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Abstract 

 

Rice breeding on the subspecies Oryza sativa L. ssp. japonica in northeastern China has been successful over a 

relatively short time. However, little is known about how the genetic structure of japonica has diverged as a result of 

artificial selection. In the present study, 189 single nucleotide polymorphisms (SNP) markers from gene coding regions were 

selected to characterize the diversity, phylogeny and population structure of four breeding groups in northeastern China, viz. 

modern japonica, historical japonica, exotic japonica, and indica varieties. Results suggested that the neo-diversity of 

japonica has formed gradually through introgression from other gene resources during the breeding selection. The genetic 

diversity (π) of modern japonica was lowest compared with historical japonica, exotic japonica and indica varieties, which 

implies a genetic bottleneck caused by the breeding selection. Population structure and phylogeny analysis proved that the 

modern japonica was independent of the historical japonica and exotic japonica groups.  

 

Key words: Breeding selection, Genetic diversity, Rice, SNP marker. 

  

Abbreviations: SNP-single nucleotide polymorphisms; SINE-short interspersed nuclear element; SSR-simple sequence 

repeat; Fst-F-statistics; RFLP-restriction fragment length polymorphisms; MCMC- Markov chain Monte Carlo; FDR- 

false discovery rate. 

 

Introduction 

 

The domestication of Asian cultivated rice (Oryza 

sativa L.), which occurred more than 10,000 years ago 

from divergent populations of the wild rice species Oryza 

rufipogon, is one of the most important events in human 

history (Oka, 1988; Cheng et al., 2003; Huang et al., 

2012). To investigate population structure and 

subpopulation relationships in O. sativa, genome-wide 

molecular markers, such as restriction fragment length 

polymorphisms (RFLPs), simple sequence repeat (SSR) 

and SNPs have been widely used (Garris et al., 2005; Lu 

et al., 2009; Zhao et al., 2009). Molecular phylogenetic 

analyses based on short interspersed nuclear element 

(SINE) insertion patterns indicated that Oryza sativa L. 

ssp. japonica (hereafter japonica) is closely related to O. 

rufipogon, whereas O. sativa ssp. indica (hereafter indica) 

is more closely related to O. nivara (Chen et al., 2003). 

Phylogeographic research suggested that cultivated rice 

was domesticated at least twice, in two different 

geographic regions (Londo et al., 2006). An analysis of 

low diversity regions (LDRs) shared by the indica and 

japonica genomes, revealed that the genealogical history 

of these overlapping LDRs was distinct from the genomic 

background, suggesting independent origins of two 

subspecies (He et al., 2011). This hypothesis is also 

supported by intensive genome resequencing and a 

molecular evolutionary analysis of functional genes in 

cultivated and wild rice (Wei et al., 2012; Xu et al., 2012). 

Demographic modeling of resequencing data for 

630 gene fragments from wild and domesticated rice 

accessions resulted in the identification of putative 

selective sweeps and sequence variations in sequence-

tagged sites (STSs) at the genome-wide level, thus 

providing molecular evidence for a single domestication 

origin for cultivated rice (Wei et al., 2011). Some 

domestication genes, such as sh4, rc, and bh4, appear to 

be fixed in both subspecies with the same alleles, also 

supporting a single domestication origin (Li et al., 2006; 

Sang et al., 2007; Sweeney et al., 2007; Zhang et al., 

2009; Zhu et al., 2011). An alternative explanation for 

these allele types appearing in both subspecies is that 

they originated only once as a result of introgression 

after selection (Caicedo et al., 2007; He et al., 2011; 

Mao et al., 2018).  

Sequence analyses have determined that japonica 
was first domesticated from O. rufipogon, with indica 
subsequently developing from crosses between japonica 
and local wild rice (Li et al., 2006). A wide range of 
genetic and genomic studies have been performed to 
examine the process of rice domestication, leading to 
divergent hypotheses. Most studies have focused on 
landraces, domestic regional varieties that are unlikely to 
be influenced by gene flow from artificial hybridization 
and thus maintain their genetic identities (Huang et al., 
2012; Ali et al., 2017). 

To characterize the diversity and genetic structure of 
modern Japanese rice varieties, comparisons of genomic 
sequences among several varieties with large genetic 
differentiation can be used to develop fine-resolution 
single nucleotide polymorphism (SNP) microarrays, thus 
enabling the detection of genomic polymorphisms and 
haplotype updated with breeding selection (Ebana et al., 
2010; Nagasaki et al., 2010; Yamamoto et al., 2010; Arai-
Kichise et al., 2011; Yonemaru et al., 2012). In 
northeastern China, introducing indica germplasm in 
japonica rice breeding has been largely responsible for 
the increased rice yield in this region over the last five 
decades (Sun et al., 2012).  
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Japonica rice breeding in northeastern China has 

been over a relatively short time (Sun et al., 2013). The 

coverage rate of the super japonica rice variety now 

accounts for more than 60% of the total area in rice 

cultivation, with a yield increase of 750-1113 kg per 

hectare in northeastern China. In order to reveal the 

genetic structure in gene function angle for the japonica 

rice in northeastern China, we tried to characterize the 

diversity, phylogeny and population structure based on 

SNP in coding regions in the present study.  

 

Materials and Methods 

 

Plant materials: Historical and exotic japonica varieties 

are collectively referred to as the ancestral populations of 

modern varieties. To assess the impact of breeding 

practices in northeastern China on the japonica genome, 

we carried out population-level genetic analyses based on 

SNP variations in 109 accessions, categorized into four 

groups: 33 modern varieties, 26 historical varieties, 25 

exotic varieties from Japan and the Korean Peninsula, and 

25 Chinese indica varieties. Seeds of the Liaoning 

varieties were obtained from the Liaoning Rice Research 

Institute and the Liaoning Provincial Saline-Alkali Land 

Utilization and Research Institute. Seeds of the Jilin 

varieties were obtained from the Jilin Academy of 

Agricultural Sciences. Seeds of the Heilongjiang varieties 

were obtained from the Rice Research Institute, 

Heilongjiang Academy of Agricultural Sciences and the 

Rice Research Institute, Heilongjiang Academy of Land 

Reclamation Sciences. Seeds of exotic japonica and 

indica varieties were selected from germplasm pool of 

Shenyang Agricultural University. Plants were grown at 

the Shenyang Agricultural University, Liaoning Province, 

China. The detailed information on plant material is 

provided in Fig. 1 and Supplementary Table 1. 

 

DNA isolation: The genomic DNA was extracted from 

the fresh leaves using a Rapid DNA Extraction Kit 

(Tiangen Biotech Co., Beijing, China). 

 

Selection and genotyping of SNP loci: Previously, the 

genome resequencing of 517 Chinese original core 

landraces (including indica, aus, tropical japonica, 

temperate japonica and intermediate types) identified 

3,625 SNPs in gene coding regions that were predicted 

to cause amino acid changes by termination and 

initiation codons and splicing sites, and insertions of 

new termination codons (Huang et al., 2010). Among 

these SNPs, 190 evenly distributed on rice chromosomes 

were selected to estimate population divergence from 

the perspective of functional variation. Information on 

these SNPs is shown in Supplementary Table 2.  

 

 
 

Fig. 1. Geographic locations of samples used in this study 

Blue: modern Japonica, Green: historical japonica, Yellow: exotic japonica, and Red: indica. Base map from 

http://map.baidu.com. 

http://map.baidu.com/
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Table S1. 109 different breeding phase population samples. 

Accession name Registration time Origin Subspecies Latitude Longitude 

Nipponbare 1957 Japan O.japonica N35°0′ E137°13′ 

Toyonishiki 1974 Japan O.japonica N39°22′ E140°31′ 

Akitakomachi 2000 Japan O.japonica N39°43′ E140°5′ 

Hitomebore 1991 Japan O.japonica N38°25′ E140°54′ 

Chunyang NA Japan O.japonica N35°1′ E137°12′ 

Aoyu392 NA Japan O.japonica N39°34′ E140°46′ 

Juanqi NA Japan O.japonica N34°55′ E137°10′ 

Guxiang NA Japan O.japonica N34°38′ E135°33′ 

Fuxiang NA Japan O.japonica N36°6′ E136°13′ 

Zhongguang NA Japan O.japonica N34°55′ E135°28′ 

Qiandaijin 1990 Japan O.japonica N35°41′ E139°45′ 

Chuxing NA Japan O.japonica N35°46′ E140°0′ 

Akihikari 1970 Japan O.japonica N40°46′ E140°49′ 

Sasanishiki  1983 Japan O.japonica N39°11′ E140°9′ 

LimingB NA Japan O.japonica N39°41′ E140°7′ 

Huadongdao NA Korean peninsula O.japonica N37°21′ E127°2′ 

Renyuedao NA Korean peninsula O.japonica N37°27′ E126°42′ 

Dazhendao NA Korean peninsula O.japonica N36°20′ E127°23′ 

Dengxi52 NA Korean peninsula O.japonica N39°26′ E125°43′ 

Xiongji3 NA Korean peninsula O.japonica N42°23′ E130°31′ 

Xiannan23 NA Korean peninsula O.japonica N41°54′ E129°26′ 

Pyongyang1 NA Korean peninsula O.japonica N39°1′ E125°45′ 

Xiannan1 NA Korean peninsula O.japonica N41°54′ E129°26′ 

Taidongludao328 NA Taiwan O.japonica N23°2′ E120°58′ 

Taizhong65 NA Taiwan O.japonica N24°15′ E120°56′ 

Longhuamaohulu NA Hebei O.japonica N41°24′ E117°43′ 

Gaoyangdiandahongmang NA Hebei O.japonica N38°42′ E115°46′ 

Zhonglou1 NA Shanxi O.japonica N38°8′ E112°33′ 

Xingguo NA Jilin O.japonica N43°36′ E124°49′ 

Baimaodao NA Heilongjiang O.japonica N46°42′ E130°3′ 

Weiguo 1960 Liaoning O.japonica N40°10′ E122°7′ 

Dandonglludao NA Liaoning O.japonica N40°1′ E124°20′ 

Ying9443 NA Liaoning O.japonica N40°37′ E122°30′ 

Panjin782 NA Liaoning O.japonica N41°8′ E122°4′ 

Longpan 5 2006 Liaoning O.japonica N41°2′ E122°4′ 

Liaoyan158 2009 Liaoning O.japonica N41°6′ E122°4′ 

Liaohe12 NA Liaoning O.japonica N41°2′ E122°4′ 

Liaojing287 1988 Liaoning O.japonica N41°40′ E123°20′ 

Liaojing5 1981 Liaoning O.japonica N41°40′ E123°20′ 

2428 NA guangxi O.japonica N22°51′ E108°17′ 

Zhonghua15 NA Beijing O.japonica N40°0′ E116°20′ 

Zhongzuo9059 2004 Beijing O.japonica N40°12′ E116°13′ 

Handao227 NA Beijing O.japonica N40°4′ E116°10′ 

Han526 NA Beijing O.japonica N40°4′ E116°10′ 

Han529 NA Beijing O.japonica N40°4′ E116°10′ 

Han535 NA Beijing O.japonica N40°4′ E116°10′ 

Yufeng7 NA Liaoning O.japonica N41°42′ E123°19′ 

Yutian301 NA Liaoning O.japonica N41°8′ E122°4′ 

Ningdao216 1998 Ningxia O.japonica N38°16′ E106°14′ 

Jinzhu1 NA Tianjin O.japonica N39°7′ E117°11′ 

Zhongzuo9128 1999 Beijing O.japonica N40°4′ E116°10′ 

Liaoyan16 1994 Liaoning O.japonica N41°8′ E122°4′ 

Liaojing294 1998 Liaoning O.japonica N41°38′ E123°19′ 

Liaojing326 1992 Liaoning O.japonica N41°40′ E123°20′ 
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Table S1. (Cont’d.). 

Accession name Registration time Origin Subspecies Latitude Longitude 

Liaojing454 1996 Liaoning O.japonica N41°40′ E123°20′ 

Chaochan1 1999 Jilin O.japonica N43°55′ E125°13′ 

Jijing88 2005 Jilin O.japonica N43°55′ E125°13′ 

Changbai17 2006 Jilin O.japonica N43°55′ E125°13′ 

Yanjing218 2009 Liaoning O.japonica N41°8′ E122°4′ 

Yanjing68 2003 Liaoning O.japonica N41°8′ E122°4′ 

Yanfeng47 2006 Liaoning O.japonica N41°8′ E122°4′ 

Tianfeng201 2006 Liaoning O.japonica N41°8′ E122°4′ 

Shennong9903 2009 Liaoning O.japonica N41°49′ E123°33′ 

Shennong606 2003 Liaoning O.japonica N41°48′ E123°31′ 

Shennong265 2001 Liaoning O.japonica N41°48′ E123°31′ 

Shenjing4311 2006 Liaoning O.japonica N41°51′ E123°26′ 

Shendao29 2009 Liaoning O.japonica N41°49′ E123°33′ 

Liaoxing17 2007 Liaoning O.japonica N41°38′ E123°15′ 

Liaoxing16 2006 Liaoning O.japonica N41°39′ E123°20′ 

Liaonong49 2006 Liaoning O.japonica N41°38′ E123°19′ 

Liaojing534 2002 Liaoning O.japonica N41°38′ E123°20′ 

Liaojing371 2002 Liaoning O.japonica N41°40′ E123°20′ 

Huadan995 2009 Liaoning O.japonica N42°11′ E123°1′ 

Chenhe1 2009 Liaoning O.japonica N40°26′ E122°19′ 

Liaoxing1 2003 Liaoning O.japonica N41°49′ E123°30′ 

Liaojing9 2005 Liaoning O.japonica N41°40′ E123°20′ 

Shendao3 2005 Liaoning O.japonica N41°49′ E123°29′ 

Shendao6 2005 Liaoning O.japonica N41°49′ E123°33′ 

Shendao9 2005 Liaoning O.japonica N41°49′ E123°33′ 

Ningjing36 2006 Ningxia O.japonica N38°16′ E106°14′ 

Ningjing37 2006 Ningxia O.japonica N38°28′ E106°10′ 

Ningjing38 2006 Ningxia O.japonica N38°28′ E106°10′ 

Ningjing39 2006 Ningxia O.japonica N38°28′ E106°10′ 

Hua96 2007 Ningxia O.japonica N38°16′ E106°14′ 

9311 2002 Jiangsu O.indica N35°0′ E119°9′ 

Zhongyouzao8 1996 Zhejiang O.indica N30°4′ E119°55′ 

Qishanzhan 1991 Guangdong O.indica N23°8′ E113°20′ 

Aisimiao NA Guangdong O.indica N23°15′ E113°47′ 

Zaoxiang1 2001 Guangxi O.indica N22°49′ E108°21′ 

Chenghui448 2007 Sichuan O.indica N30°37′ E104°6′ 

Honglika NA Guangdong O.indica N23°21′ E116°37′ 

Hetianxiangdao NA Fujian O.indica N25°39′ E116°37′ 

Zhenshan97B NA Zhejiang O.indica N27°59′ E116°37′ 

Dijiaowujian NA Taiwan O.indica N23°12′ E120°16′ 

Jiangxisimiao NA Jiangxi O.indica N28°13′ E116°48′ 

Aijiaonante NA Guangdong O.indica N23°16′ E116°35′ 

Nanjing6 NA Jiangsu O.indica N32°6′ E118°47′ 

TN1 NA Taiwan O.indica N23°9′ E120°14′ 

Minghui63 1980 Fujian O.indica N26°19′ E117°39′ 

Ⅱ-32B NA hunan O.indica N28°12′ E113°4′ 

Xiangyaxiangzhan 2006 Guangdong O.indica N22°23′ E112°40′ 

KqingB NA sichuan O.indica N31°6′ E104°22′ 

Jiafuzhan NA Fujian O.indica N26°3′ E119°15′ 

Gang96B 2002 Sichuan O.indica N29°58′ E102°59′ 

R99 NA hubei O.indica N30°19′ E109°27′ 

Nantehao 1934 Jiangxi O.indica N28°33′ E115°56′ 

Lucaihao 1946 Fujian O.indica N26°17′ E117°37′ 

Guangluai4 1983 Guangdong O.indica N23°8′ E113°20′ 

Shenglixian NA Hunan O.indica N28°29′ E112°58′ 
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Table S2. The list of genome-wide large-effect  SNPs. 

Marker ID Chr Pos Nipponbare allele Tother allele Gene ID in RAP-DB 

S1 1 152340 G A Os01g0102800 

S2 1 2000988 T A Os01g0137300 

S3 1 4061128 G C Os01g0178100 

S4 1 8032973 G A Os01g0245700 

S5 1 1E+07 T C Os01g0281100 

S6 1 1.2E+07 C T Os01g0316600 

S7 1 1.4E+07 C T Os01g0350500 

S8 1 1.6E+07 G A Os01g0380700 

S9 1 1.9E+07 G A Os01g0496900 

S10 1 2.2E+07 A G Os01g0549250 

S11 1 2.4E+07 C T Os01g0578500 

S12 1 2.6E+07 A C Os01g0613900 

S13 1 2.8E+07 T G Os01g0650200 

S14 1 3E+07 G A Os01g0686100 

S15 1 3.2E+07 A G Os01g0729600 

S16 1 3.4E+07 C T Os01g0768400 

S17 1 3.6E+07 A T Os01g0810533 

S18 1 3.8E+07 T A Os01g0845900 

S19 1 4E+07 C T Os01g0881400 

S20 1 4.2E+07 T C Os01g0924600 

S21 1 4.4E+07 G T Os01g0957600 

S22 2 98322 G A Os02g0101800 

S23 2 2087512 G A Os02g0139200 

S24 2 4121585 C T Os02g0175400 

S25 2 6463017 T C Os02g0215000 

S26 2 8207347 T A Os02g0244700 

S27 2 1E+07 T A Os02g0274900 

S28 2 1.5E+07 T C Os02g0437200 

S29 2 1.6E+07 C T Os02g0457500 

S30 2 1.8E+07 T G Os02g0493300 

S31 2 2E+07 T G Os02g0526201 

S32 2 2.2E+07 C T Os02g0563301 

S33 2 2.4E+07 A T Os02g0599100 

S34 2 2.6E+07 A T Os02g0629400 

S35 2 2.8E+07 C A Os02g0670700 

S36 2 3E+07 G A Os02g0708100 

S37 2 3.2E+07 A C Os02g0742800 

S38 2 3.4E+07 T C Os02g0782800 

S39 3 91995 A T Os03g0101200 

S40 3 2045189 A T Os03g0137400 

S41 3 4027409 T G Os03g0176100 

S42 3 6015791 T C Os03g0214200 

S43 3 8016343 A C Os03g0251100 

S44 3 1E+07 C A Os03g0292900 

S45 3 1.2E+07 G A Os03g0328200 

S46 3 1.4E+07 T A Os03g0356582 

S47 3 1.6E+07 A T Os03g0387900 

S48 3 1.8E+07 A T Os03g0421000 
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Table S2. (Cont’d.). 

Marker ID Chr Pos Nipponbare allele Tother allele Gene ID in RAP-DB 

S49 3 2.1E+07 A G Os03g0556900 

S50 3 2.2E+07 C T Os03g0582000 

S51 3 2.4E+07 G A Os03g0615300 

S52 3 2.6E+07 T A Os03g0653900 

S53 3 3E+07 G T Os03g0721001 

S54 3 3.2E+07 A G Os03g0755600 

S55 3 3.4E+07 G A Os03g0797550 

S56 3 3.6E+07 G A Os03g0840400 

S57 4 235187 A G Os04g0103601 

S58 4 2877914 C T Os04g0142400 

S59 4 4162260 A T Os04g0160500 

S60 4 8035823 A G Os04g0220500 

S61 4 9998438 T C Os04g0252400 

S62 4 1.2E+07 C T Os04g0286500 

S63 4 1.4E+07 G T Os04g0311400 

S64 4 1.6E+07 C T Os04g0339000 

S65 4 1.8E+07 C A Os04g0376600 

S66 4 2E+07 C T Os04g0405100 

S67 4 2.2E+07 A C Os04g0442950 

S68 4 2.4E+07 T A Os04g0476000 

S69 4 2.6E+07 T A Os04g0517766 

S70 4 2.8E+07 C T Os04g0553500 

S71 4 3E+07 C T Os04g0587900 

S72 4 3.2E+07 G A Os04g0621900 

S73 4 3.4E+07 A T Os04g0663100 

S74 4 3.6E+07 A G Os04g0692200 

S75 5 123891 C A Os05g0102300 

S76 5 2007838 G C Os05g0134700 

S77 5 4055727 C T Os05g0167600 

S78 5 6119765 G T Os05g0198700 

S79 5 8092731 A T Os05g0233000 

S80 5 1.1E+07 G A Os05g0268400 

S81 5 1.2E+07 C T Os05g0286200 

S82 5 1.4E+07 G A Os05g0309300 

S83 5 1.6E+07 C G Os05g0342600 

S84 5 1.8E+07 C T Os05g0376000 

S85 5 2E+07 G A Os05g0412300 

S86 5 2.2E+07 G A Os05g0452900 

S87 5 2.4E+07 T C Os05g0487300 

S88 5 2.6E+07 A G Os05g0521500 

S89 5 2.8E+07 G T Os05g0561800 

S90 5 3E+07 C T Os05g0595950 

S91 6 369569 C T Os06g0105400 

S92 6 2113037 C T Os06g0140300 

S93 6 4011083 T A Os06g0181200 

S94 6 6037710 C T Os06g0218150 

S95 6 8011144 A T Os06g0254700 

S96 6 1E+07 G A Os06g0286310 
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Table S2. (Cont’d.). 

Marker ID Chr Pos Nipponbare allele Tother allele Gene ID in RAP-DB 

S97 6 1.4E+07 T C Os06g0349700 

S98 6 1.7E+07 G A Os06g0472000 

S99 6 1.8E+07 T A Os06g0493600 

S100 6 2E+07 A C Os06g0521000 

S101 6 2.2E+07 A T Os06g0555400 

S102 6 2.4E+07 G A Os06g0591450 

S103 6 2.6E+07 C T Os06g0624900 

S104 6 2.8E+07 C A Os06g0661000 

S105 6 3E+07 C A Os06g0698900 

S106 6 3.2E+07 T A Os06g0731200 

S107 7 299710 G T Os07g0105200 

S108 7 2011864 A G Os07g0137500 

S109 7 4025330 A G Os07g0175900 

S110 7 6076251 G A Os07g0211200 

S111 7 8002056 C T Os07g0243000 

S112 7 1E+07 T A Os07g0270900 

S113 7 1.2E+07 C A Os07g0296800 

S114 7 1.4E+07 G T Os07g0418700 

S115 7 1.6E+07 A G Os07g0451101 

S116 7 1.8E+07 T C Os07g0481300 

S117 7 2E+07 C T Os07g0510300 

S118 7 2.2E+07 A T Os07g0540600 

S119 7 2.4E+07 C T Os07g0578333 

S120 7 2.6E+07 C T Os07g0615900 

S121 7 2.8E+07 G T Os07g0652800 

S122 7 3E+07 T A Os07g0689900 

S123 8 30699 G C Os08g0100400 

S124 8 1920216 G A Os08g0133700 

S125 8 4054686 T C Os08g0169300 

S126 8 6002126 C T Os08g0203300 

S127 8 8146859 G A Os08g0233900 

S128 8 1E+07 T G Os08g0265300 

S129 8 1.2E+07 G A Os08g0296600 

S130 8 1.4E+07 T C Os08g0320800 

S131 8 1.6E+07 G A Os08g0351250 

S132 8 2E+07 C T Os08g0417100 

S133 8 2.2E+07 C T Os08g0448900 

S134 8 2.4E+07 G A Os08g0487300 

S135 8 2.8E+07 C A Os08g0559000 

S136 9 197973 A C Os09g0101200 

S137 9 2611118 G T Os09g0135100 

S138 9 4056967 T C Os09g0246500 

S139 9 6029162 C T Os09g0272800 

S140 9 8078602 A T Os09g0301700 

S141 9 1E+07 C T Os09g0325100 

S142 9 1.2E+07 G A Os09g0356000 

S143 9 1.4E+07 T C Os09g0393200 

S144 9 1.6E+07 G T Os09g0425700 
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Table S2. (Cont’d.). 

Marker ID Chr Pos Nipponbare allele Tother allele Gene ID in RAP-DB 

S145 9 1.8E+07 C A Os09g0460300 

S146 9 2E+07 T A Os09g0500600 

S147 9 2.2E+07 A C Os09g0540600 

S148 9 2.4E+07 T C Os09g0572900 

S149 10 24497 G T Os10g0100200 

S150 10 2035993 C T Os10g0132700 

S151 10 4315958 C T Os10g0167200 

S152 10 6165575 T C Os10g0193100 

S153 10 8984749 A T Os10g0321700 

S154 10 1E+07 C T Os10g0343000 

S155 10 1.2E+07 T C Os10g0371600 

S156 10 1.4E+07 C T Os10g0405500 

S157 10 1.6E+07 A T Os10g0439700 

S158 10 1.8E+07 C T Os10g0474933 

S159 10 2E+07 T A Os10g0512100 

S160 10 2.2E+07 G A Os10g0549850 

S161 10 2.4E+07 G A Os10g0580900 

S162 11 1396 G A Os11g0100150 

S163 11 2063383 T C Os11g0145600 

S164 11 4092896 T A Os11g0181900 

S165 11 6056685 A G Os11g0216300 

S166 11 8103943 G A Os11g0250000 

S167 11 1E+07 G T Os11g0283500 

S168 11 1.2E+07 G A Os11g0308601 

S169 11 1.5E+07 C T Os11g0417266 

S170 11 1.6E+07 T C Os11g0438700 

S171 11 1.8E+07 A G Os11g0471200 

S172 11 2E+07 A T Os11g0513900 

S173 11 2.2E+07 T A Os11g0550500 

S174 11 2.4E+07 G A Os11g0588400 

S175 11 2.6E+07 G T Os11g0620800 

S176 11 2.8E+07 G T Os11g0654800 

S177 11 3E+07 C T Os11g0691500 

S178 12 35199 C T Os12g0101000 

S179 12 2130198 T G Os12g0143400 

S180 12 6564588 G A Os12g0221400 

S181 12 8164034 G A Os12g0246700 

S182 12 1E+07 T A Os12g0273960 

S183 12 1.2E+07 C T Os12g0407200 

S184 12 1.4E+07 G T Os12g0435000 

S185 12 1.6E+07 C T Os12g0458100 

S186 12 2E+07 T G Os12g0516900 

S187 12 2.2E+07 G A Os12g0543800 

S188 12 2.4E+07 C T Os12g0577600 

S189 12 2.6E+07 T A Os12g0611200 

S190 12 2.8E+07 T G Os12g0640900 
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The genotyping for the SNPs was based on the 

commercially available Sequenom MassARRAY platform. 

The process consisted of an initial locus-specific PCR 

reaction, followed by single base extension using mass-

modified dideoxynucleotide terminators of an 

oligonucleotide probe primer that annealed immediately 

upstream of the polymorphic site of interest (Gabriel et al., 

2009). The distinct mass of the extended primer was 

identified using MALDI-TOF mass spectrometry; 

genotyping results were obtained using TYPER 4.0 

software. Information on the locus-specific PCR and 

probe primers are presented in Supplementary Table 3. 

 

Diversity and genetic structure analysis: After 

obtaining SNP genotypes from those populations, the 

DNAsp 5.0 software was used to estimate sequence 

diversity (π). The population structure was then assessed 

with Structure 2.3.1 (Pritchard et al., 2000). Ten 

replicates were performed for each value of K, with the 

number of clusters considered using a burn-in length of 

10,000 steps followed by a run length of 100,000 

Markov chain Monte Carlo (MCMC) replicates. The 

number of subgroups from k = 1 to 20 were tested under 

a simulation model that assumed admixture and 

correlated allele frequencies. The Evanno’s ΔK method 

was used to determine the most probable number of 

clusters (Evanno et al., 2005). Phylogeny reconstruction 

was built by the neighbor-joining method and distance-p 

model on MEGA 6.0 (Tamura et al., 2013). Bootstrap 

values correspond to 1,000 replications.  

 

Identification of outlier SNPs: SNPs are assumed to 

cause large-effect changes on gene functions; however it 

is unknown whether the 190 SNPs chosen for the analysis 

were subject to selection. Consequently, the outlier SNPs 

were analyzed using the Bayesian method proposed by 

Foll and Gaggiotti (Foll & Gaggiotti, 2008), and 

implemented in the program Bayesian 2.01. The 

estimation of model parameters was set as 10 pilot runs of 

5,000 iterations each, followed by 100,000 iterations. We 

used the R (v. 5.0) statistical software to plot outliers 

(http://cran.r-project.org/).  

 

Results 

 

SNP genotyping and neutrality test: Based on allele 

peaks observed in the mass spectra using the 

MassARRAY platform (Fig. 2), we performed genotyping 

for 109 samples from four rice groups (modern japonica, 

historical japonica, exotic japonica introduced from 

Japan and Korea, and indica varieties) at 190 genome-

wide functional SNP loci. 

Distinguishing neutral SNP markers helped to 

increase the accuracy of the population genetics analysis. 

Thus, we filtered the outlier loci before the analysis with 

the Bayesian 2.01 software. According to Jeffreys’ scale 

of evidence, a log10BF of 1.5-2.0 is interpreted as ‘strong 

evidence’ of selection based on Bayesian factor (Jeffreys, 

1961). After constructing the expected distribution of Fst, 

only one SNP (SNP22) was consistently identified as an 

outlier from 10 independent iterations by controlling false 

discovery rate (FDR) < 0.05. The remaining 189 loci were 

considered as neutral, and used for the subsequent 

analysis (Fig. 3). 
 

Diversities of four groups of varieties: We estimated the 

genetic diversities for the four rice groups based on 

genotypes of 189 SNPs using the DnaSP 5.0 software 

(Librado & Rozas, 2009) Sequence diversity (π) was 

estimated at 0.022 for modern japonica varieties, and 

0.033, 0.063 and 0.207 for historical japonica, exotic 

japonica and indica varieties, respectively. 
 

Genetic structure and phylogenetic analyses of four 

groups based on SNP variations: The population 

structure of the sampled groups was assessed twice, 

with and without indica groups, respectively, using the 

Structure 2.3.1 software (Figs. 4A and 5) (Evanno et 

al., 2005).  

For the full set of populations, a peak ΔK value was 

observed when k = 2 according to the Evanno’s ΔK method 

(Fig. 6A). This result indicated that the best fitting model 

contained two clusters, with the three japonica populations 

in one cluster and the indica in the other. For k = 3, the 

modern japonica was separated into its own cluster, 

independent of the other two japonica groups. For k = 4, 

the population differentiation was evident in historical 

japonica, whereas modern japonica was in a single cluster. 

For k = 5, further population differentiation occurred only 

in the historical japonica. These demonstrate that (1) 

historical varieties and exotic varieties share a common 

japonica gene pool in their genomic constitutions, and (2) 

compared with the ancestral groups (historical and exotic 

japonica), the genetic structure of modern japonica 

varieties in northeastern China is a well-defined genetic 

group of O. sativa. 

For the population structure and Evanno’s ΔK 

analysis without indica, a peak ΔK value was also 

observed at k = 2 (Fig. 6B) and the modern japonica was 

independent of the other two japonica groups.  

To further reveal the impact of the introduction of 

indica and selection on the genetic structure of modern 

japonica varieties in northeastern China, we constructed 

a bootstrap neighbor-joining tree inferred from 1,000 

replicates based on 189 functional SNP variations. Most 

of indica samples were clustered together in one portion 

of the tree except three intermediate samples, whereas 

all the exotic and historical varieties were intermixed in 

the other parts of the tree (Fig. 4B). Modern japonica 

varieties were more genetically close to the main cluster 

of indica compared with exotic and historical japonica. 

The neighbor-joining tree, combined with the genetic 

structure analysis, revealed that modern japonica 

varieties in northeastern China have gradually separated 

from ancestral japonica, indicating that partial 

introgression with indica genes may contribute to its 

genetic divergence. Thus, a neo-diversity of modern 

japonica varieties could have gradually arisen through 

breeding selection by the introduction of limited indica 

lineages in northeastern China. 
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Fig. 2. Mass spectrum representing probe primer extension peaks and allele peaks 

 ‘G’, ‘A,’ and ‘AG’, observed in the genotyping of 109 Oryza sativa L. ssp. samples at 190 single nucleotide 

polymorphism (SNP) loci. 
 

 
 

Fig. 3. Identification of outlier loci presumably subject to selection 

based on a Bayesian genomic scan 

Each point corresponds to a single nucleotide polymorphism (SNP) marker. SNP22 was consistently identified as an outlier through 

10 independent iterations. 
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Fig. 4. The population structure and Neighbor-joining consensus tree of the sampled groups with indica groups 

A, Population structure analysis plots for k = 2-5 obtained using the Structure 2.3.1 software based on 189 SNPs in Oryza sativa L. ssp. 

The four populations analyzed are displayed as follows (from left): exotic japonica, historical japonica, modern japonica, and indica. 

B, Neighbor-joining consensus tree were built from 189 functional SNPs. Numbers at the main branch nodes represent bootstrap 

values. Exotic japonica, historical japonica, modern phase japonica, and indica are indicated in green, yellow, blue, and red, 

respectively. 

 

 
 

Fig. 5. The population structure of the sampled groups without indica groups 

Population structure analysis plots for k = 2-4 obtained using the Structure 2.3.1 software based on 189 SNPs in Oryza sativa L. ssp. 

The three populations analyzed are displayed as follows (from left): exotic japonica, historical japonica, and modern japonica. 
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Fig. 6. The structure consisting of two groups (k= 2) best fit the clustering results by Evanno’s ΔK method. 

 

Discussion 

 

The introduction of indica lineage into the 
northeastern Chinese japonica rice has significantly 
improved agronomic performance of rice varieties, 
however the genetic diversity in these populations 
doesn’t seem to have been enriched as a result. This is 
in contrast to a previous report that use of indica rice 
as a breeding resource can enrich the genetic diversity 
of modern varieties analyzed by SSR markers (Huang 
et al., 2010). We speculate that the introgression from 
indica was not sufficiently detectable using these SNP 
markers. Breeders usually focus on one or a few 
desirable traits, such that a few core parental alleles are 
isolated from accumulated genetic variation, thus 
breeding parents frequently have a narrow genetic 
background. Although hybridization has generated new 
haplotype polymorphisms across the modern Japanese 
japonica genome, haplotype diversity has decreased 
overall as a consequence of artificial selection 
(Yamamoto et al., 2010; Yonemaru et al., 2012). In 
general, modern varieties with good eating quality in 
Japan have been bred successfully through 
hybridization and selection, and its population is still 
pure temperate japonica (Nagasaki et al., 2010). 
Although ecological conditions in japonica-producing 
areas of northeastern China and Japan are similar, 
different breeding strategies may have quickly led the 
rice genome to different paths diverged. In contrast, the 
development and formation of modern japonica in 
northeastern China has been in less than 50 years. The 
genetic bottleneck created by selection and ecological 
stress has caused its novel genomic and phylogenetic 
status. In the present study, the neo-diversity arisen 
from the introgression of other germplasm resources 
may introduce valuable genetic variation for improved 
varieties in northeastern China. Our study has opened a 
new door to exploration of this field. 
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