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showed inhibition of abscission layer formation but the 
degree of seed shattering was different from that of IR36. 
On the basis of these results, we estimated that non-shatter-
ing of seeds in early rice domestication involved mutations 
in at least three loci, and these genetic materials produced 
in this study may help to identify novel seed-shattering loci.

Keywords  Rice (Oryza sativa) · Oryza rufipogon · Seed 
shattering · sh4 · qSH3

Introduction

Asian cultivated rice, Oryza sativa L., is one of the major 
crops supporting almost half of the world population and 
was domesticated from its wild ancestor, O. rufipogon 
(Oka 1988). During domestication, the loss of seed shat-
tering was a major selected trait because it directly con-
tributes to yield increase (Harlan 1975; Fuller and Allaby 
2009). In general, Asian cultivated rice is classified into 
two types, Japonica and Indica. The former is mainly cul-
tivated in northeast Asia, whereas the latter is widely cul-
tivated in tropical Asian countries (Oka 1988). Most of the 
Japonica-type cultivated rice has strong non-seed shattering 
behaviour and few seeds drop from the panicles. But with 
Indica type, external forces such as hand gripping and hit-
ting against stones will detach mature seeds. These differ-
ences in seed-shattering degree may be generated by spon-
taneous mutations and selected through various harvesting 
styles. Probably, natural variation of seed-shattering degree 
is quantitatively regulated by a combination of mutated 
alleles at shattering loci.

Seed shattering in rice is caused by the formation of 
an abscission layer that is developed in the basal part of 
grains. Several genes involved in abscission layer formation 
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were identified through natural variation, mutagenesis and 
reverse genetic approaches (Dong and Wang 2015). A few 
major loci for loss of seed shattering selected for in rice 
domestication or modern breeding have been reported so 
far. First, sh4 was identified by QTL analysis using an F2 
population between Indica-type cultivated rice and wild 
rice, O. nivara (an annual form of O. rufipogon) (Li et al. 
2006a, b). Second, qSH1 was detected using segregat-
ing population between Japonica cultivar Nipponbare and 
Indica cultivar Kasalath (Konishi et  al. 2006). For both 
loci, functional alleles are responsible for the formation and 
development of abscission layer at the basal part of seeds 
in the genetic background of cultivated rice. In addition, 
qSH3 was reported as a result of a QTL analysis between 
Japonica cultivated rice and wild rice although the effect 
of qSH3 on seed shattering was weaker than that of qSH1 
or sh4 when evaluated with in the genetic background of 
cultivated rice (Onishi et al. 2007a, b). In our recent study, 
we also identified qSH3 with segregating population from 
introgression lines of cultivated O. sativa Japonica Nippon-
bare with a wild annual accession of O. rufipogon W630 
(Htun et  al. 2014). We further examined allele effects at 
three seed-shattering loci in the genetic background of wild 
rice, and found that the plants only having cultivated alleles 
at either locus (qSH1, sh4 or qSH3) shed all the seeds 
because they formed complete abscission layers between 
the pedicels and spikelets. Mutations at these three loci 
played roles in the establishment of non-shattering culti-
vated rice.

Apart from the genes identified from the natural varia-
tion of seed-shattering behaviour, some others were iden-
tified through mutagenesis and reverse genetic studies. 
OsCPL1, encoding a protein with a conserved carboxy-
terminal domain (CTD) phosphatase domain, was shown 
to repress differentiation of the abscission layer (Ji et  al. 
2010). Suppressor mutagenesis analysis of an introgression 
line having the wild sh4 allele with easily shattering behav-
iour identified non-shattering mutants. SHAT1, a novel gene 
encoding an APETALA2 transcription factor, was found to 
specifying abscission zone development (Zhou et al. 2012). 
The BEL1-type homeobox gene SH5, a homolog of qSH1, 
was shown to inhibit lignin biosynthesis and enhance 
abscission layer development (Yoon et al. 2014). Although 
these genes are clearly involved in the control of seed shat-
tering, their involvement in a loss of seed shattering during 
rice domestication is not known.

Among the three loci for the natural variation of seed 
shattering, a mutation at sh4 was shown to be conserved 
in all rice cultivars, whereas a loss-of-function muta-
tion at qSH1 was mainly observed in Japonica-type cul-
tivars (Konishi et  al. 2006; Lin et  al. 2007; Onishi et  al. 
2007b; Zhang et  al. 2009). These findings imply that a 
non-functional allele at qSH1 was specifically selected in 

Japonica-type cultivars after the early stages of rice domes-
tication. Regarding qSH3, the genomic region harbouring 
the locus was shown to have undergone artificial selec-
tion in both Indica and Japonica cultivars (Xu et al. 2012), 
which suggests that qSH3 may be involved in the loss of 
seed shattering in cultivated rice.

In the present study, we used an Indica cultivar of IR36 
having a functional allele at qSH1. It was backcrossed 
twice with O. rufipogon W630, and backcross recombinant 
inbred lines (BRILs) at BC2F7 generation were generated. 
Their seed-shattering behaviour was examined based on 
the abscission layer formation and seed detachment force 
in order to estimate the loci involved in non-shattering of 
seeds in early rice domestication.

Materials and methods

Plant materials

An Indica-type cultivar, O. sativa IR36, and a wild acces-
sion, O. rufipogon W630, were used as parental lines for 
backcross recombinant inbred lines (BRILs). IR36 is a 
semi-dwarf cultivar with high resistance to major insect 
pests and diseases, and has contributed to the green revolu-
tion (Ballini et al. 2007; Spielmeyer et al. 2002). IR36 has a 
non-shattering behaviour but mature seeds can be detached 
using external force. As compared with Japonica cultivars, 
most Indica rice cultivars show such a characteristic, which 
arises as a consequence of a partial abscission layer at the 
basal part of the seeds (Konishi et al. 2006). O. rufipogon 
W630, an annual wild accession with complete seed-shat-
tering behaviour, originates in Myanmar. Initially, IR36 
was crossed twice with O. rufipogon W630, and 10 BC1F1 
plants were obtained. They were further backcrossed, and 
200 BC2F1 plants (20 plants each from 10 BC1F1 plants) 
were generated. From these, BRILs at the BC2F7 generation 
were developed using the single-seed-descendant method. 
The plants were not artificially selected during the selfing 
process, but more than 50 lines were eliminated because of 
weak growth and sterility. As a result, a total of 143 BRILs 
having wild genetic background were generated.

Evaluation of the seed‑shattering degree

It was difficult to evaluate seed-shattering degree using 
BRILs in the field, because almost all plants of the BRILs 
shed seeds after maturing. They had long awns at the tip 
of the seeds and strong wind would cause seed shedding 
under natural conditions. Therefore, histological analysis 
was first carried out to observe abscission layer forma-
tion at the flowering stage when the first panicle appeared 
from the node as described by Htun et al. (2014), and the 
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BRILs were classified into two groups; lines with complete 
and incomplete abscission layer formation. Since the lines 
with incomplete abscission layer formation had potential to 
keep mature seeds on the panicles, they were grown in the 
glasshouse and the seed-shattering degree was evaluated by 
measuring the breaking tensile strength (BTS) required to 
detach the seed from the pedicel using a digital force gauge 
(FGP 0.5, Nidec-Shimpo Co., Japan). Approximately 35 
days after flowering, seed-shattering degree was measured 
with all the mature seeds from five panicles for each BRIL, 
and their average BTS values were calculated. The BTS 
value of seeds which had already shed before the day of 
measurement was scored as “zero gram-force (gf)”.

Marker genotyping and QTL analysis

The genomic DNA of 143 BRILs was extracted, and 159 
polymorphic simple sequence repeat (SSR) marker loci 
covering the whole rice genome were surveyed (Supple-
mentary Fig. 1). PCR condition of SSR markers followed 
Ishikawa et al. (2010). The amplicons were electrophoresed 
in 4.0% polyacrylamide gels, and banding patterns were 
visualised by the silver staining method (Panaud et  al. 
1996). QTL analysis for seed shattering was performed 
with the abscission layer formation scores; “0” and “1” 
for partial and complete formation, respectively. A single 
marker analysis was applied to detect a putative QTL with 
LOD threshold value of 3.0 using WinQTL cartographer 
ver. 2.5 (Wang et al. 2012). Genotyping surveys of causa-
tive SNPs at sh4 and qSH1 were conducted using derived 
cleaved amplified polymorphic sequence (dCAPS) markers 
(Htun et al. 2011). Genotypes at qSH3 were classified into 
IR36 and W630 types using two flanking polymorphic SSR 
markers, RM3501 and RM3513 (Inoue et al. 2015).

Results

Seed‑shattering characteristics in the parental lines

The wild accession of O. rufipogon W630 has strong seed-
shattering behaviour, whereas the Indica cultivar IR36 
keeps mature seeds on the panicles unless an external force 
acts on them. Their seed-shattering characteristics were 
evaluated by two methods. To begin with, BTS values 
were measured with mature seeds at 35 days after flower-
ing (Table  1). As for IR36, a BTS value of 50.3 ± 5.9 gf 
was obtained with 50 randomly chosen seeds each from 
three panicles. However, the BTS value of W630 could 
not be determined because all the seeds shed on maturing. 
We further investigated abscission layer formation of two 
parental plants at the flowering stage when the first pani-
cle appeared from the node (Fig. 1). Using ten longitudinal 

sections in the basal part of the pedicels stained with tolui-
dine O solution, the ratio of abscission layer formation was 
calculated by the length of abscission layer divided by the 
entire outside length at one side of vascular bundle, which 
corresponds to the length from the external layer to white 
triangle (Fig. 1; Table 1). As a result, W630 and IR36 gave 
100.0 and 72.5 ± 4.8% of formation ratios, respectively. 
These results showed that about 30% of non-layer tissues 
around the vascular bundle in IR36 connected the mature 
seeds on the pedicels.

Generation of the BRILs and their abscission layer 
formation

A total of 143 BRILs at BC2F7 generation between O. 
sativa IR36 and O. rufipogon W630 were produced. The-
oretically, these BRILs are expected to have 12.5% of the 
IR36 genome in the genetic background of O. rufipogon 
W630. According to their genotypes at 159 SSR loci cov-
ering the whole genome, almost all marker loci showed 
homozygous alleles of either IR36 or W630. The frequency 
distribution of the proportion of IR36 genome introgressed 
into BRILs was calculated (Fig.  2). The introgression 
percentages ranged from 1.9 to 30.8%, with the mean of 
15.3%.

Most of the BRILs showed strong seed-shattering 
behaviour under natural condition. Therefore we began by 
observing abscission layer formation of all BRILs using 
longitudinal sections in the basal part of the pedicels. Six-
teen out of 143 BRILs showed partial inhibition of abscis-
sion layer formation. These were grown in the glasshouse, 
and the BTS values were examined. Although one line 
could not produce enough panicles, the other 15 gave BTS 
values from 2.2 to 26.9 gf (Supplementary Table  1). The 
highest value was observed in the A4 line showing BTS 
values corresponding to almost half of the IR36 value (50.3 
gf).

QTL analysis of non‑shattering of seeds of IR36

To identify the genomic loci involved in non-shattering 
of seeds of IR36, QTL analysis was carried out based 

Table 1   Seed-shattering degree based on the BTS values and abscis-
sion layer formation ratios in the parental lines of O. rufipogon W630 
and O. sativa IR36

n.d. not determined

Parental line BTS value (gf) Abscission 
layer formation 
(%)

O. rufipogon W630 n.d. 100.0
O. sativa IR36 50.3 ± 5.9 72.5 ± 4.8
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on the presence or absence of abscission layer forma-
tion with 143 BRILs using 159 SSR marker genotypes. 
A single strong peak was detected near RM5506 on 
chromosome 4 with an LOD score of 23.9. It explained 
53.7% of the total phenotypic variance with the IR36 
allele enhancing the BTS value. No other loci were 
detected above LOD threshold of 3.0, suggesting the 
QTL on chromosome 4 had a large effect on abscission 
layer formation between O. sativa Indica IR36 and wild 
O. rufipogon W630.

Evaluation of the allele effects at the previously 
reported seed‑shattering loci

In the genetic background of cultivars, a seed-shattering 
locus of sh4 was previously identified in the flanking region 
of the putative position of the QTL detected in this study (Li 
et al. 2006a; Onishi et al. 2007a; Lin et al. 2007). We exam-
ined the IR36 allele at sh4 using a dCAPS marker detecting 
the causative mutation (Htun et  al. 2011), and found that 
IR36 had a non-functional allele at sh4 in the same way as 
the Japonica cultivar Nipponbare (Fig. 3). We carried out 
QTL analysis again by adding a sh4 dCAPS marker. As a 
result, a higher peak (LOD = 33.3) was detected with the 
new marker, indicating that the QTL was identical to sh4 
(Table 2). As for qSH1, we could not detect any QTLs on 
chromosome 1, and IR36 showed the same banding pattern 
of the qSH1 dCAPS marker as a wild accession of W630 
(Fig. 3). In order to examine whether IR36 has a functional 
allele at qSH1 or not, we further sequenced the coding 
region of the qSH1 (Os01g0848400) gene, and found that 
there are no differences in protein sequences between IR36 
and W630 (Supplementary Fig.  2). Although the regula-
tory region, which has not been identified yet, could not be 
examined, qSH1 is not likely to be responsible for the dif-
ference in the seed-shattering characteristics of such degree 
between IR36 and W630.

We next investigated the genotypes at sh4 and abscis-
sion layer formation. Among 143 BRILs, we genotyped all 
the lines using the dCAPS marker. The results showed that 
23 lines carried homozygous IR36 alleles at sh4, and 16 
of them gave partial abscission layer formation (Table 3). 

Fig. 1   Abscission layer forma-
tion of a wild rice accession of 
Oryza rufipogon W630 (a, b) 
and an Indica cultivar O. sativa 
IR36 (c, d). Magnified views of 
the abscission layers in dotted 
squares of a and c are shown 
in b and d, respectively. Black 
triangles indicate both edges 
of the abscission layer. White 
triangle indicates the position 
where the extended edge of 
abscission layer crossed with 
vascular bundle. VB vascular 
bundle. Bars 50 μm
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Fig. 2   Frequency distribution of the percentage of the IR36 genome 
found in the backcross recombinant inbred lines between O. sativa cv. 
IR36 and O. rufipogon acc. W630
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This indicates that the loss-of-function mutation at sh4 was 
not sufficient to explain the inhibition of abscission layer 
formation in the genetic background of wild rice. Prob-
ably, other gene(s) may still have been required for non-
shattering of seeds of IR36. An additional locus controlling 
seed shattering is qSH3, which was detected as the region 
involved in non-shattering of seeds between Japonica culti-
var and O. rufipogon (Onishi et al. 2007a, b). Since we pre-
viously determined the putative location of qSH3 between 
RM3513 and RM3601 on chromosome 3 (Inoue et  al. 
2015), we examined genotypes at qSH3 using these two 
flanking markers among BRILs (Table 3). We found that all 
five lines having homozygous IR36 alleles at both sh4 and 
qSH3 showed the inhibition of abscission layer formation. 
Partial formation was also observed 11 out of 18 lines with 
IR36 alleles at sh4 and wild alleles at qSH3. All the lines 
with wild alleles at sh4 showed complete abscission layer 
formation. The comparison of genotypes at shattering loci 
with BTS values for 16 lines with partial abscission layer 
formation is shown in Supplementary Table 1.

Discussion

Generation of BRILs having IR36 chromosomal 
segments in the genetic background of wild rice

Most Japonica cultivars show strong non-seed shattering 
behaviour because they share a loss-of-function mutation 
at qSH1. Since Indica cultivars have functional alleles at 
qSH1, their genotypes at shattering loci may be closer to 
wild forms compared to Japonica cultivars. IR36 is a typi-
cal Indica cultivar with non-shattering behaviour. In the 
present study, we produced BRILs having the chromosomal 
segments of IR36 in the genetic background of wild rice, 
O. rufipogon W630. Theoretically, these BRILs have 12.5% 
of the IR36 chromosome segments in the genome, however, 
allele survey at 159 SSR loci gave an average of 15.3% of 
IR36 segments (Fig. 2). Probably, cultivated alleles might 
have some advantages for growth and fertility in glasshouse 
condition. Since the BRILs produced in this study have 
various combinations of cultivated chromosomal blocks in 
the genetic background of wild rice, they are good materi-
als to analyse interactions between alleles at different loci, 
especially for domestication-related traits.

TaqI

173 bp

173 bp
144 bp

EcoT22I
(AvaIII)

196 bp

196 bp
166 bp

sh4 

qSH1 

Fig. 3   Genotyping at sh4 and qSH1 with dCAPS markers detecting 
causative SNPs. W630 has functional alleles at both loci. – and +: 
undigested and digested PCR fragments with enzymes, respectively

Table 2   Putative QTL for abscission layer formation detected with backcross recombinant inbred lines between O. rufipogon W630 and O. 
sativa IR36

a Allele source increasing values
b Percentage of variance explained by the QTL

Chr. Marker Nearest marker Sourcea LOD PVb (%) Additive effect

4 RM273–RM559 sh4-dCAPS W630 33.3 65.7 0.35

Table 3   Association of abscission layer formation with genotypes at 
two seed-shattering loci, sh4 and qSH3 in 143 backcross recombinant 
inbred lines between O. sativa IR36 and O. rufipogon W630

n.d. not determined
a Genotype of sh4 was surveyed using a dCAPS marker (Htun et  al. 
2011)
b Genotype of qSH3 was surveyed using two flanking SSR markers: 
RM3601 and RM3513 (Inoue et al. 2015)
c In QTL analysis, lines with partial and complete abscission layer for-
mation were scored as “0” and “1”, respectively

Genotype No. of lines

sh4a qSH3b Total Partial 
formationc

Complete 
formationc

IR36 IR36 5 5 0
IR36 W630 18 11 7
W630 IR36 20 0 20
W630 W630 96 0 96
W630 n.d. 4 0 4
Total 143 16 127
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Loci involved in non‑shattering of seeds in early rice 
domestication

During rice domestication, a loss of seed shattering has 
played the most vital role in harvesting efficiency, and has 
been acquired by selection of natural mutations at seed-
shattering loci (Fuller 2007). Among them, sh4 was identi-
fied as a major locus for seed shattering in the genetic back-
ground of cultivated rice, and its loss-of-function mutation 
was observed in all cultivars (Li et  al. 2006b; Lin et  al. 
2007; Onishi et  al. 2007b). However, in the wild genetic 
background, we previously found that a near isogenic line 
carrying the cultivated alleles at sh4 showed strong seed-
shattering behaviour with complete abscission layer for-
mation, just as wild rice does (Ishii et al. 2013; Htun et al. 
2014; Inoue et  al. 2015). This finding suggested that the 
mutation at sh4 was not sufficient to confer the phenotypic 
change on the abscission layer. In support of this, some 
strains of weedy rice were reported to show complete seed 
shattering despite carrying the non-functional allele at sh4 
(Thurber et al. 2010). Moreover, a recent study showed that 
some accessions of wild rice have a non-functional allele at 
sh4 with complete seed shattering (Zhu et al. 2012). There-
fore, some other gene(s) may have been required to cause 
non-shattering of seeds in early rice domestication. In the 
present study, we only detected a strong QTL for abscission 
layer formation in the same region of sh4. Since IR36 has 
non-functional allele at sh4, the QTL must be identical to 
sh4. Using BRILs, chromosomal blocks were surveyed to 
detect interaction with sh4 for abscission layer formation. 
As a result, a combination of IR36 alleles at sh4 and qSH3 
was found to cause inhibition of abscission layer formation 
(Table 3). The BRILs having homozygous IR36 alleles at 
both sh4 and qSH3 gave BTS values ranging from 10.4 to 
26.9 gf (Supplementary Table 1). These values are not suf-
ficient to keep mature seeds on the pedicels because of the 
long awns, but we could see a few non-dispersed seeds on 
the panicles of A4 (26.9 gf) and H6 (17.5 gf) lines under 
natural condition. Interestingly, a recent study reported that 
the genomic region around qSH3 had undergone strong 
artificial selection in both Indica and Japonica cultivated 
rice (Xu et al. 2012). This suggests that cultivated alleles at 
qSH3 might have an important role for non-seed shattering. 
As for BRILs having IR36 alleles at sh4 and wild alleles 
at qSH3, 11 out of 18 lines showed partial abscission 
layer formation, indicating the existence of additional loci 
involved in non-shattering of seeds. Considering the above, 
primitive rice farmers may have selected non-shattering 
plants through a combination of mutations at major locus 
of sh4 and at some minor loci including qSH3 in early rice 
domestication. Therefore, we estimated that non-shattering 
of seeds in early rice domestication involved mutations in 
at least three seed-shattering loci.

Utilization of minor loci in the control 
of the seed‑shattering degree of cultivated rice

Generally Indica rice shows partial abscission layer forma-
tion that results in a loss of the yield in tropical Asian coun-
tries. In addition, seeds dispersed onto or around paddy 
fields may germinate in the next cropping season. If differ-
ent cultivars are grown in the same paddy field, a quality 
or a value of harvested rice will decrease because of the 
variety mixture. Therefore, control of the degree of seed-
shattering is still important in tropical Asian countries to 
maximise the yield potential and seed quality. To optimise 
the degree of seed-shattering, a combination of the alleles 
at seed-shattering loci may be useful for breeding purposes 
in the future. Because the non-functional allele at sh4 is 
fixed in all cultivated rice, a combination of non-functional 
alleles at qSH1 and/or minor loci may help to fine-tune the 
degree of seed-shattering.
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