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Abstract

Background: Seed dormancy, a quality characteristic that plays a role in seed germination, seedling establishment
and grain yield, is affected by multiple genes and environmental factors. The genetic and molecular mechanisms
underlying seed dormancy in rice remain largely unknown.

Results: Quantitative trait loci (QTLs) for seed dormancy were identified in two different mapping populations, a
chromosome segment substitution line (CSSL) and backcross inbred line (BIL) population, both derived from the
same parents Nipponbare, a japonica cultivar with seed dormancy, and 9311, an indica cultivar lacking seed
dormancy. A total of 12 and 27 QTL regions for seed dormancy were detected in the CSSLs and BILs, respectively.
Among these regions, four major loci (gSD3.1, gSD3.2, gSD5.2 and gSD11.2) were commonly identified for multiple
germination parameters associated with seed dormancy in both populations, with Nipponbare alleles delaying the

seed germination percentage and decreasing germination uniformity. Two loci (gSD3.7 and gSD3.2) were
individually validated in the near-isogenic lines containing the QTL of interest. The effect of gSD3.2 was further
confirmed in a CSSL-derived F, population. Furthermore, both gSD3.7 and gSD3.2 were sensitive to abscisic acid
and exhibited a significant epistatic interaction to increase seed dormancy.

Conclusions: Our results indicate that the integration of the developed CSSLs and BILs with high-density markers
can provide a powerful tool for dissecting the genetic basis of seed dormancy in rice. Our findings regarding the
major loci and their interactions with several promising candidate genes that are induced by abscisic acid and
specifically expressed in the seeds will facilitate further gene discovery and a better understanding of the genetic
and molecular mechanisms of seed dormancy for improving seed quality in rice breeding programs.
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Background

Seed dormancy is defined as the inability of seeds to ger-
minate under favorable conditions, and the loss of dor-
mancy is assumed to be a typical domestication trait in
crops (Bentsink et al. 2006; Wang et al. 2018). It is also
an important agronomic trait related to seed quality and
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grain yield. High seed dormancy causes nonuniformity
of germination and poor seedling establishment (Ander-
son et al. 1993). Low seed dormancy can ensure the uni-
formity of germination but is likely to result in
preharvest sprouting during the maturity stage, causing
a serious reduction in the production and grain quality
of cereal crops (Fang et al. 2008; Sugimoto et al. 2010;
Marzougui et al. 2012). Therefore, appropriate seed dor-
mancy is a desirable characteristic for most crops, and a
better understanding of the genetic and molecular
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mechanisms involved is essential for improving seed
quality in plant breeding programs.

Seed dormancy is a complex trait affected by multiple
genes and environmental factors (Graeber et al. 2014; Lu
et al. 2018) and by multiple hormones, such as abscisic
acid (ABA) and gibberellins (GA), which antagonistically
regulate seed dormancy (Finkelstein et al. 2008; Shu
et al. 2016; Née et al. 2017a, 2017b). In rice (Oryza
sativa L.), large variations in seed dormancy are ob-
served between the two cultivated subspecies japonica
and indica. More than 150 quantitative trait loci (QTLs)
associated with seed dormancy have been identified in
various biparental mapping populations (Lin et al. 1998;
Cai and Morishima 2000; Wan et al. 2006; Gu et al.
2010; Marzougui et al. 2012; Mizuno et al. 2018; Nguyen
et al. 2019) (https://archive.gramene.org/qtl/). In
addition, several loci affecting seed dormancy have been
detected through genome-wide association mapping in
rice (Magwa et al. 2016; Lu et al. 2018). Although a large
number of QTLs for seed dormancy have been identified
in rice, only a few of them have been subjected to map-
based cloning to identify the underlying genes. For in-
stance, seed dormancy 4 (Sdr4) on chromosome 7
(23.79 Mb), which encodes a protein of unknown func-
tion, was reported as the first cloned QTL in rice and is
positively regulated by the seed maturation-related gene
OsVP1 (Sugimoto et al. 2010). SD7-1/Rc, also on
chromosome 7 (6.06 Mb), which has been demonstrated
to influence red pericarp color and seed dormancy, en-
codes a basic helix-loop helix transcription factor in-
volved in ABA synthesis (Gu et al. 2011). Seed
dormancyl-2 (qSD1-2), also known as the green revolu-
tion gene semidwarf-1 (sd-1), is located on chromosome
1 (38.38 Mb) and induces seed endosperm-imposed dor-
mancy (Ye et al. 2015). Recently, OsG, on chromosome
3 (0.013 Mb) has been shown to encode an amino-
terminal protease protein in rice, and its orthologous
stay-green genes G in soybean (Glycine max L. Merr.)
and AtG in Arabidopsis (Arabidopsis thaliana (L.)
Heynh.) have been shown to be responsible for seed dor-
mancy by interacting with nine-cis-epoxycarotenoid
dioxygenase 3 and phytoene synthase, which are in-
volved in ABA biosynthesis (Wang et al. 2018). In
addition, more than 120 QTLs affecting seed dormancy
have been detected in other model plants and crops
(https://archive.gramene.org/qtl/), such as Arabidopsis
(Bentsink et al. 2006), wheat (Triticum aestivum L.) (An-
derson et al. 1993), oilseed rape (Brassica napus L.)
(Schatzki et al. 2013), barley (Hordeum vulgare L.)
(Nagel et al. 2019) and sorghum (Sorghum bicolor L.)
(Cantoro et al. 2016). In addition, many genes related to
seed dormancy, such as DELAY OF GERMINATION 1
(DOG1), have been identified and intensively character-
ized in Arabidopsis (Shu et al. 2016). DOGI encodes a
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protein of unknown function and is regulated at the
transcriptional and posttranscriptional levels in Arabi-
dopsis (Bentsink et al. 2006; Miiller et al. 2012; Chen
and Penfield 2018). Overall, these data indicate that the
genetic and molecular mechanisms underlying seed dor-
mancy are very complex in Arabidopsis and other plant
species. Therefore, it is critical to identify the QTLs re-
lated to seed dormancy to dissect the molecular basis of
this complex trait.

The objective of the present study was to identify
QTLs for seed dormancy and elucidate the genetic basis
of seed dormancy in rice. Initially, we evaluated both a
chromosome segment substitution line (CSSL) and back-
cross inbred line (BIL) population for seed dormancy.
Both populations were derived from the same parents,
Nipponbare (NIP), a japonica cultivar with seed dor-
mancy crossed with 9311, an indica cultivar lacking seed
dormancy. SNP genotyping identified 12 and 27 QTLs
for seed dormancy in CSSL and BIL populations, re-
spectively, with four major QTLs (¢SD3.1, ¢SD3.2,
qSD5.2 and gSD11.2) revealed for multiple germination
parameters in both populations. Subsequently, two
major QTLs (¢gSD3.1 and ¢SD3.2) detected on chromo-
some 3 were validated using near-isogenic lines (NILs)
and segregating populations. Further investigation de-
tected a digenic interaction between ¢SD3.1 and ¢SD3.2,
which is assumed to be involved in the ABA regulation
of seed dormancy. Our results provide new insights into
the genetic basis of seed dormancy for the improvement
of seed quality by marker-assisted selection breeding in
rice.

Materials and Methods

Plant Materials

The CSSL and BIL populations were used to dissect the
genetic basis of seed dormancy in rice. These two popu-
lations were derived using different approaches from the
same cross between the two genome-sequenced rice cul-
tivars, NIP and 9311. NIP is classified as subspecies ja-
ponica and exhibits seed dormancy, whereas 9311, an
elite restorer line is classified as subspecies indica and
lacks seed dormancy. The first population of the CSSLs
consisted of 122 lines and was developed from a cross
between NIP (as the donor) and 9311 (as the recurrent
parent) using a backcross scheme with a marker-assisted
selection approach (Additional file 1: Fig. S1). In the
CSSLs, each line contained one or a few introduced NIP
segments within the 9311 background (Tan et al. 2011).
The other population (BILs) comprising 437 lines de-
rived from a NIP x 9311 F; backcrossed to 9311 and ad-
vanced to the Fg by single-seed descent (Additional file
1: Fig. S1). The genomic DNA from each line of BILs
was extracted and subjected to genotyping as described
previously (Yuan et al. 2019). To validate the effect of
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qSD3.2, one CSSL (NY38) that carried a 1.6-Mb intro-
duced NIP segment surrounding gSD3.2 on chromo-
some 3 and a background NIP segment on chromosome
10 was crossed with 9311 to generate an F, population
(hereafter referred to as the NY38-derived population).
The other CSSL (NY61) harboring two introduced NIP
segments surrounding ¢gSD3.1 and ¢SD3.2, was used to
generate an additional F, population (referred to as the
NY61-derived population). Two near-isogenic lines
(NILs) containing either ¢gSD3.1 or ¢SD3.2 were ob-
tained during the development of these mapping popula-
tions. The NILs and the mapping populations along with
the parental lines were grown at the Wuhan Experimen-
tal Station of Huazhong Agricultural University, China.
Each line was planted in four rows with ten individuals
per row with spacing of 16.7 x 26.6 cm. Field manage-
ment was carried out according to the local standard
practices (Tan et al. 2011).

Seed Dormancy Evaluation

The flowering time was recorded as the time of the ap-
pearance of the panicle from the flag leaf sheath. Seeds
were harvested from individual plants at 35 days after
flowering and then equilibrated for 5-6 days at 15% RH
(called freshly harvested seeds) to ensure the uniformity
of the seed moisture content (approximately 12%) for all
lines. Then, the seeds from ten individuals of each line
were pooled, packaged and stored at — 20 °C to maintain
their dormant status for germination experiments. Ger-
mination testing of every sample was performed with
three replicates. Fifty healthy seeds from each sample
were placed in a Petri dish (diameter 9 cm) with two
sheets of moistened filter paper for the germination test
(Gu et al. 2011). All dishes were placed in a growth
chamber (Dongnan, Ningbo, China) at 25 °C under a 16
h light/ 8 h dark cycle. The number of germinated seeds
was monitored and counted every 24 h for seven con-
secutive days to construct cumulative germination
curves (Yuan et al. 2019). Freshly harvested seeds were
treated at 43 °C for 3 days to break seed dormancy as de-
scribed previously (Li et al. 2011). Germination assays
were also conducted for the treated seeds, which were
referred to as after-ripened seeds. Germination parame-
ters were calculated from the germination curve using
the Germinator package (Joosen et al. 2010). Four pa-
rameters were used to assess seed dormancy, including
Gsg, the germination rate at 72 h after imbibition; Gq,
the maximum germination rate at 168 h after imbibition;
Ts0, the germination speed, which is the time required
to reach 50% germination of seeds; and AUC, the area
under the curve over 168 h after imbibition, which is the
integration of the fitted curve between t=0 and t=168
that represents germination uniformity.
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SNP Genotyping and Bin-Map Construction

Previously, 165 simple sequence repeat markers were
used for the detection of the introduced NIP segments
in the NIP x 9311 CSSL population (Tan et al. 2011).
However, the small segments in the population might be
falsely interpreted because of the low density of trad-
itional markers. To overcome these problems and more
precisely confirm the genotypes, the 122 CSSLs were
reanalyzed with a RICE6K chip (Yu et al. 2014) and used
in this study.

For the 437 BILs, a genotyping-by-sequencing (GBS)
strategy with high-throughput genotyping was adopted
to confirm the genotypes (Yuan et al. 2019). A total of
49,890 high-quality single-nucleotide polymorphisms
(SNPs) were identified after filtering out the low-quality
SNPs, followed by Bayesian inference (Yu et al. 2011).
The heterozygous genotypes were set as missing data in
the BILs, and the lines with > 20% missing data were ex-
cluded from the BILs for further analysis. The bin maps
were constructed based on the physical locations of re-
combination breakpoints and SNP genotypes as previ-
ously described with minor modification (Huang et al.
2009; Li et al. 2017). Briefly, the genotype of each line
was scanned with a sliding window of 15 SNPs and a
step size of 1. An “a/b” ratio of 12:3 or higher was re-
corded as “a”, and a ratio of 3:12 or lower was recorded
as “b”. The missing genotypes were coded as “-”. Adja-
cent windows with the same genotype were combined
into a block, and the recombinant breakpoints were as-
sumed to occur at the boundary of adjacent blocks with
different genotypes. The interval between two adjacent
crossovers in the entire population was defined as a re-
combination bin.

QTL Analysis

The QTL analysis of the phenotypic data with bin-maps
in the CSSLs and BILs was performed using the linear
ridge regression method to reduce the multicollinearity
among markers as described previously (Sun et al. 2015).
A significance level of P<0.005 was set as the threshold
in the CSSLs and BILs to declare the presence of a puta-
tive QTL in a given bin. If several adjacent bins showed
P values lower than the threshold, the QTL was tenta-
tively located in the bin (peak bin) with the lowest P
value (Sun et al. 2015). The phenotypic variance ex-
plained by each QTL was decomposed using the
“relaimpo” package of R (“lmg” function). QTL nomen-
clature followed the principles suggested by a previous
report (McCouch 2008). QTL analysis in the F, popula-
tion was performed using QTL IciMapping V4.1 (Meng
et al. 2015). This F, population was genotyped by using
eight markers in the introgression region of chromo-
some 3 (Additional file 2, Table S1). The epistatic inter-
action of target QTLs genotyped by using MP30026 and
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C32827 in the segregating population was analyzed by
two-way analysis of variance (ANOVA) in R software
(http://www.r-project.org/).

Gene annotations for a given peak bin were obtained
from the Rice Genome Annotation Project Database
(http://rice.plantbiology.msu.edu/). Putative candidate
genes were selected after the removal of genes annotated
as unknown, transposons/retrotransposons, or hypothet-
ical proteins and genes showing no sequence divergence
or nonsynonymous mutation between NIP and 9311 or
almost no expression in the seeds. Sequence variations
were obtained from RiceVarMap V2.0 (http://ricevar-
map.ncpgr.cn/v2/). Gene expression patterns were ob-
tained from the Rice Genome Database (http://rice.
plantbiology.msu.edu/ expression.shtml).

Results

Seed Dormancy of CSSLs and BILs

Two mapping populations (CSSLs and BILs) were devel-
oped from the common parents NIP and 9311 and used
to evaluate the genetic basis of seed dormancy in rice
(Additional file 1: Fig. S1). The two parents NIP and
9311 exhibited significant differences in seed dormancy
as assayed according to four germination parameters.
The freshly harvested seeds of NIP showed significantly
delayed germination compared with 9311. The germin-
ation rate at day 7 after imbibition (G,q) in NIP was
40.6%, but that in 9311 was greater than 95% (Fig. 1a).
In addition, NIP presented a significantly lower germin-
ation rate on day 3 after imbibition (Gzq), a significantly
smaller area under the curve up to 168h (AUC) and a
longer time to achieve 50% germination of seeds (Tso)
than 9311 (Additional file 3: Table S2). The after-
ripened seeds of NIP and 9311 showed a similar G4 to
9311, indicating that the seeds of the two parents pre-
sented the same high seed viability after dormancy was
broken (Fig. 1b). These results indicate that NIP exhibits
stronger seed dormancy than 9311.

The CSSLs and BILs showed wide phenotypic varia-
tions in four germination parameters (Fig. 1c-f), exhibit-
ing a quantitative trait inheritance pattern. The majority
of the lines had seed dormancy similar to 9311 but sev-
eral lines had significantly higher or lower values than
9311. This suggests these lines with more extreme values
may carry the introduced NIP segments containing the
loci associated with seed dormancy. Moreover, the BILs
exhibited even broader variations in the four parameters
than CSSLs (Additional file 3: Table S2), indicating that
the BILs present a more complex genetic basis for seed
dormancy, which may be caused by genetic interaction
effects. Correlation analysis was performed for the four
parameters in the CSSLs and BILs. Significant positive
correlations were observed among three parameters
(Additional file 4: Fig. S2), including Gz4, G,q and AUC,
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whereas these three parameters showed significantly
negative correlations with T, in both populations.

Genotyping of CSSLs and BILs and Construction of Bin
Maps

Genotyping of the 122 CSSLs by using a RICE6K chip
generated a total of 3383 high-quality SNPs, which were
evenly distributed on all 12 chromosomes (Add-
itional file 5: Table S3). These SNPs were then used as
potential markers for bin-map construction. The identi-
fied SNP genotypes revealed that each CSSL carried one
or a few NIP segments in the 9311 background, with an
average genome coverage of 96.7%. To identify the QTLs
for seed dormancy, a bin map based on the recombin-
ation breakpoints in the CSSLs was constructed. A total
of 387 bins were generated with a median length of 800
kb (Additional file 5: Table S3). For the 437 BILs, a total
of 49,890 high-quality SNPs were identified by using a
GBS strategy (Additional file 5: Table S3). Thirty-seven
lines in the population were excluded due to showing >
20% missing genotype data. Thus, the bin map was gen-
erated with 3235 bins in 400 BILs following the proced-
ure described previously (Huang et al. 2009). The bin
lengths ranged from 30 kb to 3.0 Mb with an average of
115 kb in the BILs (Additional file 6: Table S4).

Detection of QTLs for Seed Dormancy in CSSLs

The linear ridge regression method was used for QTL
mapping in the CSSL population to decrease the multi-
collinearity among markers as described in a previous
study (Sun et al. 2015). A total of 33 QTLs for four seed
dormancy parameters were identified in CSSLs, which
were distributed on chromosomes 1, 2, 3, 4, 5, 8 and 11
(Fig. 2a). Among these QTLs, over 87% of the loci exhib-
ited NIP alleles increasing seed dormancy (Add-
itional file 7: Table S5). Seven to ten QTLs explained
percentages of phenotypic variances ranging from 51.8%
to 67.9%, respectively, for the germination parameters
(G3q, AUC, T5¢ and Grg). For Gag, ten QTLs were de-
tected, among which ¢Gj3,3.3 on chromosome 3 had the
most significant effect, explaining 18.9% of the pheno-
typic variance. For AUC, nine QTLs were identified,
among which qAUC3.3 and gqAUCI11.2 had the most
dominant effects, explaining 14.2% and 8.3% of the
phenotypic variance, respectively. For Tso, the major
locus gTsp3.3 explained 17.0% of the phenotypic vari-
ance. ¢G,3.1 and gG,3.3 exhibited the most significant
effect on G4 out of seven QTLs, explaining 11.8% and
24.1% of the phenotypic variance, respectively. Among
the identified QTLs, seven were found to affect three or
more parameters simultaneously (Additional file 8: Table
S6). These hotspot or clustered QTLs for multiple ger-
mination parameters were definitively designated as
QTLs for seed dormancy. A total of four QTL
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Fig. 1 Differences in seed dormancy between Nipponbare (NIP) and 9311 and among chromosome segment substitution lines (CSSLs) and
backcross inbred lines (BILs). a Germination curve of the freshly harvested seeds of NIP and 9311. b Germination curve of NIP and 9311 after seed
dormancy was broken. The error bar represents the mean + SD (n = 3). Boxplots of Gsq (c), AUC (d), Ts, (€), and G4 (f) in CSSLs and BILs. Box
edges indicate the range of the 25th to 75th percentiles, with the median value shown by the bold middle line. Whiskers represent the range of
5% to 95% of the data, and outer dots are outliers. Gs4, germination rate at 72 h after imbibition; G,4, maximum germination rate at 168 h after
imbibition; Tso, germination speed, which is the time to reach 50% germination of seeds; and AUC, the area under the curve up to 168 h
after imbibition

overlapping regions (¢SD1.3, qSD5.1, ¢qSD5.2, qSD11.1)
were shared among three parameters. Furthermore, the
qSD3.1 region located in Bin97 (0.39-0.70 Mb) and
qSD3.2 in Bin124 (27.40-28.49 Mb) of chromosome 3,
qSD8.2 in Bin278 (22.85-25.08 Mb) of chromosome 8 and
qSD11.2 in Bin361 (23.24-23.86 Mb) of chromosome 11
were associated with all four parameters, which is in ac-
cordance with the high correlations among these parame-
ters (Additional file 4: Fig. S2). These data indicate that 12
QTL regions are associated with seed dormancy, among
which at least four exhibit a major effect on the germin-
ation rate and germination uniformity in CSSLs.

Detection of QTLs for Seed Dormancy in BILs
The QTLs detected in the BILs are summarized in Table
S5. A total of 74 QTLs were identified for four seed

germination parameters, which were distributed on all
chromosomes except chromosome 12 (Fig. 2b). Most of
these QTLs (78%) exhibited NIP alleles increasing seed
dormancy. Fourteen to twenty-two QTLs explained
45.4% to 62.4% of the total phenotypic variance in the
four parameters (Additional file 7: Table S5). For Gag,
4G343.3 had the most significant effect, explaining 10.2%
of the phenotypic variance. For AUC, gqAUC3.3 pre-
sented the most significant effect, explaining 9.5% of the
phenotypic variance. For Tso, the major locus ¢75p3.3
explained 8.9% of the phenotypic variance. For Gy,
qG46.1 was the major locus, accounting for 14.1% of
the phenotypic variance. A total of 27 QTLs were com-
monly identified for various germination parameters,
and eight overlapping QTL regions (¢SD2, ¢SD5.1,
qSD5.2, qSD6.1, qSD8.1, qSDI10, qSDI11.2, ¢qSDI11.3)
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Fig. 2 Genome-wide distribution of quantitative trait loci (QTLs) detected for four seed dormancy parameters in the two populations. a CSSLs
(chromosome segment substitution lines). b BlLs (backcross inbred lines). Rice chromosomes with bins are indicated in the outer circle. The outer
to the inner circles represent Gsq (1), AUC (Il), Tso (I1l) and G4 (IV), respectively. Gsq, germination rate at 72 h after imbibition; G4, maximum
germination rate at 168 h after imbibition; Tso, germination speed, which is the time to reach 50% germination of seeds; and AUC, the area under
the curve up to 168 h after imbibition. Red arrows represent the major loci associated with seed dormancy in both populations. For each bar
diagram, the x-axis represents the physical location along each numbered chromosome. The y-axis represents the P value for the single-
nucleotide polymorphism (SNP) association. Dashed lines indicate the declaration thresholds

shared among three parameters. Eight bins containing
the QTL regions were detected for all four assayed pa-
rameters: for example, gSD3.1 resided in Bin794 (0.35-
0.59 Mb) and ¢SD3.2 in Binl1033 (27.99-28.26 Mb) of
chromosome 3. gSD6.2 was located in Bin1752 (9.30—
9.44 Mb) and ¢SD6.3 in Bin1800 (20.80-20.96 Mb) of
chromosome 6 (Additional file 7: Table S5). These over-
lapping QTL are consistent with the high correlations
among the tested parameters in the BILs.

A comparison of the QTLs detected in the CSSLs and
BILs revealed that a total of eight QTLs colocalized to
the same or overlapping regions in both populations
(Additional file 7: Table S5). The NIP alleles of these
colocalized QTLs all increased seed dormancy in both
populations. Among them, four QTL regions were iden-
tified for three or more parameters in both CSSLs and
BILs (Additional file 8: Table S6). The first was the
qSD3.2 region, which showed major effects on the tested
parameters and explained 4.6% to 24.1% of the pheno-
typic variance, with an average of 13.4%. The second was
qSD3.1 for seed dormancy, which explained 11.9% of the
phenotypic variance in G,4. The third region, ¢SD5.2,
was located on chromosome 5, and the fourth cluster,
qSD11.2, was located on chromosome 11, both of which
showed a moderate effect on seed dormancy (Additional
file 7: Table S5). These colocalized QTLs associated with
all assayed germination parameters in both populations
indicate that QTL detection results were robust. Thus,
these major loci were further investigated to dissect the
genetic effects on seed dormancy.

Validation of gSD3.2 and qSD3.1

To validate the seed dormancy effect of gSD3.2, one
CSSL (NY38) that carried an introduced NIP segment of
qSD3.2 on chromosome 3 and a background NIP seg-
ment on chromosome 10 was selected and crossed with
9311 to produce the NY38-derived population (Fig. 3a).
The F, population (n =105) was genotyped using eight
polymorphic markers (Additional file 2: Table S1) that
covered the ¢gSD3.2 region and one polymorphic marker
(ID1001) in the introduced segment of chromosome 10.
QTL analysis in the F, population confirmed that
qSD3.2 was located in the interval between C32827 and
MP3871I (approximately 110 kb), explaining 58.2% of the
phenotypic variance for Gsq. The additive effect of the

locus was - 11.9, and the dominant effect was — 3.4 (Fig.
3b), which was in agreement with the much lower ger-
mination rate in the homozygous or heterozygous NIP
genotype than in the 9311 genotype. In addition, single-
point analysis using the ID1001 marker revealed that the
region on chromosome 10 was not significantly associ-
ated with Gz4 in the NY38-derived population (P =0.4).
These results indicated that ¢gSD3.2 is the major QTL
underlying seed dormancy. Then, a near-isogenic line
that harbored a single introduced NIP segment (from
26.80 Mb to 28.40 Mb) containing ¢gSD3.2 was developed
from the population and designated as NIL (¢SD3.2).
NIL (¢SD3.2) showed significantly lower Gzq, AUC and
Gq values but a higher Ts, than 9311 (Fig. 3e-h), sug-
gesting that NIL (¢SD3.2) could significantly delay seed
germination and decrease germination uniformity com-
pared with 9311. Furthermore, the after-ripened seeds
from NIL (¢SD3.2) and 9311 exhibited similar high ger-
mination rates when seed dormancy was broken (Fig.
3d), indicating that gSD3.2 is a seed dormancy locus at
which the NIP alleles increase seed dormancy.

To validate the effect of gSD3.1 on seed dormancy,
NIL (¢SD3.1), carrying a single introduced NIP segment
(approximately 600 kb), was also developed from the F,
population (Fig. 4a). NIL (¢SD3.1) showed significantly
delayed germination compared with 9311 (Fig. 4b). After
treatment at 43 °C for 3 days to relieve seed dormancy,
the after-ripened seeds of NIL (¢gSD3.1) showed a similar
germination rate to those of 9311 (Fig. 4c), confirming
that ¢SD3.1 truly affects seed dormancy. Accordingly,
NIL (¢SD3.1) seeds showed significantly lower values of
the parameters of Gzq, AUC and G4 but a significantly
higher Ts, than 9311 seeds (Fig. 4d-g). These results in-
dicate that the NIP alleles of ¢SD3.1 contribute to high
seed dormancy.

To determine the interaction between ¢SD3.1 and
qSD3.2, one CSSL line (NY61) carrying two introduced
NIP segments containing both ¢SD3.1 and ¢SD3.2 was
selected and crossed with 9311 to generate an NY61-
derived population. In this F, population (n=175), two
markers, MP30026 and C32827, which were tightly
linked with gSD3.1 and ¢SD3.2, respectively were used
to classify nine genotypes at the two loci (Fig. 5a). Two-
way analysis of the Gzq variance in the nine genotypes
revealed that the two loci individually have significant
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effects on seed dormancy (Additional file 9: Table S7).

These results are consistent with QTL validation in the
NILs as described above. Furthermore, ¢SD3.1 and
qSD3.2 showed a significant digenic interaction (P<

0.02) (Additional file 9: Table S7). The genotypes that
carried the NIP alleles at both loci exhibited the lowest
Gsq (19.1%), and those carrying the 9311 alleles showed
the highest Gzq (72.1%) (Fig. 5b). These results indicate
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that gSD3.1 and ¢SD3.2 may affect seed dormancy in
rice through a synergistic interaction.

ABA Sensitivity of NIL (gSD3.7) and NIL (gSD3.2)

It has been reported that ABA plays an essential role in
the regulation of seed dormancy (Finkelstein et al. 2008;
Liu et al. 2011). To investigate the ABA sensitivity of
NIL (¢SD3.1) and NIL (¢SD3.2), after-ripened seeds of
the NILs and 9311 were germinated under a series of ex-
ogenous ABA treatments (Additional file 10: Fig. S3).
Compared with the 9311 seeds, the NIL (¢SD3.1) and
NIL (¢SD3.2) seeds showed no significant effect on G4
under a low concentration of ABA (up to 10uM),
whereas a significant decrease in Gyq was observed
under both 20 and 30 uM ABA. The ABA sensitivity of
the NILs suggests that both gSD3.1 and ¢SD3.2 may be
associated with ABA-responsive genes.

Discussion
Seed dormancy is a complex quantitative trait controlled
by  multiple genes. The identification and

characterization of the QTLs for seed dormancy is es-
sential for understanding the genetic basis of seed dor-
mancy in crops. In the present study, we identified a
large number of QTLs for seed dormancy in CSSL and
BIL populations that were derived from common paren-
tal lines (NIP and 9311) and genotyped by using high-
density SNP markers (Fig. 2). A comparison of the QTLs
detected in the CSSLs and BILs revealed many more
QTLs (27 versus 12) in the BILs than in the CSSLs be-
cause more SNP markers were developed via GBS

strategy for the relatively large BIL population. In
addition, 19 QTLs were only detected in BILs and four
loci were identified only in CSSLs (Additional file 7:
Table S5). Specifically, qG3,1.3, gAUCS8.2, qT5,2.2 and
qG744.2 were detected in CSSLs, but not in BILs, sug-
gesting that they may be specific and may not be af-
fected by the interaction effect of other loci in a similar
genetic background. In contrast, gGs34.1, gAUC4, qTsp4
and ¢G ;4 were only identified in BILs, indicating the
possible occurrence of epistatic interaction in BILs due
to more background introgressions. Therefore, the inte-
gration of the CSSLs and BILs with a high-density bin
map is an effective strategy for elucidating the genetic
architecture of a complex trait such as seed dormancy.

It is notable that eight QTLs were commonly identi-
fied in the two populations. Among these QTLs, four
loci (¢gSD3.1, gSD3.2, qSDS5.2 and ¢SD11.2) were found
to have major effects on seed dormancy, with the NIP
alleles increasing seed dormancy (Additional file 7: Table
S5). The effects of the two loci (¢SD3.1 and ¢SD3.2) and
their epistatic interaction on seed dormancy were further
validated and identified by using a CSSL-derived segre-
gating population (Figs. 3, 4, 5; Additional file 9: Table
S7). These data indicate that the major QTLs, along with
epistatic interactions, play a crucial role in seed dor-
mancy, as reported in other studies (Wang et al. 2013).
Considering the ABA sensitivity of the NILs carrying the
corresponding ¢gSD3.1 and gSD3.2 loci (Additional file 10:
Fig. S3), we propose that the epistatic interaction of
qSD3.1 and ¢SD3.2 may affect seed dormancy through
the ABA pathway (Graeber et al. 2012).
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In the present study, a high-density linkage map was
developed in a relatively large NIP x 9311 BIL popula-
tion; this map harbors 3235 bins with an average phys-
ical interval of 115kb. Selected bins can be used to
identify QTLs in a smaller bin region from which poten-
tial candidate genes in the peak bin may be suggested
using the gene annotation database (http://rice.plantbiol-
ogy.msu.edu/). In this case, nine putative candidate
genes were found in the peak bin (approximately 238 kb)
for gSD3.1. Five out of the nine genes were specifically
and highly expressed in the seeds (Additional file 11:
Table S8) and were significantly induced or repressed by
ABA treatment (http://tenor.dna.affrc.go.jp). These in-
clude RNA methyltransferase (LOC_Os03g01110), the
known gene gLTG3-1 (LOC_Os03g01320), associated
with low-temperature germinability (Fujino et al. 2008),
and genes encoding phosphatase-2c (LOC_Os03g01365),
a  tubulin  domain-containing  protein = (LOC_
0s03g01530), and a DNA-binding protein (LOC_
0s03g01540). Recently, it has been reported that the
DNA-binding protein AT-Hook-Like 10 is involved in
the ABA signaling pathway for drought stress in Arabi-
dopsis (Wong et al. 2019). Intriguingly, the seed dor-
mancy gene DOGI requires the phosphatases from the
ABA signaling pathway to control seed dormancy in
Arabidopsis (Née et al. 2017a, 2017b). The data suggest
that these five genes are the most likely candidate genes
for gSD3.1. However, other genes surrounding the peak
bin of ¢gSD3.1 that have been reported to be associated
with seed dormancy or seed storability should not be ex-
cluded from consideration, such as the seed dormancy
gene OsG (Wang et al. 2018) and the fatty acid hydroxy-
lase gene OsFAH?2 affecting seed storability (Yuan et al.
2019). For ¢SD3.2, eight out of seventeen putative genes
in its peak bin (approximately 268 kb) can be considered
putative candidates, as they were specifically and highly
expressed in the seeds and significantly induced or re-
pressed by ABA. Among these genes, three genes located
in the peak bin of ¢SD3.2, including the preharvest
sprouting locus gPHS3 reported in a previous study (Su-
zuki et al. 2015), a lipoxygenase gene (OsLOX3) associ-
ated with seed longevity (Xu et al. 2015) and an
ethylene-related gene (LOC_Os03g49400) are of interest.
It has been reported that ethylene insensitive2, a hom-
ologous gene of LOC_0s03g49400, can increase ABA
sensitivity during seed germination in Arabidopsis
(Wang et al. 2007). Thus, the two major QTLs identified
in the present study could be set as a priority for the
identification of the causal genes and the
characterization of their functional relevance to seed
dormancy.

In addition, by comparing the QTLs detected in the
current study with those identified in other studies, we
found that at least 13 QTLs colocalized in the same or
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overlapping regions that harbor genes and/or loci known
to be associated with seed dormancy (Fang et al. 2008;
Sugimoto et al. 2010; Ye et al. 2015; Wang et al. 2018).
For example, qT5p1.4 detected in BILs is located near
sd1, which has been reported to regulate seed dormancy
(Ye et al. 2015). gAUC7/qTsy7 is localized near the seed
dormancy gene Sdr4 (Sugimoto et al. 2010). gG;;3.2 is
mapped near the phytoene desaturase gene OsPDS for
seed dormancy (Fang et al. 2008). ¢SD1.3 and ¢SD5.1
were detected in QTL regions related to seed dormancy
in a previous report (Magwa et al. 2016). gSD6.2, gSD6.3
and ¢SD8.2 were mapped in previously reported QTL
regions for seed dormancy (Marzougui et al. 2012). We
also identified 26 novel loci that have not been reported
previously. In this regard, gSDS5.2 for seed dormancy was
found in an approximately 30-kb peak bin region on
chromosome 5, and ¢gSD11.2 was located in an approxi-
mately 33-kb peak bin region on chromosome 11 in
both populations (Additional file 6: Table S4). The peak
bin of ¢gSDS5.2 contained two genes (LOC_0Os05g50110
and LOC_0s05g50120). As LOC_Os05g50110 was sig-
nificantly upregulated by ABA treatment, it represents a
promising candidate gene. gSDI11.2, includes only one
gene (LOC_0Os11g39020), encoding an ABC transporter/
ATP-binding protein that is significantly induced by
ABA. The ABC transporter peroxisomal membrane pro-
tein 2 has been reported to be associated with seed ger-
mination in Arabidopsis (Verrier et al. 2008). Thus, the
novel QTLs with a fine resolution encompassing a small
number of candidate genes could be further functionally
analyzed and immediately exploited for the improve-
ment of appropriate dormancy through marker-assisted
selection. Importantly, SNP genotyping revealed that the
CSSLs have only one or a few introduced NIP segments
in the same background of 9311, which provides an effi-
cient strategy for developing secondary populations seg-
regating at the QTL of interest for validation, fine
mapping and functional analyses. Therefore, the devel-
oped CSSLs and BILs together with the major QTLs de-
tected in the present study can be utilized for the further
map-based cloning of the causal genes for seed
dormancy.

Conclusions

The present study identified 31 QTLs for seed dormancy
using CSSL and BIL populations with high-density SNP
maps that were developed from common parents.
Among these QTLs, 13 QTL regions contain genes that
were previously associated with seed germination or seed
dormancy. Eight major QTLs for seed dormancy were
commonly identified in both the populations. Moreover,
two major loci (gSD3.1 and ¢SD3.2) and their digenic
interaction for seed dormancy were further validated in
two CSSL-derived secondary populations. The NILs that


http://rice.plantbiology.msu.edu/
http://rice.plantbiology.msu.edu/
http://tenor.dna.affrc.go.jp

Zhang et al. Rice (2020) 13:52

carry either gSD3.1 or gSD3.2 are sensitive to ABA, sug-
gesting that ¢gSD3.1 and ¢SD3.2 may affect seed dor-
mancy through the ABA pathway. These findings would
be helpful for identifying candidate genes and character-
izing the molecular mechanisms underlying seed dor-
mancy. The current data demonstrate that the BILs
integrated with the CSSLs derived from the common
parents are an excellent resource facilitating the identifi-
cation and characterization of loci for complex traits
such as seed germination and dormancy at a fine scale.
The identification of the major QTLs with putative can-
didate genes associated with seed germination behaviors
in this study lays a foundation for cloning the causal
genes of this complex trait and will facilitate the im-
provement of appropriate seed dormancy by genomic se-
lection approaches.
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