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Identification of QTLs for Seed Germination
Capability after Various Storage Periods Using
Two RIL Populations in Rice

Wenzhu Jiang', Joohyun Lee?, Yong-Mei Jin®, Yongli Qiao®, Rihua Piao? Sun Mi Jang®, Mi-Ok Woo?,
Soon-Wook Kwon*, Xianhu Liu®, Hong-Yu Pan’, Xinglin Du"*, and Hee-Jong Koh**

Seed germination capability of rice is one of the important
traits in the production and storage of seeds. Quantitative
trait loci (QTL) associated with seed germination capability
in various storage periods was identified using two sets of
recombinant inbred lines (RILs) which derived from
crosses between Milyang 23 and Tong 88-7 (MT-RILs) and
between Dasanbyeo and TR22183 (DT-RILs). A total of five
and three main additive effects (QTLs) associated with
seed germination capability were identified in MT-RILs and
DT-RILs, respectively. Among them, six QTLs were identi-
fied repeatedly in various seed storage periods designated
as gMT-SGC5.1, gMT-SGC7.2, and qMT-SGC9.1 on chro-
mosomes 5, 7, and 9 in MT-RILs, and gDT-SGC2.1, qDT-
SGC3.1, and gDT-SGC9.1 on chromosomes 2, 3, and 9 in
DT-RILs, respectively. The QTL on chromosome 9 was
identified in both RIL populations under all three storage
periods, explaining up to 40% of the phenotypic variation.
Eight and eighteen pairs additive x additive epistatic effect
(epistatic QTL) were identified in MT-RILs and DT-RILs,
respectively. In addition, several near isogenic lines (NILs)
were developed to confirm six repeatable QTL effects us-
ing controlled deterioration test (CDT). The identified QTLs
will be further studied to elucidate the mechanisms con-
trolling seed germination capability, which have important
implications for long-term seed storage.

INTRODUCTION

Seed germination capability during storage can be defined as
the maximum time period that pure seeds retain germination
viability when stored under ideal ambient conditions. It varies
among the species due to the occurrence of natural variability
and is usually regarded to be related with seed longevity or
seed storability traits (Bentsink et al., 2000; Ellis and Roberts,
1981; Singh and Ram, 1986). Seed germination capability is an
important index for determining the regeneration cycle of germ-

plasm conserved in genebanks (Miura et al., 2002). Without
proper storage facilities, rapid seed deterioration in humid tropi-
cal climates can be a serious problem for rice production (Sid-
dique et al., 1988).

Although storage conditions are important for seed germina-
tion capability, genetic factors also largely affect seed germina-
tion capability (Bewley and Black, 1994; Clerkx et al., 2004;
Miura et al., 2002). To date, some quantitative genetic studies
have been conducted to detect QTLs for analysis of seed ger-
mination capability (Miura et al., 2002; Sasaki et al., 2005; Xue
et al., 2008; Zeng et al., 2006). Among these QTL analyses, the
QTL on chromosome 9 was consistently identified in three in-
dependent studies (Miura et al., 2002; Sasaki et al., 2005; Xue
et al., 2008), and subsequently, the effect of this QTL was con-
firmed with chromosome segment substitution lines (CSSLs) by
Shigemune et al. (2008).

The genetics and molecular basis of seed germination capa-
bility have not yet been clearly elucidated, mainly due to the
difficulty in accurate phenotyping. Since it takes a long period of
time for seeds to age naturally, an alternative method for evalu-
ating seed germination capability was suggested based on the
fact that moisture content and storage temperatures are the
most important factors affecting the germination capability of
stored seeds (Ellis et al., 1982; Roberts, 1972). The combina-
tion of temperature, humidity, time, and controlled deterioration
test (CDT) are considered a reliable method to measure seed
germination capability and seed longevity (Padma and Reddy,
2000; Powell and Matthews, 1984; Xue et al., 2008; Zeng et al.,
2002; 2006). This treatment is presumed to mimic natural aging
(Delouche and Baskin, 1973), while allowing considerably ac-
celerates the seed deteriorations, which is convenient for quic-
kly assessing the seed germination capability. Therefore, seed
companies largely rely on this treatment as a prognosis for
seed germination capability in stored seeds (Rajjou and De-
beaujon, 2008). The procedure in rice is simple: seeds are
placed in a chamber controlled at a temperature of 40°C and
95% relative humidity (RH%) for 10-14 days, and then germina-
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tion rate is scored.

In the present study, we conducted QTL analysis for seed
germination capability in various seed storage periods under
natural conditions using two RIL populations, both derived from
the combination of indica and japonica varieties (Milyang 23 x
Tong 88-7 and Dasanbyeo x TR22183). We also attempted to
confirm the effects of the QTLs using two sets of NILs that
separately developed from each RIL population through back-
crossing and marker-assisted selection (MAS) using a CDT.

MATERIALS AND METHODS

Plant materials

Two sets of RILs were used. One set of RiLs (Fs, MT-RILs)
consisted of 166 lines derived from the cross between Milyang
23 and Tong 88-7 by single seed descent (SSD) (Jiang et al.,
2010). The other set of RILs (Fs, DT-RILs) consisted of 166
lines derived from the cross between Dasanbyeo and TR22183
by SSD (Cho et al., 2007). Milyang 23 and Dasanbyeo are
Korean tongil-type rice varieties derived from an indica x japon-
ica cross and similar to indica in its genetic make-up (Chung
and Heu, 1991; Kown et al., 2001), whereas Tong 88-7 and
TR22183 are temperate japonica varieties, both originating
from northeast China.

To confirm QTL effects of seed germination capability, three
RILs harboring one or more target QTL regions were sepa-
rately selected in each RIL population for developing NILs.
These RILs were backcrossed with their tongiktype parents
(Milyang 23 or Dasanbyeo) twice to produce two sets of BC,F4
populations. A total of 123 markers for MT-NILs (developed
from MT-RILs) and 132 markers for DT-NILs (developed from
DT-RILs) were used to background and foreground selection.
After a marker selection, several BC,F, plants which contained
japonica segments harboring target QTLs (alleles from Tong
88-7 or TR22183), and a small portion of other segments origi-
nating from japonica varieties, were selected and backcrossed
again to produce BCsF; populations. In this generation, 24
markers for MT-NILs and 25 markers for DT-NILs were used in
selecting NILs. Finally, 10-18 BCsF; plants of each introgres-
sion type were selected and the seed germination capabilities
were evaluated using the BCsF. seeds with three replications
per plant.

Seed production and field experiments

Two sets of RILs were seeded on plastic-tunnel seed beds, and
the seedlings were transplanted at a planting density of 30 x 15
cm in the experiment field of Seoul National University, Suwon,
Korea (127°36'E, 37° 51'N). Fertilizer was applied at the rate of
110-80-80 kg N-P-K ha™. Field management and chemical
input for disease and pest control followed the conventional
methods of the experimental farm. The seeds were harvested
45 days after the heading date, from the beginning of Septem-
ber to the beginning of October, and they were dried in a well-
ventilated glass house to a constant weight. Well-dried seeds
were put in envelopes and then stored under natural room con-
ditions at temperatures from > 10°C in January to < 35°C in
August and relative humidity (RH%) from 50% in February to
85% in July (monthly average data from year 2004 to 2006).

Evaluation of seed germination capability

Bulked seeds from five plants of each line were harvested in
2003, 2004, and 2005 and stored for 3, 2, and 1 years, respec-
tively. The seeds harvested in 2006 served as a control. Seed
germination capability was evaluated in March 2007. Seed
germination tests for each storage period were replicated three

times with 100 seeds per replication. Seeds were placed on a
whatman filter paper moistened with distilled water in a 6-cm
Petri-dish and incubated at 30°C and 100% relative humidity in
the dark for 7 days. Germination was evaluated visually by
protrusion of the radicle from the hull by 2 mm. Seed germina-
tion capability (%) was generated by SGR/NSGR x 100, where
the SGR was the germination rate of stored seeds, and the
NSGR was the germination rate of the non-stored seeds. The
same formula applied to all storage periods. Seed germination
capability was transformed by sin™ (x)°° for statistical analysis
(Gu et al., 2004).

For evaluating seed germination capability on the developed
NILs, the CDT was used. Seeds of NILs and their parents were
harvested in autumn in 2008 and well-dried in a greenhouse.
To break seed dormancy, seeds were kept in an oven at 30°C
for 1 day, followed by 45°C for 3 days, then followed by 30°C
for 1 day. For prompt aging, the seeds were put in a Constant
Temperature and Humidity Chamber (Hanbaek Sci. Co., Ltd.,
Korea) at 40°C and > 90% RH for 2 weeks. After germination
test, the seed germination capability was calculated by SGR/
NSGR x 100, where the SGR was the seed germination rate
for CDT, and the NSGR was the germination rate of the non-
CDT seeds.

Data analysis

Following classical quantitative genetics theory (Falconer and
Mackay, 1996), the phenotypic value of a RIL () is described
by the genetic model:

Vi = u+a;+ B +(af); + &y
(i=1-66; jand k=1, 2, 3),

Where yj is the K" observation for the j™ storage period of the
i" RIL; zis the mean of germination capability over all lines and
all storage periods, «; and £ are the main genotype, storage
period effects, respectively; (af); is the genotype x storage
period interaction, and e is the error term, including random
error and residual effect. ANOVA for each RIL population over
storage periods was performed using the SAS PROC MIXED
procedure (SAS Institute, 1999). Variance components for es-
timating broad sense heritability (H?) were estimated by a model,
wherein all factors were considered randomly using the re-
stricted maximum likelihood (REML) option of the SAS PROC
VARCOMP procedure (SAS Institute, 1999). The K of seed
germination capability over storage periods was estimated as:

h? =52 (82 +62,1j+0521 jk)

where 52, 62, and &2 are the genotype, genotype x storage
period, and residual variance components, respectively; j is the
storage period; and k is the replicates (Hill et al., 1998).

PCR amplification of markers and linkage map
construction

The DNA of each RIL was extracted from leaves collected at
the maximum tillering stage, according to the method of Jiang
et al. (2008). The new genetic map in MT-RILs was constructed.
A total of 363 SSR and 525 STS markers were tested for poly-
morphisms, which found 196 of SSR (54.0%) and 321 of STS
(61.1%) polymorphic markers between Milyang 23 and Tong
88-7. An integrated genetic linkage map consisting of 119 SSR
and 97 STS markers was constructed, which covered a total
length of 1,666.2 cM, with an average distance of 7.64 cM be-
tween adjacent markers. Molecular markers for the DT-RILs
were essentially the same as those described earlier (Cho et al.,
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2007). This map contained 216 markers consisting of 113 SSR
and 103 STS markers. The total map length was 1409.0 cM,
with average distance of 6.5 cM between adjacent markers.
The molecular linkage map was constructed using “Mapmaker/
EXP 3.0” software, and the Kosambi function was used for
calculating map distances. A log of the odds (LOD) score of 3.0
was used as the threshold for declaring linkage (Kosambi,
1944; Lincoln et al., 1992).

QTL analysis

The chromosomal locations of main additive effects (QTLs) and
additive x additive epistatic effects (epistatic QTLs) were per-
formed separately in each storage period and RIL population by
composite interval mapping using the mixed linear model ap-
proach and QTLMapper 1.0 (Wang et al., 1999). The value of
likelihood ratio (LR) corresponding to P < 0.005 (equivalent to
LOD = 2.79 for df = 3) was used in this QTL analysis. To de-
termine the empirical significance threshold for declaring a QTL,
10,000 permutations were performed to calculate the thresh-
olds of LOD for seed germination capability of each storage
period at P = 0.05 using the software Qgene 3.06 for Macintosh
(Kim et al., 2004; Nelson, 1997). The threshold of LOD score (P
= 0.05) by permutation test was ranged from 2.96 to 3.02 in
various storage periods of both populations. For epistatic QTLs,
the LR value corresponding to P < 0.001 was used as the
threshold for claiming the presence of putative epistatic QTLs.
The description of epistatic QTLs was followed by Yang et al.
(2010). The proportion of total phenotypic variance explained

0 10 20 30 40 50 60 70 80 90 100

(PVE) was estimated by the sum of phenotypic effects (R?) of
each QTL or epistatic QTL for each storage period. Nomencla-
ture for the QTL was modified from that described by McCouch
etal. (1997).

RESULTS

Variation of seed germination capability

The seed germination capability of the two indica varieties,
Milyang 23 and Dasanbyeo, maintained high seed germination
capability (above 80%) in all storage periods. However, the two
Japonica varieties, Tong 88-7 and TR22183, was reduced as
the storage period increased, extremely reduced at the 3-year
storage period (below 20%) (Fig. 1). The means of seed germi-
nation capability were evidently reduced in 3-year storage pe-
riod than the other two storage periods in both RIL populations,
indicating that germination capability was largely affected by
storage period (Fig. 1). The h* computed across storage peri-
ods were 87.2% in the MT-RILs and 82.5% in the DT-RILs,
showing high amounts of genetic effect in seed germination
capability.

Main additive effect (QTL)

In the MT-RILs, a total of five QTLs for all seed storage periods
were identified on chromosomes 1, 5, 7 (2 regions), and 9 (Ta-
ble 1 and Fig. 2). Two QTLs, gMT-SGC?7.2 (S07080-RM234)
and gMT-SGC9.1 (S09040-S09045), were consistently identi-
fied in all seed storage periods. One QTL, gMT-SGC5.1 (S05095-
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Table 1. Additive main effect (QTL) characteristics for seed germination capability in two RIL populations

Storage period QTLs Chromosome  Flanking markers LOD A? R? (%) PVE (%)°
MT-RILs

1-year gMT-SGC7.1 7 RM214-S07055 4.80 6.4 11.6 45.7
gMT-SGC7.2 7 S07080-RM234 8.21 7.9 17.5
gMT-SGC9.1 9 S09040-S09045 3.90 5.8 9.5

2-year gMT-SGC5.1 5 S05095-RM480 3.15 5.9 7.9 324
gMT-SGC7.2 7 S07080-RM234 8.68 8.4 16.0
gMT-SGC9.1 9 S09040-S09045 3.17 5.9 8.5

3-year gMT-SGC1.1 1 S01027-RM1 6.19 -8.4 10.7 47.5
gMT-SGC5.1 5 S05095-RM480 5.96 9.1 12.5
gMT-SGC7.2 7 S07080-RM234 6.76 9.1 12.5
gMT-SGCI.1 9 S09040-S09045 5.97 8.9 11.8

DT-RILs

1-year gDT-SGC3.1 3 S03048-RM251 4.56 42 10.5 36.6
gDT-SGC9.1 9 S09040-S09049 9.16 6.6 26.1

2-year gDT-SGC2.1 2 S02054-S02057 9.86 6.2 12.2 63.6
gDT-SGC3.1 3 S03048-RM251 7.25 6.0 11.3
qDT-SGCI.1 9 S09040-S09049 22.32 11.3 401

3-year gDT-SGC2.1 2 S02054-S02057 7.50 6.0 124 484
qgDT-SGC3.1 3 S03048-RM251 5.79 6.7 15.6
qgDT-SGCI.1 9 S09040-S09049 10.29 7.7 20.5

negative (-) means maternal genotype decreasing seed germination capability.
®Total percentage of phenotypic variance explained (PVE) by all QTLs for each storage period

M 1-year storage

P 2-year storage

RM480), was identified in 2-year and 3-year seed storage peri-
ods, whereas both gMT-SGC1.1 and gMT-SGC?7.1 were identi-
fied only in one seed storage period (3-year and 1-year storage
period, respectively). The phenotypic variance explained by
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Fig. 2. Milyang 23/Tong
88-7 linkage map show-
ing the genetic location
of QTLs for seed ger-
mination capability in
various storage periods

individual QTL ranged from 8.5% to 17.5%. Cumulative effects
of these QTLs in each storage period ranged from 32.4% (2-
year storage) to 47.5% (3-year storage) of the PVE. Milyang 23
alleles at four loci (QMT-SGC5.1, gMT-SGC7.1, gMT-SGC7.2,
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and gMT-SGC9.1) seemed to increase seed germination ca-
pability, but the allele at gMT-SGC1.1 had the opposite effect.

In the DT-RILs, a total of three QTLs, gDT-SGC2.1, qDT-
SGC3.1 and gDT-SGC9.1, were identified on chromosomes 2,
3, and 9, respectively (Table 1 and Fig. 3). The two QTLs, gDT-
SGC3.1 and gDT-SGC9.1, were consistently identified in all
seed storage periods, and gDT-SGC2. 1 was identified in 2-year
and 3-year seed storage periods. The phenotypic variance
explained by individual QTL ranged from 10.5% to 40.1%. Col-
lectively, the PVE by these QTLs ranged from 32.4% (2-year
storage) to 47.5% (3-year storage). The QTL, gDT-SGC9.1,
had the largest phenotypic variance in all seed storage periods,
accounting for 26.1% (1-year storage), 40.1% (2-year storage),
and 20.5% (3-year storage) of the phenotypic effect. The PVE
in each storage period ranged from 36.6% (1-year storage) to
63.6% (2-year storage). Dasanbyeo alleles increased seed
germination capability in all QTLs.

Additive x additive epistatic effect (epistatic QTL)

In MT-RILs, a total of eight epistatic QTL pairs were identified;
three pairs in 1-year storage period, three pairs in 2-year
storage period, and two pairs in 3-year storage period (Table 2).
Among these loci, the phenotypic variance contributed by each
epistatic QTL pair ranged from 3.5% to 9.7% and the PVE in
the three storage periods ranged from 9.9% to 23.7%. These
epistatic QTL pairs were partitioned into six interactions be-
tween two loci with only epistatic effects (NN) and two interac-
tions between a QTL with additive effect and a locus without
significant additive effect (AN). In DT-RILs, six epistatic QTL
pairs were separately identified in the three storage periods

P> 2-year storage

without 5 and § Chromosome 5 and §

€ 3-year storage

(Table 2). The phenotypic variance explained by each epistatic
QTL pair ranged from 1.4% to 7.5% and the PVE in the three
storage periods ranged from 11.9% to 34.2%. These epistatic
QTL pairs were partitioned into fourteen NN interactions, two
AN interactions, and three interactions between two QTLs with
additive effects (AA). In the AA types, the interactions between
two QTLs, gDT-SGC3.1 and gDT-SGC9.1, were identified in
two storage periods with an increased epistatic effect originated
from the parental digenic combination, and an epistatic QTL
pair between gDT-SGC2.1 and gDT-SGC9.1 was identified in
2-year storage period with an increased epistatic effect arose
from different parents.

QTL validation for seed germination capability in NILs

Six NILs developed from the MT-RILs were evaluated for seed
germination capability by CDT (Fig. 4). The MT_NIL1 and
MT_NIL2 did not contain Tong 88-7 segments in QTL regions
on chromosome 5, 7, and 9. As expected, the averages of seed
germination capability in the MT_NIL1 and MT_NIL2 were
81.2% and 79.9%, respectively, which was similar to that of
Milyang 23 (81.3%). The MT_NIL3 and MT_NIL4 contained
Tong 88-7 allele at the gqMT-SGC7.2 and gMT-SGC5.1 on
chromosome 7 and 5, respectively. In the MT_NIL3 and MT_
NIL4, seed germination capability was significantly reduced com-
paring to that of Milyang 23, suggesting that the severe reduc-
tion of germination capability in these NILs was caused by the
effect of the Tong 88-7 alleles at gMT-SGC7.2 and qMT-
SGC5.1.The MT_NIL5 and MT_NIL6 contained Tong 88-7
allele at gMT-SGC9.1 on chromosome 9, and their seed germi-
nation capability was reduced the most severely among six MT-
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Table 2. Additive x additive epistatic interactions (epistatic QTLs) for seed germination capability identified in two RIL populations

Storage period ~ Chr/In® Flanking markers ~ Chr/In Flanking markers LOD Interaction® AA° R?(aa) (%) PVE®
MT-RILs
1-year a1 RM335-S04052 4/5  RM252-RM303 3.36 NN -4.9 6.2 23.7
4/9 S04097-RM317 6/6  RM50-S06033 3.79 NN 5.2 6.9
9/8 S09040-S09045 718 RM118-S07101 712 AN -6.5 10.6
2-year 1/8 S01078-RM129 2/ S02000-RM485 4.27 NN 7.3 9.7 215
4/4 RM119-RM252 8/6 S08038-RM72 3.29 NN -6.0 6.7
715 S07080-RM234 9/5  S09031-S09034 9.74 AN -5.3 5.2
3-year 2/15 RM450-RM318 719  RM118-S07118 3.46 NN -5.7 4.5 9.9
5110 RM430-RM440 8/10 RM44-RM331 2.97 NN 6.3 55
DT-RILs
1-year 2/13 RM263-RM318 31 RM132-RM523 6.77 NN 47 6.9 34.2
3/16 S03048-RM251 9/6  S09040-S09049 5.78 AA 45 6.4
6/3 RM510-S06018 I RM219-RM316 5.33 NN -4.1 54
8/13 S08107-RM477 9/13  S09073-S09075 5.12 NN 4.0 5.0
8/14 RM477-RM264 12/12 RM270-RM17 5.66 NN -4.0 5.0
10A1 RM184-RM467 10/6 S1001B-S10019 3.67 NN -4.2 55
2-year 2/6 S02054-S02057 9/6  S09040-S09049 441 AA -4.3 21 11.9
3/16 S03048-RM251 7/9  S07099-S07103 10.50 AN -4.3 241
3/25 S03145-S03130 5/5  S05004-S05009 3.70 NN -3.2 1.2
4/2 S04060-S04058 5/16  RM413-RM249 3.85 NN 3.8 1.7
5/8 S05014B-S05029 9/17  RM215-RM201 2.89 NN 4.0 1.8
77 RM234-RM118 8/9  RM25-S08090 4.68 NN -5.2 3.1
3-year 1/5 S01054-RM600 5/37 RM87-RM31 3.20 NN 45 4.1 32.8
2/4 RM341-RM475 5/34  RM173-RM538 5.47 NN -5.9 7.2
31 RM132-RM523 3/6  S03015A-S03015B 3.72 NN 4.3 3.8
3/16 S03048-RM251 9/6  S09040-S09049 12.70 AA 55 6.3
4/2 S04060-S04058 412 RM127-S04128 417 NN 4.3 3.8
477 S04097-RM349 517 RM249-RM289 5.01 NN -6.0 75

2Chr/In and Chr/In represent the chromosome number interval of the tested points in the analysis.
bTypes of epistatic interactions. AA interactions between two QTL with additive effects, NA (AN) interactions between a QTL with additive effects and a

locus without significant additive effects, NN interaction between two loci with epistatic effects only

°AA means the epistatic effects. Positive (+) means that parental digenic genotypes increasing seed germination capability, and negative (-) means that
recombinant alleles from two parents increasing seed germination capability.
“Total percentage of phenotypic variance explained (PVE) by all epistatic QTLs for each storage period

Lines
Milyang 23
MT _NILI
MT_NIL2
MT_NIL3
MT_NIL4
MT_NILS
MT_NIL6

Tong 88-7

NILs.

The same strategy was applied to DT-NIL for confirmation of
three QTLs identified from the DT-RIL population. Among four
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Fig. 4. Genomic composition of
NILs derived from backcrossing
Milyang 23 to MT-RILs. Black bar:
Tong 88-7 homozygote segment;
white bar: Milyang 23 homozygote
segment. *Seed germination ca-
pability of NIL significantly different
with Milyang 23 at P < 0.0001
based on the ttest. ns: not signifi-
cant.

DT-NILs, the DT_NIL2, DT_NIL3, and DT_NIL4 contained the

TR22183 allele of gDT-SGC2.1,
SGCI.10on chromosome 2, 3, and 9, respectively (Fig. 5). Seed

gDT-SGC3.1, and qDT-
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germination capability of the DT_NIL2, DT_NIL3, and DT_NIL4
was 61.0%, 53.3%, and 51.6%, respectively, which was signifi-
cantly lower than that of recurrent parent Dasanbyeo.

These results collectively demonstrate that the QTLs identi-
fied in two sets of RILs reliably affected the seed germination
capability of certain genotypes having different genetic back-
grounds.

DISCUSSION

We were able to identify five and three QTLs associated with
seed germination capability in MT-RILs and DT-RILs in all stor-
age periods, respectively (Table 1, Figs. 2 and 3). Among the
QTLs identified in both RIL populations, one pair of QTLs was
located at the same chromosome region on chromosome 9:
gMT-SGC9.1 (S09040-S09045) for the MT-RILs and qDT-
SGC9I.1 (S09040-S09049) for the DT-RILs. This chromosomal
region originated from indica varieties, was also identified for
seed longevity or seed storability in the previous studies (Miura
et al., 2002; Sasaki et al., 2005; Xue et al., 2008), suggesting
that this QTL might be widespread among indica rice varieties.
In the MT-RILs, one QTL, gMT-SGC7.2, on chromosome 7
was detected in all storage periods and possibly corresponds
with RC7 detected by Sasaki et al. (2005). A novel QTL, gMT-
SGC5.1, was repeatedly identified in 2-year and 3-year storage
periods, implying that it was likely expressed in the severely
deteriorated seeds caused by long-term seed storage. The
gMT-SGC7.1 (RM214-S07055) on chromosome 7 is an inter-
esting QTL because it was only detected in the 1-year storage
period. Since 1-year storage period may not be regarded as
long-term storage, gMT-SGC7.1 may represent QTL for seed
dormancy rather than seed germination capability. It is difficult
to clearly distinguish the phenotypes of seed dormancy from
seed germination capability. Unexpectedly, the allele originating
from Milyang 23 in the locus of gMT-SGC1.1 decreased seed
germination capability, whereas all other alleles from Milyang
23 in the other loci of the QTLs increased seed germination
capability. It was revealed that seed germination capability ex-
hibited different expression patterns between different rice va-
rieties, which was consistent with the findings of previous stud-
ies (Kameswara and Jackson, 1996; 1997; Zeng et al., 2006).
In DT-RILs, we identified two novel QTLs (gDT-SGC2.1 and
gDT-SGC3.1) for seed germination capability, which increased
the seed germination capability in Dasanbyeo alleles.
Developing NiILs is an important fundamental step for QTL
cloning and molecular marker-assisted selection. When a QTL
is ‘Mendelized’, the candidate gene can be identified by high-
resolution linkage mapping (Yamamoto et al., 2009). In rice,

among the identified several QTLs for seed germination capa-
bility on seven chromosomes, the QTL on chromosome 9 was
identified consistently in various mapping populations (Miura et
al., 2002; Sasaki et al., 2005; Shigemune et al., 2008; Xue et al.,
2008). In the intermediate stage for cloning these QTLs, we
developed NILs corresponding to QTLs, including gMT-SGC5.1,
gMT-SGC7.2, gMT-SGC9.1 from MT-RILs and qDT-SGC2.1,
gDT-SGC3.1, gDT-SGC9.1 from DT-RILs, by using molecular
marker-assisted selection through foreground selection and
background selection. After developing NILs using the CDT
method, we confirmed that each genomic region on target
QTLs controlled the seed germination capability (Figs. 4 and 5).
This should allow the introgression of favorable alleles from
high-germination capability varieties into high-yielding varieties,
such as japonica hybrid rice, using marker-assisted back-
crossing.

Since we are also interested in the improvement of seed
germination capability under the proper storage condition com-
pared to that under the natural condition, the phenotype per-
formance of seed germination capability was calculated by
dividing SGR with NSGR, instead of using primary seed germi-
nation rates even though this secondary data process may
enlarge errors and the results may not be interpreted directly. In
addition, we detected high correlations between seed germina-
tion capability calculated with SGR/NSGR and primary seed
germination rates in each seed storage period of both RIL
populations (r > 0.993 in MT-RILs and r > 0.986 in DT-RILs).
Moreover, the high H? for seed germination capability in both
RIL populations (86.9% in MT-RILs and 81.7% in DT-RILs)
suggests that natural seed storage method can evaluate seed
germination capability and reduce environmental errors. The
indiica alleles of six confirmed QTLs from the two RIL popula-
tions showed that indica alleles employed increasing seed
germination capability. Although these QTLs are the most im-
portant determinants of the seed germination capability, epi-
static interactions explained relatively high phenotypic variance
in some storage periods, indicating that epistatic interactions
were an important component on the genetic variance for seed
germination capability. A series of NILs for a target trait pro-
vided the opportunity to analyze epistatic interactions among
identified genes by combining individual NILs (Doi et al., 2008;
Rahman et al., 2009; Yano et al., 2001). In addition, sometimes
the effects of QTLs are also subjected to environmental changes,
which can lead to dramatic differences in the phenotypic effects
of the QTLs. The results demonstrate that for the marker-
assisted breeding programs for improving seed germination
capability, attention should be paid to the direct effects of the
minor QTLs, epistatic QTLs in addition to the most important
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process of pyramiding reliable QTLs (especially major QTLS).

The molecular identification of several reliable QTLs in the
two sets of RILs, reported herein, may help to elucidate the
poorly understood germination capability under different seed
storage conditions. We expect that our results will provide the
genetic information on map-based cloning and MAS that will be
vital to the advancement of breeding strategies and breeding
resources for increased seed germination capability.
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