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Abstract:  Seed vigor is an important characteristic of seed quality, and rice cultivars with strong seed vigor are
desirable in direct-sowing rice production for optimum stand establishment. In the present study, the quantitative trait
loci (QTLs) of three traits for rice seed vigor during the germination stage, including germination rate, final germination
percentage, and germination index, were investigated using one recombinant inbred line (RIL) population derived from
a cross between japonica Daguandao and indica IR28, and using the multiple interval mapping (MIM) approach. The
results show that indica rice presented stronger seed vigor during the germination stage than japonica rice. A total of
ten QTLs, and at least five novel alleles, were detected to control rice seed vigor, and the amount of variation (Rz)
explained by an individual QTL ranged from 7.5% to 68.5%, with three major QTLs with R?>20%. Most of the QTLs
detected here are likely to coincide with QTLs for seed weight, seed size, or seed dormancy, suggesting that the rice
seed vigor might be correlated with seed weight, seed size, and seed dormancy. At least five QTLs are novel alleles
with no previous reports of seed vigor genes in rice, and those major or minor QTLs could be used to significantly
improve the seed vigor by marker-assisted selection (MAS) in rice.
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1 Introduction

Seed vigor is an important characteristic of seed
guality, reflecting potential seed germination, seed-
ling growth, seed longevity, and tolerance to adver-
sity (Sun et al., 2007). Seeds with strong vigor may
significantly improve the speed and uniformity of
seed germination and the final percentage of germi-
nation, and lead to perfect field emergence, good crop
performance, and even high yield under different
conditions (Foolad et al., 2007). Seed vigor has been
known as a comprehensive characteristic affected by
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many factors, such as the genetic background, envi-
ronmental factors during seed development, and
storage stages (Sun et al., 2007), which makes the
genetic analysis of seed vigor very difficult. With the
development of the techniques of DNA molecular
marker and genome graphing, quantitative trait locus
(QTL) analysis of seed vigor has been reported,
mainly focused on limited plants, including Arabi-
dopsis (Clerkx et al., 2004), rice (Cui et al., 2002;
Miura et al., 2002; Zhang et al., 2005; Fujino et al.,
2008), lettuce (Hayashi et al., 2008), tomato (Foolad
et al., 2003; 2007), barley (Mano and Takeda, 1997),
and maize (Hund et al., 2004).

Rice is one of the most important food crops in
the world, and the cultivars with strong seed vigor are
desirable for farmers to get optimum stand estab-
lishment in a direct-sowing culture system, which has
increased in some economic developed areas in China
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recently. There are several reports of QTLs for rice
seed vigor, mainly focused on seedling growth, seed
longevity, and tolerance to adversity. For example,
Cui et al. (2002) mapped 31 QTLs for five traits of
seedling vigor using a set of 241 Fy, recombinant
inbred lines (RILs). Zhang et al. (2005) identified a
total of 34 QTLs for four traits of seedling vigor
using 282 Fy3 RILs. Miura et al. (2002) found three
putative QTLs for seed longevity, qLG-2, gLG-4, and
gLG-9, using 98 backcross inbred lines (BILS).
Fujino et al. (2004) detected three putative QTLs
(qLTG-3-1, qLTG-3-2, and qLTG-4) associated with
low-temperature germination using 122 BILs, and
gLTG-3-1 was map-based cloned (Fujino et al.,
2008). In the evaluation of seed vigor, the germina-
tion speed might be more important than the germi-
nation rate, since the former usually decreases more
quickly than the latter during seed storage (Hayashi
et al., 2008). Therefore, the speed of seed germina-
tion is a desirable trait for seed vigor testing, such as
germination rate and germination index. However, to
date there are few QTLs reported on seed vigor
during germination stage under optimal conditions.

It has been reported that QTLs associated with
germination speed are important for germination, and
not specifically affected by stress in tomato (Foolad et
al., 1999; 2007) and lettuce (Hayashi et al., 2008),
suggesting rapid seed germination controlled by
similar genetic mechanisms under different condi-
tions. QTLs for the speed of germination coincided
with those for abscisic acid (ABA) sensitivity and salt
tolerance in Arabidopsis (Clerkx et al., 2004). In rice,
a significant positive correlation was noticed between
seed size and seed vigor, probably due to the fact that
large-size seed may provide more sugar for seedling
growth and fuel rapid early growth (Cui et al., 2002).
However, little progress has been made in improving
rice seed vigor by conventional breeding methods,
such as selecting large grain size. The reason is that
rice consumers have a certain requirement for grain
size, and increasing the grain size may reduce the
popularity of a cultivar (McKenzie et al., 1994).
Therefore, identification of QTLs associated with rice
seed vigor, not linked to seed size, was needed to
improve seed vigor by marker-assisted selection
(MAS).

The purpose of this work was not only to further
investigate the genetic dissection of seed vigor, fo-

cusing on seed germination under optimum condi-
tions, but also to identify major QTLs for rice
breeding through the process of MAS. One RIL
population (F1) derived from the cross of indica
IR28 and japonica Daguandao rice was employed to
map the loci underlying three seed germination traits,
including germination rate, final germination per-
centage, and germination index. The results will
provide important information to understand the
genetic control of seed vigor in rice, and the major
QTLs detected here will be useful for improvement
of seed vigor.

2 Materials and methods
2.1 Plant materials

One RIL population was obtained from a cross
between two varieties, indica IR28 and japonica
Daguandao. The population of 150 Fio RILs was
obtained via self-crossing and single seed descent
from individual F, plants. Ten plants of each parent
and RIL were grown in the space of 17 cm between
plants within a row and 33 cm between rows at the
experimental station of Nanjing Agricultural Univer-
sity. The date when 95% of seeds of each plant were
yellow-ripe could be defined as maturity date. The
maturity dates for parents and RILs were individually
recorded. All seeds were harvested at maturity stage
for each line, dried at 50 °C for 7 d to break seed
dormancy (Jiang et al., 2006), and then stored in dry
conditions at —20 °C.

2.2 Evaluation of seed vigor

After breaking down dormancy, a total of 200
healthy grains of each RIL and two parents were
soaked in 0.1% (w/v) hydrargyrum chlorination so-
lution for 15 min, and then rinsed three times with
sterile distilled water. Fifty seeds were placed in a
Petri dish (diameter 9 cm) with two sheets of filter
paper, to which 10 ml of distilled water was added.
The solution was replaced every 2 d to maintain the
distilled water volume. All Petri dishes were placed in
an incubator at (30+1) °C for 10 d with a 12-h
light/12-h dark photoperiod. Seeds were considered
to be germinated when their root length reached the
seed length and shoot length half of the seed length.
The germinated seeds were observed each day until
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10 d, when almost all the seeds were germinated. The
percentage of germinated seeds at 3 d was referred to
as germination rate (GR) and the percentage of ger-
minated seeds at 10 d was referred to as the final
germination percentage (GP). Germination index (GI)
was calculated by the method of Cao et al. (2008):
GI=3(Gy/t), where G; is the number of the germinated
seeds on Day t. Four replications were conducted and
the mean value was used for data analysis.

2.3 QTL analysis

A set of 167 SSR markers covering most of the
rice genetic map at average interval of 11.1 cM was
constructed with the MAPMAKER/EXP 3.0 program
(Lander et al., 1987). The detection of QTLs for three
traits representing seed vigor, germination rate, final
germination percentage, and germination index was
performed using the QTL Cartographer 2.5 program
on the method of multiple interval mapping (MIM)
(Churchill and Doerge, 1994). The data of germina-
tion percentage were transformed by arcsine trans-
formation into a typical quantitative trait distribution

for QTL detection with MIM (limit of detection (LOD)

>3.0). In addition, the proportion of observed phe-
notypic variance explained by each QTL and the
corresponding additive effect were estimated. QTL
nomenclature followed the method of McCouch et al.
(1997).

3 Results
3.1 Phenotypic data

The difference in germination rate and germina-
tion index between the two parents was significant at
a level of P<0.01, but no statistically significant dif-
ference in germination percentage (Table 1). The
indica rice IR28 showed a good performance of seed
vigor, with higher germination rate and germination
index. The RILs also showed statistically significant
differences for seed germination (P<0.01). The dis-
tributions of three germination traits among the RIL
population showed continuous and significantly
transgressive segregation with values either larger or
smaller than those of the parents, suggesting the in-
volvement of polygenes (Table 1 and Fig. 1). The data
of germination percentage were further analyzed by
arcsine transformation for QTL detection.

Table 1 Phenotypic data of seed vigor among parents and
RIL population

Traits GR (%) GP (%) Gl
Parents® Daguandao  24.0+0.5 97.0£0.0 11.8+0.0

IR28 80.0+0.1" 100.0+0.0 15.7+0.0”
RILs Range 3-90 80-100  9.7-16.0

Mean 48.8 91.9 135

CV (%) 47.9 5.0 10.1

FP 2.18% 1.42 2.26"

GR: germination rate; GP: germination percentage; GI: germination
index; CV: coefficient of variance. * Sample size n=50, four repli-
cates; ™ Significant at P<0.01 according to Fisher’s Least Signifi-
cant Difference (LSD) test; ° F test of variance among RIL popula-
tion; ** Significant at P<0.01, Fy1(149, 150)=1.47

(@) 30

=

25
20
15
10

Number of lines

5

0
10 20 30 40 50 60 70 80 90

GR (%)

(b)y 307

201
15

Number of lines

107

LT
80 82 84 86 88 90 92 94 96 98 100
GP (%)

(c) 30r
251

201

Nl ]

10.0 10.512.0 12,5 13.0 13.514.0 14.5 15.015.5 16.0
Gl

Number of lines

Fig. 1 Frequency distributions of germination rate (GR) (a),
germination percentage (GP) (b), and germination index
(GI) (c) among RILs

3.2 QTL mapping

Three QTLs controlling germination rate were
identified on chromosomes 1, 2, and 11, respectively
(Table 2 and Fig. 2), accounting for 93.6% of
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phenotypic variance. Among them, qGR-1 might be
one major QTL (R’=68.5%) with an LOD score of
11.0, and the positive alleles from IR28 enhanced the
germination rate by 19.9%. The other two of the mi-
nor QTLs (QGR-2 and qGR-11) explained the 11.0%
and 14.1% of phenotypic variance, respectively, and
the positive alleles originated from Daguandao en-
hanced the germination rate by 10.0% and 10.5%,
respectively.

Four QTLs associated with germination per-
centage were found on chromosomes 4, 6, 8, and 11,
respectively (Table 2 and Fig. 2). The phenotypic
variance explained by a single QTL ranged from
7.5% to 24.0%, and one major QTL qGP-6 (LOD=
5.3) with R? of 24.0%. The Daguandao alleles at
gGP-6, qGP-8, and qGP-11 increased by 3.1%, 2.3%,
and 2.1% of germination percentage, respectively,
and IR28 alleles at qGP-4 enhanced germination
percentage by 2.5%.

Three QTLs (qGI-1, gqGI-7, and qGI-11) were
responsible for germination index located on chro-
mosomes 1, 7, and 11, respectively (Table 2 and
Fig. 2), explaining the total of 84.9% of phenotypic
variance. Among them, a major QTL qGl-11 (LOD=
5.1), with a relatively large effect (R°=54.9%), was
detected, and the additive effect of qGI-11 was nega-
tive, which showed that the positive alleles from
Daguandao contributed to the increase of germination
index by 2.5. The positive alleles of QTL gGlI-1 and
gGI-7 enhanced germination index by 0.6.

However, no significant digenic interaction was
detected in this study.

4 Discussion

The most crucial step in a QTL mapping project
is the evaluation and screening of the quantitative
traits. Seed vigor is defined as “those seed properties
which determine the potential for rapid, uniform
emergence and development of normal seedlings
under a wide range of field conditions” (McDonald,
1994). Consequently, the results of germination per-
centage determined by standard germination test un-
der optimum conditions usually overestimate field
emergence under suboptimal field conditions. There-
fore, many additional vigor tests have been suggested,
such as conductivity test, accelerated aging test, cold
test, cool germination test, complex stressing vigor
test, Hiltner test, tetrazolium test, and seedling growth
test (Zhang and Hu, 2010). McKenzie et al. (1980)
reported that seedling traits measured under con-
trolled laboratory conditions were correlated with
seedling vigor measured under field conditions. Cui et
al. (2002) indicated that germination rate (speed) and
early seedling growth were interrelated in rice. In this
study, the traits of seed vigor during the germination
stage, including germination rate, germination per-
centage, and germination index, were determined
under laboratory conditions. We considered that in-
dica rice has higher seed vigor during the germination
stage under optimum conditions than japonica rice.
The frequency distribution of seed vigor among RILs
showed continuous segregation, suggesting that seed
vigor during the germination stage is a quantitative
trait controlled by several genes.

Table 2 Chromosome location, coefficient of determination, and additive effect of the putative QTLs conferring seed

vigor among the Daguandao/IR28 RIL population

Trait Locus Chr? Marker interval LOD support interval (cM) Peak LOD AEP R? (%)°
GR qGR-1 1 RM9-RM7075 137.5-156.8 11.0 19.9 68.5
qGR-2 2 RM208-RM240 15.7-23.9 7.3 -10.0 11.0
qGR-11 11 RM3668-RM7557 8.1-16.0 6.3 -10.5 14.1
GP qGP-4 4 RM252-RM317 102.2-117.5 5.7 25 12.7
qGP-6 6 RM528-RM340 123.1-132.4 53 =31 24.0
qGP-8 8 RM22491-RM22694 23.4-34.6 4.3 -2.3 12.2
qGP-11 11 RM26632-RM229 73.2-84.4 3.7 -2.1 7.5
Gl qGlI-1 1 RM306-RM5 88.8-111.5 31 0.6 16.1
qGI-7 RM427-RM1353 0-2.0 4.3 —0.6 13.9
qGI-11 11 RM3428-RM6091 70.7-74.4 5.1 -2.5 54.9

GR: germination rate; GP: germination percentage; Gl: germination index; Chr: chromosome; LOD: limit of detection; AE: additive effect;
R?: coefficient of determination. ® Chromosome on which the QTL was located; ® Additive effect is the effect of substituting a IR28 allele for
a Daguandao allele, and its positive value indicates that IR28 has the positive allele; © Variation explained by each putative QTL
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Fig. 2 Chromosomal positions of QTLs for germination rate, germination percentage, and germination index, and

previously mapped QTLs in rice

Map distances (cM) are shown on the left and previously mapped QTLs are shown on the right (Li J.X. et al., 2000;
Moncada et al., 2001; Gu et al., 2004; Marri et al., 2005; Wan et al., 2005; Li C. et al., 2006; Bai et al., 2010)

QTLs for germination speed were detected in
several different crops (Foolad et al., 1999; Al-
Chaarani et al., 2005; Hayashi et al., 2008). Al-
Chaarani et al. (2005) detected two QTLs conferring
the time to 50% of germination of the population in

sunflower, using a population of 84 RILs. Foolad et al.

(1999) mapped several QTLs for the mean time to
50% of germination under non-stress, cold-stress, and
salt-stress conditions, using a 119 BC,S; population.
Similarly, Hayashi et al. (2008) found 28 QTLs for
germination rate in lettuce under different tempera-
tures using a population of 131 Fg RILs. These results
show that the speed and uniformity of germination
under different conditions share the same basic ge-
netic mechanism. In the present study, we conducted

a screen for QTLs of germination under optimum
conditions using a population of 150 RILs inrice. Ten
QTLs were mapped on chromosomes 1, 2, 4, 6, 7, 8,
and 11, respectively. The amount of variation ex-
plained by an individual QTL ranged from 7.5% to
68.5%. Among them, three major QTLs (qGR-1,
qGP-6, and qGI-11) with R*>>20% were detected.
Thus, the performance of rice seed vigor during seed
germination might be considered to be controlled by a
limited number of major QTLs and several minor
QTLs.

The exploration of physiological and genetic
mechanisms in seed vigor is a highlight of seed sci-
ence. Comparing the positions of QTLs detected here
with other QTLs reported previously (Fig. 2), we
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found that the region of major QTL qGR-1 on chro-
mosome 1 coincided with gwl.1 and gwl.2 for
1000-seed weight (Moncada et al., 2001). The region
of major QTL qGP-6 on chromosome 6 was familiar
with the region of gGW-6 for 1000-seed weight (Wan
et al., 2005) and sd6.1 for seed dormancy (Li et al.,
2006). In addition, the minor QTL gGR-2 was on the
similar location of gw2.1 for 1000-seed weight (Marri
et al., 2005) and grain width (Bai et al., 2010) on
chromosome 2. Similarly, gGP-11 is near to gw11 for
1000-seed weight (Li et al., 2000). Furthermore,
gGP-4 located on the same region of qSD4 for seed
dormancy on chromosome 4 (Gu et al., 2004).
However, other five mapped QTLs (qGI-1, qGI-7,
gGP-8, qGR-11, and gGlI-11) are novel alleles, with
no previous reports of seed vigor genes in rice.

The molecular evidence indicates that de novo
transcripts are required for increasing seed vigor,
notably those involved in gibberellic acid (GA) bio-
synthesis and/or sensitivity to GAs during germina-
tion (Catusse et al., 2008). In addition, genes related
to reserve mobilization and endosperm weakening
could possibly affect the speed of germination (Fait et
al., 2006; Bethke et al., 2007). Obviously, seed ger-
mination rate and vigor are closely related to seed

weight, seed size, shell thickness, seed coat, and so on.

In this study, we found the regions of major QTLs for
seed vigor are likely to coincide with QTLs for seed
weight, seed size, and seed dormancy, suggesting that
seed vigor, seed weight, seed size, and seed dormancy
are partly under the control of the same genetic
mechanism. Further study is needed to clarify the
function of the major QTLs.

It is extremely difficult to improve rice seedling
vigor by conventional strategies, due to undesirable
traits associated with seedling vigor, such as large
grain size (McKenzie et al., 1994; Cui et al., 2002).
Cui et al. (2002) found two QTLs for seedling vigor
and a-amylase, not linked to seed weight, which will
be useful for MAS to improve seedling vigor. How-
ever, with the number of QTLs increasing, the utility
of MAS becomes less obvious (Foolad et al., 2003).
Therefore, marker-assisted introgression of the three
major QTLs detected here is expected to significantly
improve seed vigor in rice, especially the QTL
gGlI-11 independent of seed weight.

Seed vigor is a very complex physiological
process with a comprehensive genetic background. In

this study, ten QTLs associated with seed vigor were
identified, and among them, three were major QTLs
and others minor QTLs. To extensively elucidate the
mechanism of seed vigor, more studies are needed.
The QTLs detected here may be used for developing
new varieties with a high level of seed vigor by the
MAS method.
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