needed to coordinate the
appropriate indica components with the ecological adaptability of northern hybrid japonica rice in low-
temperature areas. The progenies from indica-japonica crossing generally show early flowering, long
growth periods, and poor tolerance of low temperatures. Thus, under the influence of the genetic
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background of indica rice, hybrid japonica rice often exhibits premature senescence and differentiation
between strong and weak (filled and partially filled) grains. Additionally, during the later stages of growth,
low temperature results in the incomplete filling of the weak grains, which prevents maturation, reducing
the yield potential (Jin et al. 2014; Zheng et al. 2020). Previous research showed that the presence of too
many indica components hindered its adaptation to the ecological conditions of northern China, and too
few indica components restricted the expansion of the genetic distance between the parental lines,
resulting in weak yield heterosis (Wang et al. 2010; Lin et al. 2012; Xie et al. 2015). Northern restorer line
breeding is based on the cross between japonica rice varieties and restorer lines to reduce indica
components to regulate premature senescence and differentiation of strong and weak (filled and partially
filled) grains. Additionally, it resulted in a small genetic difference between the restorer lines and the
sterile lines (Hong et al. 2009; Liu et al. 2018). Here, 70% of the restorer lines had independent genetic
structure and differentiated with the male sterile lines, while 30% of the restorer lines were still closely
related to the male sterile lines and were present in the same group. These results were not consistent
with the previous results of genetic structure analysis or group classification of the parental lines of
hybrid indica rice, where the indica restorer lines and male sterile lines were clustered into different groups
(Wang et al. 2006; Yang and Tan 2009; Cheng et al. 2012; Wang et al. 2014; Zhang et al. 2014). There
was a minimal genetic difference between partial japonicaclinous restorer lines and sterile lines to avoid
the negative effects of the introduction of the genetic background of indica rice. Also, with the
improvement of germplasm, the population genetic diversity was expected to decline to a certain extent,
but in this study, although the japonicaclinous restorer lines had fewer indica components, the genetic
diversity did not decrease significantly. Thus, the breeding of japonicaclinous restorer lines in northern
China was successful in coordinating moderate indica composition and genetic diversity.

Genetic difference and breeding potential of parents of hybrid japonica rice in northern China

It is necessary to understand the genetic distance between the parental lines of hybrid rice to breed
excellent hybrid combinations. The parental lines that are clustered in different groups produce greater
heterosis (Qiu et al. 2005; Zhao et al. 2009; Xie et al. 2012; Xu et al. 2017). However, the results from
previous studies have been inconsistent: either the correlation between genetic distances based on
molecular markers and heterosis has not been significant or small, or the degree of correlation has shown
variation with research materials and markers used (Xu et al. 2009; Singh et al. 2011). Thus, these results
indicate that the generation of heterosis has a very complex biological basis. There are few studies that
have studied the relationship between genetic distance and heterosis of japonica hybrid rice in the
northern climatic conditions; however, there has been a lack of in-depth and detailed analysis. Here, we
analyzed 137 representative parental lines of hybrid japonica rice in northern China, with important
breeding value, with 4172 high-quality SNPs. The results showed that the parental lines in Group 1 and
Group 2 (consisting only restorer lines) crossed with sterile lines (present in Group 5, Group 8, Group 10,
Group 11, Group 12, Group 13, and Group 14) could produce strong heterosis based on the genetic
distance, which has been supported by practical application. Recently, Liaoyou 9906 released by the
Liaoning rice research institute, a hybrid japonica rice popularized in northern China in recent years,

resulted from a cross between the restorer line C2106 (in Group 1) and the sterile line 99A (in Group 13)
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and had a high value of genetic distance between the two groups (0.745). Also, the indica blood of the
restorer parental line and the sterile parental line was 56.41% and 7.28%, respectively. The breeding
strategy involved the use of a typical japonica male sterile line as the female parent ,and crossed with a
restorer line containing an appropriate number of indica components, which could retain the
characteristics and ecological adaptability of the female parent, meanwhile, increasing the genetic
distance between the parental lines as much as possible to ensure the seed setting rate. Based on the
current research progress, this strategy is still a feasible scheme for heterosis. Also, it is an effective way
to further utilize the heterosis of indica-japonica subspecies by constructing intermediate materials,
expanding the genetic distance between the parental lines, and utilizing restorer lines with wide
compatibility and a wide restoring spectrum. However, it should be noted that although the northern
hybrid japonica rice, under the influence of the indica genetic background, showed strong biological
advantages, it often exhibited premature senescence and reduced seed setting rate and quality at low
temperatures during the later stages of growth. Jingyou 653, a new hybrid good-quality japonica rice also
released by the Liaoning rice research institute, is a successful case of coordinate consanguinity of
indica. The parental lines of Jingyou 653 were restorer line C315 (in Group 7) and sterile line 65A (in
Group 11) and had a moderate value of genetic distance between two groups (0.273). The indica blood
of the restorer parental line and the sterile parental line were 24.54% and 11.05%, respectively. Although
there was no significant difference in the indica blood and the genetic distance between the groups, the
quality, resistance, and maturity were greatly improved while maintaining the yield. The breeding strategy
basically followed the technical route of "double fitness and double excellence," i.e., the genetic distance
and /indica components between the parental lines were moderate, and the quality of both parental lines
was excellent. Therefore, the quality of hybrid japonica rice could be improved by trans breeding the
sterile line from the abundant good-quality japonica resources and crossing them with restorer lines with
good appearance quality.

Conclusions

The introduction of indica lineage increased the genetic diversity of restorer lines compared with sterile
lines, breeding restorer lines with indica genetic background was an effective way to expand genetic
diversity and the heterosis of progenies. However, under the influence of the genetic background of indica
rice, northern hybrid japonica rice often exhibits premature senescence and differentiation between strong
and weak (filled and partially filled) grains in low-temperature areas. Thus, the effective ways to further
improve the rice quality of hybrid japonica rice in northern China included maintaining moderate genetic
distance and indica components between the parental lines along with the excellent quality of both the
parental lines.

Materials And Methods

Plant Materials
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We selected 137 parental lines of hybrid japonica rice for genetic analysis(Additional files 1: Table S1),
including 90 restorer lines, 47 sterile lines, which were mainly collected from Liaoning Province in
northern China. Nipponbare (japonica reference genome) and 93-11 (indica reference genome) were used
to calculate the indica and japonica blood of the parental lines of hybrid japonica rice.

Genomic DNA Extraction and SNP Genotyping

Twenty days post-transplantation, a leaf sample was collected from one plant of each accession,
followed by DNA extraction using the modified cetyltrimethylammonium bromide (CTAB) method. The
SNP genotyping was done using the 8K SNP-Chips, developed by China Golden Marker Biotechnology Co.
Ltd. We excluded the monomorphic SNPs or the ones with>50%missing data. A total of 4172 high-quality
SNP loci were obtained for further analyses.

Data Analysis

PowerMarker v3.25 (Liu and Muse 2005) was used to compute the polymorphic information content
(PIC) as well as other diversity parameters of the samples. An R package for landscape and ecological
association studies (LEA) was used for inference of individual admixture coefficients using SNMF to infer
population structure and assign individuals to themiFrichot and Francois. 2015K. We considered models
that had approximately 1-20 groups (K) with admixture and correlated allele frequencies and applied 100
iterations for each K. The number of groups was determined by the cross-entropy methodilAlexander and
Lange. 2011; Frichot et al. 2014H. The genetic distance matrix was analyzed using the neighbor-joining
(NJ) algorithm with MEGA-XEKumar S. 2018N.

Next, the indica and japonica blood of the parental lines of hybrid japonica rice were calculated based on
3190 SNP loci with the difference between Nipponbare(japonica reference genome) and 93-11 (indica
reference genome): the loci consistent with "Nipponbare" were recorded as jj; the loci consistent with "93-
11" were recorded as ii; the heterozygous loci were marked as ij; the number of loci was N. The indica
blood (Fi) and japonica blood (Fj) of each sample was calculated as follows:

Fi = -zi X +ixu- /2N
Fj= -zi X +i .:;;-J,-- /2N
Abbreviations

PIC: Polymorphic information content
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SNP: Single nucleotide polymorphism
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Figure 1

Genetic background analyses of the parental lines of hybrid japonica rice in northern China. a Distribution
of SNP markers on 12 chromosomes. The red line represents the position of the SNP on the chromosome,
and the staining indicates the polymorphism information content (PIC) of the SNP in the parental lines of
hybrid japonica rice. The deeper the color, the higher the PIC. b Genetic diversity of the parental lines of
hybrid japonica rice. ¢c The PIC of the parental lines of hybrid japonica rice. d The indica blood of the
parental lines of the hybrid japonica rice. Green indicates all parental lines, blue indicates restorer lines,
red indicates sterile lines in b, ¢, and d. e The cross-entropy statistics for each given K. f The indica blood
of each individual parental line of hybrid japonica rice. g, h Clustering analysis of the 137 parental lines
via the model-based method when K = 2 and K = 14. The 14 groups are distinguished by dotted lines; the
bars indicate the restorer lines (blue) and the sterile lines (red).
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Figure 2

Neighbor-joining phylogenetic tree based on the Chord genetic distance
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Figure 3

Genetic distances between groups based on model clustering
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