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Abstract 

Background Domestication from wild rice species to cultivated rice is a key milestone, which involved changes 
of many specific traits and the variations of the genetic systems. Among the AA-genome wild rice species, O. rufipo-
gon and O. nivara, have many favorable genes and thought to be progenitors of O. sativa.

Results In the present study, by using O. rufipogon and O. nivara as donors, the single segment substitution lines 
(SSSLs) have been developed in the background of the elite indica cultivar, HJX74. In the SSSLs population, 11 genes 
for 5 domestication traits, including tiller angle, spreading panicle, awn, seed shattering, and red pericarp, were identi-
fied and mapped on 5 chromosomes through substitution mapping. Herein, allelic variations of 7 genes were found 
through sequence alignment with the known genes, that is, TA7-RUF was allelic to PROG1, TA8-RUF was allelic to TIG1, 
SPR4-NIV was allelic to OsLG1, AN4-RUF was allelic to An-1, SH4-NIV was allelic to SH4, and both RC7-RUF and RC7-NIV 
were allelic to Rc. Meanwhile, 4 genes, TA11-NIV, SPR3-NIV, AN3-NIV, and AN4-NIV, were considered as the novel genes 
identified in these SSSLs, because of none known genes for the related domestication traits found in the chromo-
somal locations of them.

Conclusion The results indicated that the SSSLs would be precious germplasm resources for gene mining and utili-
zation from wild rice species, and it laid the foundation for further analyses of the novel domestication genes to better 
understand the genetic basis in regulating the traits variation during domestication.

Keywords Single segment substitution lines, Domestication gene, Substitution mapping, Allelic variation, O. 
rufipogon, O. nivara

Background
Rice (Oryza sativa L.) is the staple food for more than 
half of the population in the world. During the last dec-
ades, great achievements in grain yield improvement of 
per unit area in rice have guaranteed the supply of rice 
food. These successes have no doubt mainly benefited 
from rice semi-dwarf breeding in the 1950s and the uti-
lization of the heterosis of hybrid rice in the 1970s. These 
two major breeding breakthroughs are inseparable from 
the contribution of the beneficial genes, that is, the uti-
lization of semi-dwarfing gene sd1 from the landraces 
(Sasaki et  al. 2002) and the wild abortive cytoplasmic 
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male sterile (CMS) genes from wild rice species, O. 
rufipogon (Luo et al. 2013a). With the need and the great-
est challenges of ending world hunger, it is obvious that 
both yield and quality improvement remains the main 
targets in rice breeding whether now or in the future. 
Therefore, both enrichment of the germplasm pools and 
mining the beneficial genes are much more indispensa-
ble for us. As is known to all, wild relatives of crops are 
valuable sources of novel alleles that were lost during the 
domestication process  (Tanksley and McCouch  1997), 
thus rediscovery of the natural genes from wild species 
has drawn more and more attentions from rice breed-
ers over these years. Interspecific breeding is an impor-
tant way of expanding the gene pools and enlarging the 
genetic variations available for rice improvement. In 
Oryza genus, there are more than 20 wild species, includ-
ing 6 AA-genome wild rice species, namely O. rufipo-
gon, O. nivara, O. longistaminata, O. meridionalis, O. 
glumaepatula, and O. barthi, which are important res-
ervoirs of beneficial genes for rice breeding  (Brar and 
Khush  1997; Khush  1997). Besides, interspecific gene 
flow could be used in enhancing the effectiveness and 
efficiency of conservation method for wild rice spe-
cies (Banaticla et al. 2022). O. rufipogon is considered as 
the most popular and influential wild rice species in the 
gene introgression to the cultivated rice through inter-
specific hybridization, while O. nivara belongs to the 
same complex with O. rufipogon. Both of them are the 
most closely related species to O. sativa and thought to 
be the direct progenitors of O. sativa (Oka 1988; Sweeney 
et  al. 2007; Yamanaka et  al.  2003). However, O. nivara 
is obviously differentiated from O. rufipogon in certain 
cases, such as a number of traits related to plant adap-
tation, life history, mating system, and flowering time, 
etc. (Grillo et al. 2009). Although both O. rufipogon and 
O. nivara are important for the innovation of rice genetic 
resources, attentions mainly focused on O. rufipogon, 
particularly in the traits of heading date (Furuta et  al. 
2014), salt stress tolerance (Ding et  al. 2022), resistance 
to rice blast (Hirabayashi et  al. 2010), and yield-related 
components (Tian et al. 2006; Yuan et al. 2009). Notably, 
it has made progress in development of genetic popula-
tions and mapping of genes/QTLs in O. nivara in these 
years, such as Chromosome segment substitution lines 
(CSSLs) and Introgression lines (ILs) (Furuta et al. 2016; 
Liu et al. 2021; Ma et al. 2016; Zhang et al. 2022).

During the long domestication process of O. sativa 
from wild rice species, artificial evolutionary forces have 
made some characters of wild rice species lost to sat-
isfy the human needs of cultivation, such as prostrate 
growth habit, spreading panicle, seed shattering, long 
awn, black husk, red pericarp, and so on. Recently, sev-
eral rice domestication genes have been uncovered, and 

consequently, the unlocked genetic bases for the domes-
tication traits have greatly enhanced our understanding 
of the underlying cause of rice domestication. For exam-
ple, the erect growth habit in cultivated rice is transited 
from the prostrate growth habit of wild rice species, 
which is one of the key events in rice domestication. In 
rice cultivation, the erect growth habit of the cultivated 
rice could increase planting density and grain yield (Tan 
et al. 2008). Besides, long and bared awns are beneficial 
for the seed dispersal and avoidance of bird pecking in 
wild rice species. Nevertheless, awns cause inconven-
ience for seed harvesting and processing s in rice. Addi-
tionally, seed shattering is a protective trait for wild rice 
plants, but an undesired trait in crops. Loss of seed shat-
tering is one of the key domestication traits in rice, which 
is advantageous for rice harvesting and yield improve-
ment. It is known that domestication of any trait in crops 
is mainly related with the intrinsic genetic variations. 
Nowadays, several domestication genes have been cloned 
from wild rice species. For instance,, Sh4/SHA1 for seed 
shattering (Li et  al. 2006), PROG1 (Jin et  al. 2008; Tan 
et  al. 2008) and TIG1 (Zhang et  al. 2019) for prostrate 
growth habit/tiller angle, and awn genes, An-1 (Luo et al. 
2013b), LABA1 (Hua et al. 2015), An-2 (Gu et al. 2015), 
and GAD1 (Jin et al. 2016), and OsLG1 for spreading pan-
icle (Ishii et  al. 2013; Zhu et  al. 2013), as well as Rc for 
red pericarp (Sweeney et  al. 2006). Anyway, the known 
genes related with domestication traits are not enough 
for revealing the genetic mechanism of rice domesti-
cationcompletely, it needs to discover many a gene and 
mine alleles in a large scale.

It has been widely proven that CSSLs and ILs are excel-
lent innovative germplasm resources, demonstrating the 
superiority in the identification of natural favorable and 
untapped new alleles in wild species (Ali et  al. 2010). 
Recently, we have developed a set of single segment 
substitution lines (SSSLs) of AA-genome wild rice spe-
cies, O. meridionalis, O. glumaepatula, and O. barthi, 
in the genetic background of indica cultivar, HJX74 (He 
et  al. 2017; Zhao et  al. 2019). And based on the SSSLs, 
we have identified dozens of QTLs related to agronomic 
traits, grain yield, and the abiotic stress tolerance, and the 
SSSLs showed the greatest potential in gene/QTL identi-
fication, fine-mapping, allelic analysis, and in pyramiding 
breeding from the previous researches (Fang et al. 2019; 
Tan et al. 2020; Wang et al. 2020; Zou et al. 2020). In the 
present study, we developed SSSLs populations from 
another two AA-genome wild rice species, O. rufipogon 
and O. nivara, in the background of HJX74, and we inves-
tigated the domestication traits and mapped the related 
genes, as well as analyzed the allelic variations. A total of 
11 genes were mapped through substitution mapping in 
the SSSLs, herein, allelic variations of 7 genes were found 
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through sequence alignment, and 4 genes were consid-
ered as novels. The results provided the reliable evidence 
for the effectively transformation of the genes from O. 
rufipogon and O. nivara into the SSSLs. Moreover, the 
novel domestication genes identified from the SSSLs 
would inspire us to explore the possible different ways 
and mechanisms for the trait domestication in rice.

Results
Development and Characterization of the SSSLs 
Populations
During the development of SSSLs, the crosses between 
HJX74 and the wild rice species, the successive back-
crosses and self-crosses were conducted by using 
HJX74 as recipient, and RUF, NIV1, and NIV2 as donors 
(Fig.  1a–d). Besides, 265, 269, and 284 polymorphic 
markers between HJX74 and NIV1, HJX74 and NIV2, 
and HJX74 and RUF were selected, respectively. The 
markers were evenly distributed on 12 chromosomes 
(Additional files 1 and 2). And then, the polymorphic 
markers were used in the detection of the substituted 
segments since the generation of  BC3 (Fig.  2). A total 
of 295 SSSLs were ultimately developed in the back-
ground of HJX74, including 123 RUF-SSSLs from RUF 
and 172 NIV-SSSLs from NIV (39 NIV1-SSSLs and 133 
NIV2-SSSLs) (Fig.  1e–g). The substituted segments in 
the SSSLs populations were distributed on 12 chromo-
somes (Fig.  3), and the detailed information of each 
SSSL was shown in Additional file 3. The genetic con-
stitutions of the SSSLs populations were briefly ana-
lyzed. In RUF-SSSLs population, the total length of the 

substituted segments was 761.68  Mb with a 6.19  Mb 
mean length for each substituted segment. The cover-
age length of the substituted segments was 279.83 Mb 
which covered 75.49 percent of the rice genome. While 
in NIV1-SSSLs population, the total length of the sub-
stituted segments was 166.05 Mb with a 4.26 Mb mean 
length for each substituted segment. And the coverage 
length of the substituted segments was 94.38 Mb, cov-
ering 26.56 percent of the rice genome. In addition, in 
NIV2-SSSLs population, the total length of the substi-
tuted segments was 638.04  Mb with a 4.80  Mb mean 
length for each substituted segment. And the cover-
age length of the substituted segments was 224.11 Mb, 
covering 61.37 percent of the rice genome (Additional 
file 4, Fig. 4). Additionally, in all of the 295 SSSLs from 
the three donors, the total length and the coverage 
length of the substituted segments were 1565.77  Mb 
and 598.32  Mb, respectively. And the mean length of 
each substituted segment was 5.31 Mb. It showed that 
more than 58% in RUF-SSSLs, 80% in NIV1-SSSLs and 
64% in NIV2-SSSLs of the substituted segments were 
shorter than 5.0 Mb, respectively; while approximately 
20.32% in RUF-SSSLs, 7.5% in NIV1-SSSLs and 9.85% 
in NIV2-SSSLs of the substituted segments were longer 
than 10  Mb (Fig.  4a). Moreover, the coverage rate of 
the substituted segments for rice genome was 163.42% 
based on the coverage length of all the 295 SSSLs 
(Additional file 4). However, the coverage rate was une-
ven among chromosomes, which varied from 95.10% on 
chromosome 6 to 224.57% on chromosome 9 (Fig. 4b). 
In summary, a total of 295 SSSLs from O. rufipogon and 

Fig. 1 The SSSLs populations and the plants of the recipient and donor parents. a O. rufipogon, (RUF, IRGC106149); b O. nivara, (NIV1, IRGC104309); 
c O. nivara, (NIV2, IRGC105919); d HJX74; e SSSLs population (RUF-SSSLs) from RUF; f SSSLs population (NIV1-SSSLs) from NIV1; g SSSLs population 
(NIV2-SSSLs) from NIV2. Bar = 10 cm
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O. nivara have been developed in this study, each SSSL 
contained a small chromosomal substituted segment 
from the donors in the genetic background of HJX74. 
And each SSSL and HJX74 could be genetically consid-
ered a pair of near-isogenic line (NIL) for gene identifi-
cation, mapping, cloning and functional analysis.

Substitution Mapping and Allelic Variations 
of the Domestication Genes
Five domestication traits were observed in the SSSLs 
population, that is, prostrate growth habit or described 
as large tiller angle, spreading panicle, awn, seed shat-
tering, and red pericarp. And 11 related genes were 
identified on 5 chromosomes and delimited to the 
overlapped intervals of the substituted segments 
through substitution mapping (Fig.  5). Furthermore, 
allelic variations of the domestication genes were ana-
lyzed by comparison of the chromosome interval and 
sequence alignment. There were 7 genes showed allelic 
variations with the known genes (Table 1), and 4 genes 
were suggested the novel genes identified at present. 

It demonstrated that some domestication genes in the 
two wild rice donors have been transformed into the 
SSSLs. The results were concisely described as follows.

Tiller Angle
Among the SSSLs, we observed the obviously larger 
tiller angles in 14 SSSLs than the recipient (HJX74), 
accordingly, 3 genes related with the large tiller angles, 
TA7-RUF, TA8-RUF, and TA11-NIV, were identified 
and mapped (Fig.  6). Briefly, 4 RUF-SSSLs, SR59, SR60, 
SR61, and SR63, showed the larger tiller angles, while 
the other 2 RUF-SSSLs, SR62 and SR64, displayed the 
smaller tiller angles similar to HJX74. Due to these 6 
SSSLs all carried the substituted segments on chromo-
some 7, through substitution mapping among them, the 
gene, TA7-RUF, for the larger tiller angle was identi-
fied and narrowed down to a 0.87  Mb interval between 
markers RM427 and PSM142 on chromosome 7 (Fig. 6a, 
b). Similarly, another larger tiller angle gene, TA8-RUF, 
was mapped to a 1.19  Mb target region between mark-
ers RM515 and RM195 on chromosome 8 in RUF-SSSLs 
with the overlapped substituted segments (Fig.  6c, d). 

Fig. 2 Flow chart of the SSSLs development process from O. rufipogon and O. nivara. MAS- marker assisted selection. n = 2 ~ 4
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Additionally, TA11-NIV for the larger tiller angle was 
delimited to a 0.98  Mb region between RM26145 and 
PSM175 on chromosome 11 in 3 NIV-SSSLs, SN136, 
SN139, and SN143 (Fig.  6e, f ). Furthermore, based on 

the rice reference genome (IRGSP1.0), the larger tiller 
angle gene, TA7-RUF, mapped between the mark-
ers RM427 and PSM142 with the physical position of 
2,679,666–3,555,628  bp on chromosome 7 covered 

Fig. 3 The physical map of the substituted segments distributing on chromosomes in the three sets of SSSLs. The light green, dark green and red 
bars at the right side of each chromosome represent the substituted segments in NIV1-SSSLs, NIV2-SSSLs and RUF-SSSLs, respectively

Fig. 4 Length distribution and genome coverage of the substituted segments in the SSSLs populations. a Length distribution of the substituted 
segments in the three sets of SSSLs; b the coverage rate of the three sets of SSSLs. The light green, dark green, and red columns indicate 
the different SSSLs, respectively
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the region of the popular prostrate growth habit gene, 
PROG1 (2,839,476–2,839,979  bp). PROG1 was cloned 
from the introgression line of O. rufipogon and the allele 

of O. rufipogon showed the positive effect for prostrate 
growth habit of the introgression line (Jin et  al. 2008; 
Tan et al. 2008). Through the sequence alignment of the 

Fig. 5 Map locations of the genes associated with the domestication traits. The light green, dark green, and red columns represent the genes are 
transformed from the donors of NIV1, NIV2, and RUF, respectively. The black bars mean the position of the known genes

Table 1 Domestication genes detected in RUF-SSSLs and NIV-SSSLs

Trait SSSLs Identified genes Chr Region Known genes References

Tiller angle SR59, SR60, SR61, SR63 TA7-RUF 7 RM515-RM195 PROG1 Jin et al. (2008); Tan et al. (2008)

SR72, SR77, SR76, SR75, 
SR78, SR79, SR80

TA8-RUF 8 RM515-RM195 TIG1 Zhang et al. (2019)

SN136, SN139, SN143 TA11-NIV 11 RM332-PSM175 – –

Spreading panicle SN22, SN28, SN29, SN33 SPR3-NIV 3 RM569-RM231 – –

SN57, SN58 SPR4-NIV 4 OSR15-PSM361 OsLG1 Zhu et al. (2013)

Awn SN34, SN39 AN3-NIV 3 PSM428-RM218 – –

SN54, SN56 AN4-NIV 4 RM273-RM252 – –

SR118, SR119 AN4-RUF 4 RM4835-PSM326 An-1 –

Seed shattering SN58 SH4-NIV 4 PSM361-RM559 SH4 Li et al. (2006)

Red pericarp SR64, SR65 RC7-RUF 7 PSM144-RM214 Rc Sweeney et al. (2006)

SN79, SN82, SN85 RC7-NIV 7 RM180-RM6728
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Fig. 6 Phenotype and the substitution mapping of the tiller angle genes in SSSLs. a, c, and e show the phenotypes of the tiller angles in HJX74 
and SSSLs, bar = 10 cm; b, d, and f show the substitution mapping of the tiller angle genes; g shows the variations of CDS sequence of PROG1; h 
shows the DNA variations of CDS sequence of TIG1. L, large tiller angle; S, small tiller angle
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coding sequence (CDS) of PROG1 in SR61(carried TA7-
RUF), O. rufipogon (IRGC106149), and HJX74, it showed 
that SR61 and O. rufipogon had the same sequence, how-
ever, variations of 16 single nucleotide polymorphisms 
(SNPs) and 6 insertion/deletions (InDels) were found in 
HJX74 (Fig. 6g). By comparing the PROG1 sequences of 
SR61, HJX74, O. rufipogon (IRGC106149) with YJCWR 
(Yuanjiang common wild rice, O. rufipogon) and Teqing 
(Tan et  al. 2008), we found that 12 SNPs and 6 Indels 
were identical in SR61 and YJCWR, while 8 SNPs were 
different (Additional file 5). The alignment of amino acid 
sequence showed that, there were 7 amino acid varia-
tions between SR61 and YJCWR, and the other 19 amino 
acids were identical (Additional file 6). Besides, Tan et al 
(2008) found that PROG1 induced less number of pri-
mary branches (NPB), secondary branches (NSB) and 
grain number per panicle (GNP) on main panicle, as well 
as less grain yield per plant (GYP). It also was found that, 
comparing with that of HJX74, TA7-RUF in SR61sig-
nificantly shortened the plant height, reduced number 
of secondary branches, lessened number of grains per 
panicle, and lightened thousand-grain weight (Additional 
file 7). Thus, TA7-RUF in the present study was inferred 
as the positive allele of PROG1. Additionally, another 
larger tiller angle gene, TA8-RUF, which mapped to the 
region of RM515-RM195 (20,286,300–21,478,312 bp) on 
chromosome 8, covered the position of the known gene 
TIG1 (20,931,298–20,932,089  bp) for the larger tiller 
angle cloned from O. rufipogon (Zhang et al. 2019). The 
sequence alignment of TIG1 in HJX74, SR76, and O. 
rufipogon, showed that SR76 and O. rufipogon had the 
same sequence in allele of TIG1, however, there were 3 
SNPs variations in CDS region of HJX74 with tig1 allele, 
causing 3 amino acid substitution (Fig.  6h, Additional 
files 8, 9). Moreover, 3 key SNPs in the promoter region, 
that is, -648 A to G, -449 C to T, and -310 C to T in HJX74 
(Additional file 8), which were the identical variations of 
the promoter sequence in TIG1 in indica cultivars (tig1 
allele) (Zhang et al. 2019). It resulted in decreased expres-
sion of TIG1 in the adaxial side of tiller base and reduced 
tiller angle in comparison with O. rufipogon. Thus, TA8-
RUF was considered as the positive allele of TIG1. Nota-
bly, TA11-NIV at the interval of RM26145 and PSM175 
on chromosome 11 was inferred as a novel gene for larger 
tiller angle due to its different position from the reported 
tiller angle genes/QTLs on chromosome 11 (Abe et  al. 
2007; Li et al. 2007; Yu et al. 2005).

Spreading Panicle
Panicle architecture is another domestication trait in 
Oryza genus and also directly affects rice productiv-
ity. It is known that the wild rice species usually show 
spreading panicle, while O. sativa generally have compact 

panicles. Here, in NIV-SSSLs, 2 genes (SPR3-NIV and 
SPR4-NIV) for spreading panicles were identified. That is, 
SPR3-NIV was identified from 4 NIV-SSSLs (SN22, SN28, 
SN29, and SN33) with spreading panicles and carried 
the overlapped substituted segments on chromosome 
3, SPR3-NIV was then delimited to a 0.54  Mb common 
region between markers RM569 and RM231(Fig. 7a, b). 
And SPR4-NIV was identified from both SN57 and SN58 
with spreading panicles, and SPR4-NIV was delimited 
to the 0.83  Mb between markers OSR15 and PSM361 
at the overlapped substituted segments on chromosome 
4 (Fig. 7c, d). A dominant gene OsLG1 was cloned from 
O. rufipogon previously, which controlling the spreading 
panicles (Zhu et al. 2013). Here, we found that both SPR4-
NIV and OsLG1 located behind the marker RM348 on 
the long arm of chromosome 4, and the physical interval 
of SPR4-NIV (33,031,813–33,865,656 bp) covered that of 
OsLG1 (33,488,512–33,492,876 bp). Then, the CDS align-
ment of OsLG1 in HJX74, SN57, and O. nivara, showed 
that SN57 and O. nivara had the same sequence, but 
different from HJX74. That is, 119th A to G induced an 
amino acid substitution of asparagine to serine, however, 
1152th G to A is a synonymous mutation. Besides, a 3-bp 
insertion “AAC” in the site of 148th in HJX74 induced an 
amino acid asparagine insertion (Fig. 7e, Additional files 
10 and 11). Furthermore, we sequenced the key SNP in 
the promoter region of OsLG1, which reported to be the 
key mutation (Zhu et al. 2013). As a result, the key SNP 
of A to G appears the same in the promoter region (Addi-
tional file 12). Thus, we inferred that SPR4-NIV in SN57 
and SN58 from O. nivara in the present study might be a 
positive allele of OsLG1 in O. rufipogon for the spreading 
panicle in wild rice species. Additionally, another gene, 
SPR3-NIV, identified in the present study was predicted 
as a novel gene from O. nivara, due to no reported gene 
on chromosome 3 till now for spreading panicle in rice. 
Without doubt, it was worth further mining the causal 
gene of SPR3-NIV to assess the functions and molecular 
mechanisms of the transition from spreading panicle to 
the erect during domestication.

Awn
It was found that seeds of 6 SSSLs possessed awns, while 
seeds of HJX74 showed awnless. Seeds of SN34 and 
SN39 had long awns, and they showed overlapped sub-
stituted segment on chromosome 3, the gene of AN3-
NIV for long awn was then assigned and delimited to the 
1.55 Mb common interval between PSM428 and RM218 
in SN34 and SN39 (Fig.  8a, b). Besides, both SN54 and 
SN56 showed short awns at the tip of the seeds, and the 
gene AN4-NIV for short awns was narrowed down to a 
1.32  Mb common region of the overlapped substituted 
segments between RM273 and RM252 on chromosome 
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4 in SN54 and SN56 (Fig.  8d, e). Additionally, in RUF-
SSSLs, seeds of SR118 and SR119 presented long awns 
while SR123 was awnless. Through substitution mapping, 
AN4-RUF for long awn was delimited to the interval of 
RM4835 and PSM326 on chromosome 4, which was the 
region overlapped in SR118 and SR119, but did not over-
lap with SR123 (Fig.  8c, e). Comparatively, the chromo-
some location of AN4-NIV (Chr. 4: 24044220–25364277) 
was very close to LABA1 (An-2) (Chr. 4: 25959399–
25963504), a cloned gene controlling long and barbed 
awns in O. rufipogon (Gu et al. 2015; Hua et al. 2015). A 
1-bp frame-shift deletion of cytosine at + 69 bp in the 1st 
exon of LABA1 induced awnless phenotype in an indica 
cultivar 9311 (Hua et al. 2015), but no variations occurred 
in the genome sequences of LABA1 in HJX74 and SN54 
in the present study (Additional file 13), thus we guessed 
that AN4-NIV would be a novel gene different from 
LABA1. Additionally, it was found that a reported gene 
An-1 for awn in rice (Chr. 4: 16731738–16735336) was 

in the region of AN4-RUF (Chr. 4: 7971563–16789753) 
(Luo et  al. 2013b). By comparing the sequence of An-
1 (Fig. 8f ), we found the same key mutation,  188th SNP 
from C to G, contributes to the awn as previous study 
(Luo et al. 2013b). The alignments of the genomic DNA 
sequence and amino acid sequence of An-1 (Additional 
files 14 and 15) indicate AN4-RUF may be the positive 
allele of An-1. Importantly, AN3-NIV detected in the 
present study did not share any common region with 
the reported awn genes in rice, it would be considered as 
novel genes detected in NIV-SSSLs.

Seed Shattering
Among the SSSLs, SN58 from NIV-SSSLs showed seri-
ous seed shattering like O. nivara, while HJX74 showed 
non-shattering (Fig.  9a). The substituted segment of 
SN58 was between markers OSR15 and RM559 on chro-
mosome 4 and overlapped with that of SN57. However, 
SN57 showed non-shattering. Then SH4-NIV of the 

Fig. 7 Phenotype of spreading panicles in SSSLs and the substitution mapping of the related genes. a and c show the panicle types of HJX74 
and SSSLs, bars = 5.0 cm; b and d show the substitution mapping of the spreading panicle genes, SPR3-NIV and SPR4-NIV, respectively; e shows 
the CDS variations of OsLG1 
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Fig. 8 Phenotype and the substitution mapping of the genes for awns in SSSLs. a, c, and d show the panicles and seeds of SSSLs (with awns) 
and HJX74 (awnless); b and e show the substitution mapping of the awn genes in SSSLs. f shows the CDS variations of An-1. In a, c, and d, upper 
bars = 5.0 cm, lower bars = 1.0 cm
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seed shattering gene was assigned and delimited to the 
1.47 Mb between markers PSM361 and RM559 in SN58 
through substitution mapping (Fig.  9b). In the previous 
study, SH4 has been cloned from O. nivara, which coding 
region is physically located in 34,012,126- 34,014,305 bp 
of rice chromosome 4. At present, the identified gene, 
SH4-NIV for seed-shattering in SN58 was in the physi-
cal interval of 33,865,656–35,336,720 bp, which covered 
the region of SH4. Through sequencing and alignment of 
the CDS region of SH4 in HJX74, SN58, and O. nivara, it 
showed that SN58 and O. nivara had the same sequences, 
but that different from HJX74. Compared with SN58, in 
the exon 1 of HJX74, base substitutions occurred at 237th 
(glycine to threonine), 678th (threonine to glycine) sites, 
and 1788th (alanine to glycine), respectively. The first 
and third base substitutions induced amino acid vari-
ations from lysine to asparagine, and asparagine to ser-
ine, respectively. However, the 678th substitution was a 
synonymous mutation. Additionally, an 18-bp deletion 
occurred within 471-489th position in both SN58 and 
O. nivara, but not in HJX74, which induced shortened 
protein molecules with 6 amino acid deletions (Fig. 9c). 

Nevertheless, the deletion did not occurred in SH4 allele 
in the report of Li et al (2006). Importantly, it is reported 
that the 237th nucleotide substitution of glycine to threo-
nine in exon 1 of SH4 induced an amino acid substitution 
from lysine to asparagine in O. sativa, which was the key 
mutation or selection site for the development of non-
shattering cultivars during rice domestication (Zhu et al. 
2012). Therefore, SH4-NIV in SN58 was considered the 
novel allele of SH4 for seed shattering. However, whether 
or not the 18-bp deletion in SH4-NIV participating in 
the regulation of seed shattering remains a question and 
needs to be uncovered in the future.

Red Pericarp
In the present study, the wild rice donors, O. rufipo-
gon and O. nivara, have red pericarps, while HJX74 has 
the white pericarp. In SSSLs populations, 3 NIV-SSSLs 
(SN79, SN82, and SN85) and 2 RUF-SSSLs (SR64 and 
SR65) have red pericarps (Fig. 10a). The substituted seg-
ments in these 5 SSSLs were all on chromosome 7, thus 
the related genes, RC7-RUF from O. rufipogon and RC7-
NIV from O. nivara, were detected and delimited in 

Fig. 9 Seed shattering phenotype and the substitution mapping of SH4-NIV. a shows the shattered seeds and panicle of SN58, and panicles 
with non-shattered seeds in HJX74. b shows the substitution mapping of SH4-NIV for seed shattering. c shows the CDS variations of SH4. 
bar = 10 cm
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Fig. 10 Pericarp phenotypes and the substitution mapping of the related genes. a Phenotype of the red pericarp in donors and SSSLs, 
and the white pericarp in HJX74, bar = 1.0 cm. b Substitution mapping of the red pericarp genes in SSSLs. c CDS sequence variations of Rc gene 
in SSSLs from different donors and HJX74. Herein, SB63 is a SSSL from the donor of O. barthii (Zhao et al. 2019), SM60 is a SSSL from the donor of O. 
meridionalis (He et al. 2017), both of them have the same background of HJX74
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these SSSLs. RC7-RUF was delimited to an 8.13 Mb over-
lapped interval of PSM144 to RM214 in SR64 and SR65, 
and RC7-NIV was narrowed down to the 6.98 Mb over-
lapped interval of RM6728-RM542 among SN79, SN82, 
and SN85 (Fig. 10b). Moreover, RC7-RUF and RC7-NIV 
shared a common interval of RM6728-RM542. In our 
previous study, red pericarps were observed in brown 
rice of several SSSLs, that is SM60 from O. meridiona-
lis and SB62 and SB63 from O. barthii, and they all car-
ried the substituted segments on chromosome 7 (He 
et al. 2017). It is known that the cloned rice red pericarp 
gene Rc was also located on chromosome 7 (Sweeney 
et al. 2006). Furthermore, the sequence alignment of the 
gene Rc was performed in SN85, SR65, SM60, SB63, and 
HJX74. Totally, we found 13 SNPs and 2 Indels variations 
in Rc which induced 7 amino acid substitutions. Besides, 
a 14-bp sequence showing as “ACG CGA AAA GTC GG” 
from 1405th site in exon 6 in Rc was presented in the 4 
SSSLs, but it was deleted in HJX74 (Fig. 10c). In addition, 
there was a 72-bp insertion at the site of 1307th in the 
CDS of Rc in SN85, which caused a 24 amino acid inser-
tion. The previous results demonstrated that the 14-bp-
deletion is the key variation inducing frame-shifting in 
Rc associated with the change of red to white pericarp 
(Sweeney et al. 2006). Thus, it was inferred that all above 
SSSLs of 4 wild rice species in our study carried the pos-
itive allele of Rc for red pericarp, and that in O. nivara 
showed different with other wild rice in the 72-bp inser-
tion, but it did not affect the phenotype of red pericarp.

Discussion
Discovery and innovation of genetic resources is the first 
key step for plant breeding. It is well recognized that 
wild relatives are the important origins of natural genes 
for crop breeding. In modern rice breeding, wild rice 
species, particularly those belonging to the AA genome 
group, have proven to be precious gene pools for culti-
var improvement (McCouch et  al. 2007). Much more 
breeding practices have proven that chromosome seg-
ment substitution lines (CSSLs) are the elite germplasms 
for breeding by design, due to its superiority in gene dis-
covery and utilization (Ali et al. 2010; Balakrishnan et al. 
2019). Previously, we have developed 3 sets of SSSLs 
from 3 AA-genome wild rice species, including O. merid-
ionalis (He et al. 2017), O. barthii, and O. glumaepatula 
(Zhao et al. 2019), in the genetic background of the elite 
indica rice variety, HJX74. These SSSLs have showed 
obvious effects on the gene mining from wild rice species 
(Fang et al. 2019; Tan et al. 2020; Wang et al. 2020; Zou 
et al. 2020). Currently, we developed 2 sets of SSSLs from 
O. rufipogon and O. nivara. The substituted segments 
distributed on 12 chromosomes with the total lengths 
of 1565.77  Mb and the coverage lengths of 548.05  Mb. 

Compared with the previous reported CSSLs or ILs of O. 
rufipogon (Ding et al. 2022; Furuta et al. 2016; Ma et al. 
2019; Qiao et  al. 2016;  Xiao et  al. 1998; Xie et  al. 2006; 
Zhang et al. 2014) and O. nivara (Furuta et al. 2016; Liu 
et al. 2021; Ma et al. 2016; Surapaneni et al. 2017; Zhang 
et  al. 2022). Each SSSL in the present study carried the 
only one different substituted segment in the unique 
background of HJX74. These SSSLs laid the important 
foundation for both expansion of the SSSLs library of 
wild rice species in our laboratory, but also provide inval-
uable germplasm resources for gene mining, allelic varia-
tion analysis, and permanent ex-situ conservation of the 
genes from wild rice species.

Based on the SSSLs from O. rufipogon and O. nivara, 
38 SSSLs were found to show obvious domestication 
traits, including tiller angle, spreading panicle, awn, seed 
shattering, and red pericarp. And 11 related genes were 
identified and mapped on 5 chromosomes. Furthermore, 
through comparing the genomic region and/or sequence 
of the genes, TA7-RUF was inferred as the positive allele 
of PROG1 from O. rufipogon (Jin et  al. 2008; Tan et  al. 
2008). Similarly, TA8-RUF was predicted as the posi-
tive allele of TIG1 from O. rufipogon (Zhang et al. 2019). 
Besides, SPR4-NIV carried by SN57 and SN58 from O. 
nivara in the present study was considered the positive 
allele of OsLG1 in O. rufipogon (Ishii et al. 2013; Zhu et al. 
2013). Additionally, through sequence alignment, SH4-
NIV for seed-shattering in SN58 was considered the posi-
tive allele of SH4 cloned by Li et al (2006) in O. nivara. In 
SH4, the 237th nucleotide substitution of glycine for thre-
onine in exon 1 was proven the key mutation or selection 
site for the non-shattering during rice domestication. It 
is known that red pericarp is one of the basic characters 
of wild rice species, which is controlled by two comple-
mentary genes, Rc and Rd, in rice. Previously, Rc has been 
mapped on chromosome 7 and Rd mapped on chromo-
some 1 (Furukawa et al. 2007; Sweeney et al. 2006). The 
combination of the two pairs of dominant genes Rc and 
Rd produce red pericarp in wild rice species, includ-
ing O. rufipogon and O. nivara, while the cultivated rice 
varieties with white pericarps are mostly resulted from a 
14-bp frame-shift deletion in the 6th exon of the Rc gene 
(Sweeney et al. 2006). In the present study, we found that 
the SSSLs of SN79, SN82, and SN85 from O. nivara, and 
SR64 and SR65 from O. rufipogon showed the red peri-
carps. Meanwhile, in our previous study, SM60 from O. 
meridionalis and SB62 and SB63 from O. barthii also 
showed the red pericarps. These 8 SSSLs carried the 
related gene Rc on the substituted segment of chromo-
some 7, and the 14-bp sequence in 1405–1418th site in 
exon 6 of the dominant Rc in the SSSLs with red pericarp 
was in the same sequence, but the deletion of the 14-bp 
sequence was found in the recessive rc gene in HJX74 
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with white pericarp. It has been demonstrated that most 
white pericarp in rice varieties were resulted from the 
14-bp deletion in Rc gene (Sweeney et al. 2006). Recently, 
Zhu et  al. (2019) developed a CRISPR/Cas9-mediated 
method to functionally restore the recessive rc allele 
through reverting the 14-bp frame-shift deletion to in-
frame mutation, and they successfully converted 3 elite 
white pericarp rice varieties into red ones. On the whole, 
the evolutionary process of rice domestication is filled 
with mysteries yet to be fully uncovered. Identification 
of the novel alleles or genes associated with the domes-
tication will play key roles not only for understanding 
the cultivated rice origin and variation but also for those 
processes in other crops. Base on the present results, 4 
novel domestication genes are worth further study in 
gene cloning and functional analysis to better reveal the 
molecular mechanisms in regulating the domestication 
traits. On the other hand, along with the development of 
CRISPR/Cas9 technology, gene editing is becoming very 
important in creating elite germplasms for breeding. It 
has showed successes in improving yield-related traits 
and stress resistance by editing the relative genes from 
wild species, such as in ground cherry (Physalis pruinosa) 
(Lemmon et  al. 2018) and wild tomato (Li et  al. 2018; 
Zsogon et  al. 2018). Therefore, it provides the support 
proofs from another perspective that the SSSLs popula-
tion and the natural genes’ mining are important in the 
germplasm innovation through gene mining and editing.

Conclusions
In conclusion, we constructed 172 NIV-SSSLs (39 NIV1-
SSSLs and 133 NIV2-SSSLs) and 123 RUF-SSSLs in an 
indica rice HJX74 background. The three sets of SSSLs 
population covered approximately 26.56%, 61.37% and 
75.49% of the wild rice genome and the average length of 
substitute segment was 4.36  Mb, 4.80  Mb and 6.19  Mb 
in NIV1, NIV2, and RUF, respectively. In addition, we 
identified 11 domestication-related genes and 4 of them 
are novel genes. The three sets of SSSLs described herein 
could provide a powerful tool for detecting favorable 
genes from wild rice and creating germplasm resources 
for rice breeding.

Methods
Materials and Cultivation
In the development of the single segment substitution 
lines (SSSLs), two AA-genome wild rice species were 
used as donors, that is, O. rufipogon (RUF, with the IRGC 
accession number of IRGC106149, indigenous to Laos) 
and O. nivara (NIV1, with the IRGC accession number of 
IRGC104309; NIV2, with the IRGC accession number of 
IRGC105919. Both of them are indigenous to Thailand). 
Seeds of the wild rice species were kindly provided by the 

International Rice Research Institute (IRRI). And HJX74, 
an elite indica cultivar bred by our laboratory, was used 
as a recipient. All the materials, including HJX74, SSSLs, 
and the intermediate materials in different backcross 
generations between parents, were grown in the experi-
mental paddy field of South China Agricultural Univer-
sity (SCAU) in Guangzhou (23°07′ N, 113°15′ E). Plants 
of O. rufipogon and O. nivara were potted at the wild rice 
core collection nursery of SCAU. All the SSSLs for gene 
identification and mapping were grown in a two-row plot 
with 10 individuals per row as a replication, each with 
three replications. The conventional paddy field manage-
ment in South China was implemented.

Development Process of the SSSLs
The development procedure of the SSSLs was similar to 
that of the SSSLs of other wild rice species in our pre-
vious reports (He et  al. 2017; Zhao et  al. 2019). Briefly, 
as shown in Fig.  2, SSSLs were developed through the 
crosses between HJX74 and donors, RUF (Fig.  1a) and 
two accessions of O. nivara, NIV1 and NIV2 (Fig. 1b, c), 
the successive backcrosses and self-crosses in the later 
generations were conducted by using HJX74 (Fig.  1d) 
as the recipient, combined with the marker detections. 
The substituted segments of the individual plants in each 
family line were detected by using the polymorphic SSR 
markers from  BC1F1 to the advanced backcross filials 
and the self-cross generations, and SSSLs were mainly 
selected during  BC3F2 to  BC5F4 generations (Fig. 2). Dur-
ing the process of developing SSSLs, from about more 
than 600 SSR markers in rice genome (data not shown), 
265, 269, and 284 polymorphic markers between HJX74 
and NIV1, HJX74 and NIV2, and HJX74 and RUF were 
selected, respectively, which distributed evenly on 12 
chromosomes (Additional files 1, 2). The polymorphic 
markers were used for the detections of the target substi-
tuted segments in the foreground, which were also used 
in the detection of the residual segments in the back-
ground of the candidate SSSLs. At last, each candidate 
plant carried only one homozygous substituted segment 
in the background of HJX74 was selected as a SSSL. Then 
each selected SSSL was planted as a family line for confir-
mation of the substituted segment and the genetic consti-
tution analysis of the SSSL population. According to the 
same methods in the previous report (He et al. 2017), the 
genome constitution of the substituted segments were 
surveyed in each donor’ SSSL population, including the 
total length of the substituted segments, mean length of 
each substituted segment, coverage length of the substi-
tuted segments, and coverage percent of the rice genome. 
The genotypic graphics of the substituted segments were 
charted using Map chart2.2. In addition, the marker 
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detection process of each plant, including DNA extrac-
tion, PCR amplification, and electrophoresis analysis, 
were performed according to our previous methods (He 
et al. 2017).

Trait investigation
Domestication traits were investigated in the SSSLs in 
the early cropping season and the late cropping season in 
2016–2017, and it was verified in the late cropping sea-
son in 2019. In brief, each SSSL was planted in two rows 
with 10 plants in each row. Tiller angle was investigated 
at the vigorous tillering stage using a protractor, and the 
angle between the two outermost tillers was recorded for 
each plant in the SSSLs populations(Yu et al. 2005; Zhang 
et al. 2013), and the mean values were obtained from 10 
plants in center of the rows for each material. At mature 
stage, seed shattering, awn, and spreading panicle were 
observed and recorded in the field. After seeds were har-
vested and dried, the pericarp colors of the dehusked 
seeds were observed in the lab.

Detection and Substitution Mapping of the Domestication 
Genes
In the SSSLs populations, we found a number of SSSLs 
showed domestication traits. Then, by comparing the 
substituted segments’ marker intervals of the SSSLs, the 
related genes were identified and delimited to a certain 
interval through substitution mapping. Moreover, in 
order to determine if the SSSLs carried a novel gene or 
allele for the domestication traits with the known genes, 
we searched the known genes through the research lit-
eratures and the databases in rice (http:// rice. uga. edu/), 
and compared the physical positions of the linked mark-
ers with the identified genes in the present study. If both 
genes fell in the same interval or with overlapped inter-
val, the sequence alignments were conducted to analyze 
the allelism.

PCR and Sequence Alignment of the Domestication Genes
To further understand the allelic variations or allel-
ism of the domestication genes, we performed the PCR 
and sequence alignment of the known genes (PROG1, 
TIG1, OsLG1, LABA1, SH4, Rc), which falling in the 
intervals of the identified genes in the present study, 
among the SSSLs, donors and HJX74. The genomic DNA 
was extracted from young leaves of plants by CTAB 
method (Murray et  al. 1980). The specific primers for 
gene amplification and sequencing (Additional file  16) 
were designed using the PRIMER PREMIER 5 program 
based on the reference genomic sequence of Nipponbare 
(IRGSP1.0), and KOD-Plus-Neo polymerase (TOYOBO, 
Japan) was used for PCR. PCR reactions were carried out 
in a 50 μL reaction final volume (X μL ~ 200 ng template 

DNA, 5  μL 1 × PCR buffer, 5  μL 0.2  mM dNTPs, 3  μL 
1.5  mM  MgSO4, 1.5  μL 0.3  μM forward primer, 1.5  μL 
0.3  μM reverse primer, 1  μL 1 U KOD-Plus-Neo poly-
merase, and 33-X  μL  ddH2O). The program for PCR 
amplification was as follows: pre-denature 94  °C, 2 min, 
35 cycles (denature for 98 °C 10 s, annealing for (Tm) °C 
30 s, extension for 68 °C 30 s/kb), and then a final exten-
sion at 68  °C for 5 min. Here, Tm is the temperature of 
melting, which depends on the primers, and the exten-
sion time depends on the length of genes. The PCR prod-
ucts were detected on 1% agarose gels in TBE buffer 
and then visualized by gel imaging analysis system. The 
sanger sequencing of PCR products were conducted by 
Tsingke Biotech Co. Ltd (Beijing, China), and assem-
bled using SeqMan (in the DNASTAR. Lasergene pack-
age). The alignment of DNA sequence and amino acid 
sequence were performed using BioXM 2.7.1 software 
(http:// cbi. njau. edu. cn/ BioXM/).

Abbreviations
CDS  Coding sequence
GNP  Grain number per panicle
GYP  Grain yield per plant
NPB  Number of primary branches
NSB  Number of secondary branches
QTL  Quantitative trait locus
SSSL  Single segment substitution line

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12284- 023- 00655-y.

Additional file 1: Chromosome distribution of the polymorphic SSR 
markers used for SSSLs development.

Additional file 2: Information of the polymorphic SSR markers used in 
the SSSLs development.

Additional file 3: The specific information of 295 SSSLs.

Additional file 4: The information of the chromosome distribution of the 
substituted segments in the three sets of SSSLs.

Additional file 5: Coding sequence alignment of PROG1.

Additional file 6: Amino acid sequence alignment of PROG1.

Additional file 7: Comparison of the main agronomic traits in SR61 and 
HJX74.

Additional file 8: Promoter region and genome DNA sequence align-
ment of TIG1.

Additional file 9: Amino acid sequence alignment of TIG1. 

Additional file10: CDS alignment of OsLG1.

Additional file 11: Amino acid sequence alignment of OsLG1.

Additional file 12: Alignment of key promoter sequence of OsLG1.

Additional file 13: Genome sequence alignment of LABA1.

Additional file 14: Genome sequence alignment of An-1.

Additional file 15: Amino acid sequence alignment of An-1.

Additional file 16: Primers for gene amplification.

http://rice.uga.edu/
http://cbi.njau.edu.cn/BioXM/
https://doi.org/10.1186/s12284-023-00655-y
https://doi.org/10.1186/s12284-023-00655-y


Page 16 of 17Wang et al. Rice           (2023) 16:38 

Acknowledgements
We thank Ms. Hummera Arshraf, a PhD candidate, for helping in English polish-
ing and discussion of the manuscript. We also thank IRRI for kindly providing 
the seeds of the wild rice species.

Author Contributions
XLF designed and supervised the experiments. ZQW, ZSG, TZ, and ZZ per-
formed most of the experiments. JAZ, RFS, PH, ZQL, HTZ, GQZ, and XLF pre-
pared materials, assisted the experiments, and helped in data analysis and the 
results discussion. XLF and ZQW wrote the paper, and XLF and GQZ revised 
the paper. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of 
China (31971866, 32171967), the Natural Science Foundation of Guangdong 
Province (2019A1515010820), and the Guangzhou Science and Technology 
Program Key Project (201804020086).

Availability of Data and Materials
All data generated or analyzed during this study are included in this published 
article and its additional information files.

Data analysis and illustration
Data were processed primarily by using the Microsoft Excel 2016. According 
to the same methods in  the previous report (He et al. 2017), the genome con-
stitution of the substituted segments were surveyed in each SSSL population, 
including the total length of the substituted segments, mean length of each 
substituted segment, coverage length of the substituted segments, and cov-
erage percent of the rice genome. The genotypic graphics of the substituted 
segments were charted using Map chart2.2 (Voorrips 2002).

Declarations

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Competing Interests
The authors declare that they have no competing interests.

Received: 14 April 2023   Accepted: 15 August 2023

References
Abe K, Takahashi H, Suge H (2007) Lazy gene (la) responsible for both an 

agravitropism of seedlings and lazy habit of tiller growth in rice (Oryza 
sativa L.). J Plant Re 109:381–386

Ali ML, Sanchez PL, Yu SB, Lorieux M, Eizenga GC (2010) Chromosome segment 
substitution lines: a powerful tool for the introgression of valuable genes 
from Oryza wild species into cultivated rice (O. sativa). RICE 3(4):218–234

Balakrishnan D, Surapaneni M, Mesapogu S, Neelamraju S (2019) Development 
and use of chromosome segment substitution lines as a genetic resource 
for crop improvement. Theor Appl Genet 132:1–25

Banaticla H et al (2022) Recent developments in wild rice conservation, 
research, and use. In: Ramamoorthy S Jr, Buot I, Chandrasekaran R (eds) 
Plant genetic resources, inventory, collection and conservation, 1st edn. 
Springer, Singapore

Brar DS, Khush GS (1997) Alien introgression in rice. Plant Mol Biol 
35(1–2):35–47

Ding GM, Hu BL, Zhou Y, Yang WL, Zhao MM, Xie J, Zhang FT (2022) Develop-
ment and characterization of chromosome segment substitution lines 
derived from Oryza rufipogon in the background of the Oryza sativa indica 
restorer line R974. Genes-Basel 13(5):735–746

Fang CW, Li L, He RM, Wang DQ, Wang M, Hu Q, Ma QR, Qin KY, Feng XY, Zhang 
GQ, Fu XL, Liu ZQ (2019) Identification of S23 causing both interspecific 

hybrid male sterility and environment-conditioned male sterility in rice. 
Rice 12:10–20

Furukawa T, Maekawa M, Oki T, Suda I, Iida S, Shimada H, Takamure I, Kadowaki 
K (2007) The Rc and Rd genes are involved in proanthocyanidin synthesis 
in rice pericarp. Plant J 49(1):91–102

Furuta T, Uehara K, Angeles-Shim RB, Shim J, Ashikari M, Takashi T (2014) 
Development and evaluation of chromosome segment substitution lines 
(CSSLs) carrying chromosome segments derived from Oryza rufipogon in 
the genetic background of Oryza sativa L. Breed Sci 63:468–475

Furuta T, Uehara K, Angeles-Shim RB, Shim J, Nagai K, Ashikari M, Takashi T 
(2016) Development of chromosome segment substitution lines harbor-
ing Oryza nivara genomic segments in Koshihikari and evaluation of 
yield-related traits. Breed Sci 66(5):845–850

Grillo MA, Li CB, Fowlkes AM, Briggeman TM, Zhou AL, Schemske DW, Sang 
T (2009) Genetic architecture for the adaptive origin of annual wild rice. 
Oryza Nivara Evolut 63(4):870–883

Gu BG, Zhou TY, Luo JH, Liu H, Wang YC, Shangguan YY, Zhu JJ, Li Y, Sang 
T, Wang ZX, Han B (2015) An-2 encodes a cytokinin synthesis enzyme 
that regulates awn length and grain production in rice. Mol Plant 
8(11):1635–1650

He N, Wu RX, Pan XP, Peng LP, Sun K, Zou T, Zhu HT, Zeng RZ, Liu ZQ, Liu GF, 
Wang SK, Zhang GQ, Fu XL (2017) Development and trait evaluation of 
chromosome single-segment substitution lines of O. meridionalis in the 
background of O. sativa. Euphytica 213(12):231–281

Hirabayashi H, Sato H, Nonoue Y, Kuno-Takemoto Y, Takeuchi Y, Kato H, Nemoto 
H, Ogawa T, Yano M, Imbe T, Ando I (2010) Development of introgression 
lines derived from Oryza rufipogon and O. glumaepatula in the genetic 
background of japonica cultivated rice (O. sativa L.) and evaluation of 
resistance to rice blast. Breed Sci 60(5):604–612

Hua L, Wang DR, Tan LB, Fu YC, Liu FX, Xiao LT, Zhu ZF, Fu Q, Sun XY, Gu P, Cai 
HW, McCouch SR, Sun CQ (2015) LABA1, a domestication gene associated 
with long, barbed awns in wild rice. Plant Cell 27(7):1875–1888

Ishii T, Numaguchi K, Miura K, Yoshida K, Thanh PT, Htun TM, Yamasaki M, Kom-
eda N, Matsumoto T, Terauchi R, Ishikawa R, Ashikari M (2013) OsLG1 regu-
lates a closed panicle trait in domesticated rice. Nat Genet 45(4):462–465

Jin J, Huang W, Gao JP, Yang J, Shi M, Zhu MZ, Luo D, Lin HX (2008) Genetic 
control of rice plant architecture under domestication. Nat Genet 
40(11):1365–1369

Jin J, Hua L, Zhu ZF, Tan LB, Zhao XH, Zhang WF, Liu FX, Fu YC, Cai HW, Sun 
XY, Gu P, Xie DX, Sun CQ (2016) GAD1 encodes a secreted peptide that 
regulates grain number, grain length, and awn development in rice 
domestication. Plant Cell 28(10):2453–2463

Khush GS (1997) Origin, dispersal, cultivation and variation of rice. Plant Mol 
Biol 35:25–34

Lemmon ZH, Reem NT, Dalrymple J, Soyk S, Swartwood KE, Rodriguez-Leal D, 
VanEck J, Lippman ZB (2018) Rapid improvement of domestication traits 
in an orphan crop by genome editing. Nat Plants 4:766–770

Li CB, Zhou AL, Sang T (2006) Rice domestication by reducing shattering. Sci-
ence 311(5769):1936–1939

Li PJ, Wang YH, Qian Q, Fu ZM, Wang M, Zeng DL, Li BH, Wang XJ, Li JY (2007) 
LAZY1 controls rice shoot gravitropism through regulating polar auxin 
transport. Cell Res 17(5):402–410

Li TD, Yang XP, Yu Y, Si XM, Zhai XW, Zhang HW, Dong WX, Gao CX, Xu C (2018) 
Domestication of wild tomato is accelerated by genome editing. Nat 
Biotechnol 36(12):1160–1163

Liu LC, Li XX, Liu SX, Min J, Liu WQ, Pan XW, Fang BH, Hu M, Liu ZQ, Li YC, Zhang 
HQ (2021) Identification of QTLs associated with the anaerobic germina-
tion potential using a set of Oryza nivara introgression lines. Genes 
Genom 43:399–406

Luo DP, Xu H, Liu ZL, Guo JX, Li HY, Chen LT, Fang C, Zhang QY, Bai M, Yao N, 
Wu H, Wu H, Ji CH, Zheng HQ, Chen YL, Ye S, Li XY, Zhao XC, Li RQ, Liu YG 
(2013a) A detrimental mitochondrial-nuclear interaction causes cytoplas-
mic male sterility in rice. Nat Genet 45(5):573–577

Luo JH, Liu H, Zhou TY, Gu BG, Huang XH, Shangguan YY, Zhu JJ, Li Y, Zhao Y, 
Wang YC, Zhao Q, Wang AH, Wang ZQ, Sang T, Wang ZX, Han B (2013b) 
An-1 encodes a basic helix-loop-helix protein that regulates awn devel-
opment, grain size, and grain number in rice. Plant Cell 25:3360–3376

Ma X, Fu YC, Zhao XH, Jiang LY, Zhu ZF, Gu P, Xu WY, Su Z, Sun CQ, Tan LB (2016) 
Genomic structure analysis of a set of Oryza nivara introgression lines and 
identification of yield-associated QTLs using whole-genome resequenc-
ing. Sci Rep 6:27425



Page 17 of 17Wang et al. Rice           (2023) 16:38  

Ma XD, Han B, Tang JH, Zhang JN, Cui D, Geng LY, Zhou HY, Li MM, Han LZ 
(2019) Construction of chromosome segment substitution lines of 
Dongxiang common wild rice (Oryza rufipogon Griff.) in the background 
of the japonica rice cultivar Nipponbare (Oryza sativa L.). Plant Physiol 
Biochem 144:274–282

McCouch SR, Sweeney M, Li JM, Jiang H, Thomson M, Septiningsih E, Edwards 
J, Moncada P, Xiao JH, Garris A, Tai T, Martinez C, Tohme J, Sugiono M, 
McClung A, Yuan LP, Ahn SN (2007) Through the genetic bottleneck: O. 
rufipogon as a source of trait-enhancing alleles for O. sativa. Euphytica 
154(3):317–339

Murray M, Thompson W (1980) Rapid isolation of high molecular weight plant 
DNA. Nucl Acids Res 8(19):4321–4325

Oka HI (1988) The homeland of Oryza sativa. In: Shigesaburo T, Norindo T (eds) 
Origin of cultivated rice, 1st edn. Japan Scientific Societies Press, Tokyo

Qiao WH, Qi L, Cheng ZJ, Su L, Li J, Sun Y, Ren JF, Zheng XM, Yang QW (2016) 
Development and characterization of chromosome segment substitu-
tion lines derived from Oryza rufipogon in the genetic background of O. 
sativa spp. indica cultivar 9311. BMC Genom 17:580–591

Sasaki A et al (2002) A mutant gibberellin-synthesis gene in rice. Nat 
416(8):701–702

Surapaneni M, Balakrishnan D, Mesapogu S, Addanki KR, Yadavalli VR, Tripura 
Venkata VGN, Neelamraju S (2017) Identification of major effect QTLs 
for agronomic traits and CSSLs in rice from Swarna/Oryza nivara derived 
backcross inbred lines. Front Plant Sci 8:1027–1037

Sweeney MT, Thomson MJ, Pfeil BE, McCouch S (2006) Caught red-handed: Rc 
encodes a basic helix-loop-helix protein conditioning red pericarp in rice. 
Plant Cell 18:283–294

Sweeney MT, Thomson MJ, Cho YG, Park YJ, Williamson SH, Bustamante CD, 
McCouch SR (2007) Global dissemination of a single mutation conferring 
white pericarp in rice. PLoS Genet 3(5):1418–1424

Tan LB, Li XR, Liu FX, Sun XY, Li CG, Zhu ZF, Fu YC, Cai HW, Wang XK, Xie DX, Sun 
CQ (2008) Control of a key transition from prostrate to erect growth in 
rice domestication. Nat Genet 40(11):1360–1364

Tan QY, Zou T, Zheng MM, Ni YR, Luan X, Li XH, Yang WF, Yang ZF, Zhu HT, Zeng 
RZ, Liu GF, Wang SK, Fu XL, Zhang GQ (2020) Substitution mapping of the 
major quantitative trait loci controlling stigma exsertion rate from Oryza 
glumaepatula. Rice 13(1):37–46

Tanksley SD, McCouch SR (1997) Seed banks and molecular maps: unlocking 
genetic potential from the wild. Sci 277(5329):1063–1066

Tian F, Li DJ, Fu Q, Zhu ZF, Fu YC, Wang XK, Sun CQ (2006) Construction of 
introgression lines carrying wild rice (Oryza rufipogon Griff.) segments 
in cultivated rice (Oryza sativa L.) background and characterization of 
introgressed segments associated with yield-related traits. Theor Appl 
Genet 112(3):570–580

Voorrips RE (2002) MapChart: software for the graphical presentation of link-
age maps and QTLs. J Hered 93(1):77–78

Wang ZQ, Li RX, Lu Y, Yang F, Liu TT, He P, Zhang HX, Xiong Y, Fu XL (2020) 
Cd-tolerant germplasm screen and QTL identification of single-segment 
substitution lines of Oryza glumaepatula at the germination period. J 
South Chin Agri Univ 41(1):69–77

Xiao JH, Li JM, Grandillo S, Ahn SN, Yuan L, Tanksley SD, McCouch SR (1998) 
Identification of trait-improving quantitative trait loci alleles from a wild 
rice relative. Oryza Rufipogon Genet 150(2):899–909

Xie XB, Song MH, Jin FX, Ahn SN, Suh JP, Hwang HG, McCouch SR (2006) Fine 
mapping of a grain weight quantitative trait locus on rice chromosome 8 
using near-isogenic lines derived from a cross between Oryza sativa and 
Oryza rufipogon. Theor Appl Genet 113(5):885–894

Yamanaka S, Nakamura I, Nakai H, Sato YI (2003) Dual origin of the cultivated 
rice based on molecular markers of newly collected annual and perennial 
strains of wild rice species, Oryza nivara and O. rufipogon. Genet Resour 
Crop Evol 50(5):529–538

Yu CY, Liu YQ, Jiang L, Wang CM, Zhai HQ, Wan JM (2005) QTLs mapping and 
genetic analysis of tiller anger in rice (Oryza sativa L.). Acta Genet Sin 
32(9):948–954

Yuan PR, Kim HJ, Chen QH, Ju HG, Lee SJ, Ji SD, Ahn SN (2009) QTL Dissection 
of Agronomic and domestication traits using introgression lines carrying 
wild rice (Oryza rufipogon Griff.) segments in cultivated rice (O. sativa L.) 
background. J Crop Sci Biotechnol 12(4):241–248

Zhang YD, Dong SL, Zhang YH, Chen T, Zhao QY, Zhu Z, Zhou LH, Yao S, Zhao 
L, Wang CL (2013) Construction of molecular genetic linkage map based 

on an RIL population of rice and detection of QTLs for tiller angle. Agric 
Sci Technol 14(5):689–694

Zhang FT, Cui FL, Zhang LX, Wen XF, Luo XD, Zhou Y, Li X, Wan Y, Zhang JN, 
Xie JK (2014) Development and identification of a introgression line with 
strong drought resistance at seedling stage derived from Oryza sativa L. 
mating with Oryza rufipogon Griff.. Euphytica 200(1):1–7

Zhang WF, Tan LB, Sun HY, Zhao XH, Liu FX, Cai HW, Fu YC, Sun XY, Gu P, Zhu 
ZF, Sun CQ (2019) Natural variations at TIG1 encoding a TCP transcription 
factor contribute to plant architecture domestication in rice. Mol Plant 
12(8):1075–1089

Zhang Y, Zhou JW, Xu P, Li J, Deng XN, Deng W, Yang Y, Yu YQ, Pu QH, Tao DY 
(2022) A genetic resource for rice improvement: introgression library 
of agronomic traits for all AA genome Oryza species. Front Plant Sci 
13:856514

Zhao HW, Sun LL, Xiong TY, Wang ZQ, Liao Y, Zou T, Zheng MM, Zhang Z, 
Pan XP, He N, Zhang GQ, Zhu HT, Liu ZQ, He P, Fu XL (2019) Genetic 
characterization of the chromosome single-segment substitution lines of 
O. glumaepatula and O. barthii and identification of QTLs for yield-related 
traits. Mol Breed 39(4):51–69

Zhu YQ, Ellstrand NC, Lu BR (2012) Sequence polymorphisms in wild, weedy, 
and cultivated rice suggest seed-shattering locus sh4 played a minor role 
in Asian rice domestication. Ecol Evol 2(9):2106–2113

Zhu ZF, Tan LB, Fu YC, Liu FX, Cai HW, Xie DX, Wu F, Wu JZ, Matsumoto T, Sun 
CQ (2013) Genetic control of inflorescence architecture during rice 
domestication. Nat Commun 4:2200

Zhu YW, Lin YR, Chen S, Liu H, Chen ZJ, Fan MY, Hu TJ, Mei FT, Chen JM, Chen 
L, Wang F (2019) CRISPR/Cas9-mediated functional recovery of the reces-
sive rc allele to develop red rice. Plant Biotechnol J 17(11):2096–2105

Zou T, Zhao HW, Li XH, Zheng MM, Zhang SD, Sun LL, He N, Pan XP, Liu ZQ, 
Fu XL (2020) QTLs detection and pyramiding for stigma exsertion rate 
in wild rice species by using the single-segment substitution lines. Mol 
Breed 40(8):74–87

Zsogon A, Cermak T, Naves ER, Notini MM, Edel KH, Weinl S, Freschi L, Voytas 
DF, Kudla J, Peres LEP (2018) De novo domestication of wild tomato using 
genome editing. Nat Biotechnol 36(12):1211–1216

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Substitution Mapping and Allelic Variations of the Domestication Genes from O. rufipogon and O. nivara
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Development and Characterization of the SSSLs Populations
	Substitution Mapping and Allelic Variations of the Domestication Genes
	Tiller Angle
	Spreading Panicle
	Awn
	Seed Shattering
	Red Pericarp

	Discussion
	Conclusions
	Methods
	Materials and Cultivation
	Development Process of the SSSLs
	Trait investigation
	Detection and Substitution Mapping of the Domestication Genes
	PCR and Sequence Alignment of the Domestication Genes

	Anchor 23
	Acknowledgements
	References


