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Abstract Comparative sequencing of GS3, the most
important grain length (GL) QTL, has shown that diVerenti-
ation of rice GL might be principally due to a single nucle-
otide polymorphism (SNP) between C and A in the second
exon. A total of 180 varieties representing a wide range of
rice germplasm were used for association analysis between
C–A mutation and GL in order to conWrm the potential
causal mutation. A cleaved ampliWed polymorphic
sequence (CAPS) marker, SF28, was developed based on
the C–A polymorphism in the GS3 gene. A total of 142
varieties carried allele C with GL from 6.4 to 8.8 mm,
while the remaining 38 varieties carried allele A with GL
from 8.8 to 10.7 mm. Twenty-four unlinked SSR markers
were selected to genotype 180 varieties for population
structure analysis. Population structure was observed when
the population was classiWed to three subpopulations. Aver-
age GL of either genotype A or genotype C within japonica
among the three subpopulations had no signiWcant diVer-
ence from that in indica, respectively, although indica rice
had longer grains on average than japonica in the 180 vari-
eties. However, genotype C always had longer grain length
on average than genotype A among three subpopulations.
The mutation could explain 79.1, 66.4 and 34.7% of GL
variation in the three subpopulations, respectively. These
results clearly conWrmed the mutation between C and A
was highly associated with GL. The SF28 could be a func-
tional marker for improvement of rice grain length.

Introduction

Grain length plays an important role in determining the
appearance and milling quality of rice, and aVects grain
weight which is one of the three components (number of
panicles per plant, number of grains per panicle and grain
weight) of grain yield. It is therefore an important agro-
nomic trait in rice breeding (Luo et al. 2004). Although the
preference for rice grain characteristics varies across diVer-
ent consumers, long and slender grain is generally preferred
for indica rice by the majority of consumers in China, USA
and most Asian countries (Unnevehr et al. 1992; Juliano
and Villareal 1993).

Since rice grain length is quantitatively inherited
(McKenzie and Rutger 1983), it is diYcult for breeders to
eYciently improve grain length using conventional selection
methods. Thus, it should be particularly helpful for enhanc-
ing breeding eYciency to use markers closely linked to
genes or major quantitative traits loci (QTL) for grain length
in order to screen target genotypes directly in early genera-
tions. Independent studies across diVerent genetic back-
grounds and environments have identiWed a QTL with major
eVect on grain length around the centromeric region of chro-
mosome 3 (Huang et al. 1997; Redoña and Mackill 1998;
Tan et al. 2000; Xing et al. 2001; Aluko et al. 2004; Li et al.
2004; Wan et al. 2005), which provides a desirable target
gene/QTL for improving rice grain length using a marker-
assisted selection (MAS) strategy. However, genetic linkage
between these molecular markers and the grain length gene,
established by QTL studies, can be broken by genetic
recombination; this limits the use of random DNA marker as
a diagnostic tool (Rafalski and Tingey 1993). Functional
markers (Andersen and Lübberstedt 2003), which are
derived from polymorphic sites within genes aVecting phe-
notypic trait variation, are highly predictive of phenotype
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and overcome the problem of recombination/linkage. Recent
knowledge generated in several agronomically important
genes’ isolation provides information on how to systemati-
cally develop functional markers that can be directly used
with great reliability and eYciency to identify favorable
alleles in a breeding program (Bormans et al. 2002; Ellis
et al. 2002; Andersen and Lübberstedt 2003; Peter et al.
2004; Louis et al. 2005; Iyer-Pascuzzi and McCouch 2007).

Recently, a putative GS3 gene controlling grain length on
chromosome 3 has been cloned (Fan et al. 2006). GS3
encodes 232 amino acids with a putative PEBP-like domain,
a transmembrane region, a putative TNFR/NGFR family
cysteine-rich domain and a VWFC module. Comparative
sequencing showed that one common mutation in the sec-
ond exon of GS3 was occurred between short and long grain
cultivars, which changed a cysteine codon (TGC) in the
short-grain group to a termination codon (TGA) in the long-
grain group. The premature termination resulted a 178-aa
truncation in the C-terminus of the predicted protein. In the-
ory, this polymorphic allele sequence provides us with an
opportunity for the construction of a functional marker for
grain length in rice. However, the common SNP was
observed on the basis of the comparative sequencing of six
genotypes, the relationship between C–A mutation and GL
in rice germplasm is still not clear. In this study, a natural
population consisted of 180 modern cultivars and landraces
was collected for the C–A single nucleotide polymorphism
genotyping and GL investigation. The goals of this study are
to (1) design a cleaved ampliWed polymorphic sequence
(CAPS) marker for genotyping of C–A mutation and (2) to
study the association between GL and C–A mutation.

Materials and methods

Plant materials

A total of 180 rice varieties including 170 from core collec-
tion of Chinese rice germplasm, which included 203 acces-
sions and represented about 70% of Chinese rice
germplasm (Li et al. 2003), and ten varieties collected from
other countries were used for marker validation (Table 1).
Ten plants per cultivar were transplanted in a single row
with 16.5 cm between plants and 26.4 cm between rows in
the rice-growing season of 2005 on the experimental farm
of Huazhong Agricultural University, Wuhan, China. Field
management followed essentially the normal agricultural
practice as described by Fan et al. (2006).

Measurements of grain length

Grain length was evaluated according to Fan et al. (2006).
Ten randomly chosen grains of fully Wlled paddy rice from

each plant were lined up length-wise along a vernier caliper
to measure average grain length of each plant.

Primer design

Primer was designed using Primer Premier Version 5.0
(Premier Biosoft International, Palo Alto, CA). The geno-
mic sequences of the gene GS3 were obtained from the
GenBank (accession number DQ355996).

DNA extraction, PCR and genotyping

Fresh leaves were harvested from Weld-grown plants and
genomic DNA was extracted using the CTAB method
(Murray and Thompson 1980). PCR was performed using
20–50 ng DNA, 10 mM Tris–HCl, 50 mM KCl, 0.1% Tri-
ton X-100, 1.8 mM MgCl2, 0.1 mM dNTP, 0.2 �M SF28-F
(5�-TGCCCATCTCCCTCGTTTAC-3�), 0.2 �M SF28-R
(5�-GAAACAGCAGGCTGGCTTAC-3�) and 1 U Taq
DNA polymerase, in a total volume of 20 �l. Using a Gene
Amp PCR system 9700 thermocycler (Perkin Elmer
Cetus), the PCR reactions were denatured at 94°C for
4 min, followed by 34 cycles of 94°C for 40 s, 55°C
for 40 s and 72°C for 40 s. The Wnal extension was at 72°C
for 10 min. After PCR, 8 �l PCR product was digested with
1 U PstI (TaKaRa, Dalian, China) according to the manu-
facturer’s speciWcation. The digested products were sepa-
rated on 6% polyacrylamide denaturing gels, and DNA
fragments were detected by silver staining (Bassam et al.
1991).

Population structure analysis

Twenty-four SSR (simple sequence repeat) markers, one
each from the short and long arms of the 12 rice chromo-
somes were randomly selected for genotyping the 180 rice
varieties according to the genetic map developed by Tem-
nykh et al. (2001). The 24 markers were RM529, RM522,
RM526, RM211, RM411, RM60, RM518, RM348,
RM574, RM274, RM508, RM494, RM427, RM18,
RM339, RM408, RM553, RM321, RM484, RM239,
RM224, RM479, RM117 and RM463. The PCR was per-
formed as described above and the PCR products were sep-
arated on 6% polyacrylamide denaturing gels to determine
the alleles of each marker. Program Structure 2.0 (Prin-
chard et al. 2000) was used to infer population structure
using a burn-in of 10,000, run length of 100,000, and a
model allowing for admixture and correlated allele frequen-
cies. This approach estimated the genetic background
matrix (Q); the proportion of an individual’s genome that
was contributed by each subpopulation. The number of sub-
populations K from two to Wve was tested. Five indepen-
dent runs for each K yielded consistent results. In addition,
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Table 1 Related basic information of 180 tested rice accessions

Order Variety Sub GL SF28 Subp

1 Zhonglou1 J 8.3 C 2

2 Weiguo J 6.9 C 3

3 Dandongludao J 7.6 C 2

4 Xingguo J 7.6 C 2

5 Laoguangtou83 J 6.7 C 2

6 Baimaodao J 8.2 C 2

7 Muxiqiu J 7.2 C 2

8 Laohuzhong J 7.2 C 2

9 Youmangzaojing J 7.1 C 2

10 Huangkezaonian J 7.2 C 2

11 Baigedao J 6.9 C 2

12 Cunsanli J 9.6 A 2

13 Tieganwu J 7.2 C 2

14 Liushizao I 7.4 C 3

15 Qiuqianbai I 7.6 C 3

16 Feidongtang J 7.3 C 2

17 Jingxibai I 8.0 C 1

18 Fanbopi I 7.3 C 1

19 Sanbaili I 8.3 C 3

20 Taishanluo I 7.7 C 1

21 Aihechi I 8.3 C 1

22 Aimi I 8.1 C 3

23 Hongmisandan J 6.6 C 2

24 Jinbaiyin J 8.8 C 1

25 Minbeiwanxian I 8.3 C 1

26 Lucaihao I 7.0 C 3

27 Wukezhan I 7.9 C 3

28 Yizhixiang I 7.4 C 3

29 Yanshuichi I 7.1 C 3

30 Shuyazhan I 7.6 C 1

31 Simiao I 7.3 C 1

32 Esiniu I 7.9 C 3

33 Qimei I 7.9 C 3

34 Sanlicun J 9.4 A 1

35 Hengxianliangchun I 8.0 C 3

36 Aizizhan I 7.7 C 1

37 Hongailuo I 7.9 C 1

38 Dawanluo I 9.5 A 1

39 Zimi J 9.4 A 1

40 Xianggu J 8.1 C 1

41 Xiaohonggu J 8.0 C 1

42 Qinghe I 7.8 C 1

43 Wuzidui J 7.1 C 2

44 Laozaogu I 7.5 C 1

45 Bobayong1 J 8.0 C 2

46 Gongju73 J 8.1 C 3

47 Lengshuigu2 J 8.2 C 2

Table 1 continued

Order Variety Sub GL SF28 Subp

48 Nanxiongzaoyou I 8.0 C 1

49 Baikehualuo I 8.3 C 3

50 Heidu4 I 7.8 C 3

51 Chikeluo I 8.3 C 2

52 Lamujia J 7.8 C 2

53 Banjiemang I 7.3 C 2

54 Ziluo I 9.3 A 1

55 Yuyanluo J 7.7 C 2

56 Huangpiluo J 7.2 C 2

57 Mowanggunei J 7.4 C 1

58 Nangaogu I 8.2 C 1

59 Xinmaxian I 6.9 C 2

60 Jixieluo J 8.2 C 2

61 Cunguluo I 9.4 A 2

62 Youzhan J 7.5 C 1

63 Yangkeluo I 7.5 C 2

64 Xiaobaimi I 8.0 C 3

65 Maguzi J 8.2 C 2

66 Laohongdao J 6.9 C 2

67 Taidongludao J 8.6 C 2

68 Taizhongxianxuan2 I 9.6 A 1

69 Mengjiagao1 J 7.0 C 1

70 Mengjiading2 I 8.9 A 1

71 Baoerfu I 8.4 C 3

72 Maweizhan I 8.0 C 1

73 ZhuzhenB I 8.3 C 3

74 Chaoyang1B I 7.3 C 3

75 Qiyuexian I 6.9 C 1

76 Dongtingwanxian I 8.5 C 3

77 Zegu I 8.2 C 1

78 Xuanenchangtan I 8.0 C 3

79 Bawangbian1 J 7.5 C 3

80 Baikezaohe I 8.3 C 3

81 Xuguluo J 7.5 C 3

82 Mugualuo J 7.3 C 2

83 Hongqi5 J 7.8 C 2

84 Wanlixian I 8.2 C 3

85 L301B I 8.8 A 3

86 AnnongwanjingB J 6.4 C 2

87 Jinnante43B I 7.9 C 3

88 Zaoshunonghu6 J 7.1 C 2

89 Qingsiai16B I 7.6 C 1

90 Zhenshan97B I 7.8 C 3

91 Jiangnongzao1 I 10.0 A 1

92 JinhuB J 6.8 C 2

93 LimingB J 6.9 C 2

94 Funingzipi J 7.7 C 2
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Table 1 continued

Order Variety Sub GL SF28 Subp

95 Longhuamaohu J 8.6 C 2

96 Gaoyangdian J 8.3 C 2

97 Shuiyuan300 J 6.9 C 2

98 Dianyui409B I 9.6 A 1

99 Baoxie123B I 10.0 A 1

100 80B I 10.0 A 1

101 Baoxie7B I 9.2 A 1

102 Gzhenshan97B J 8.2 C 3

103 Yenicanghua J 8.2 C 2

104 88B I 9.7 A 1

105 Jiabala J 7.3 C 3

106 Gu154 I 9.3 A 1

107 IR661-1 I 8.0 C 3

108 PeiC122 J 6.7 C 2

109 Jing7623 J 7.5 C 2

110 Ninghui21 J 7.5 C 2

111 76–1 J 8.2 C 2

112 Huhui628 J 7.0 C 2

113 Xiangdao I 8.0 C 3

114 TeqingXuanhui I 9.3 A 1

115 Xianghui91269 I 8.8 A 1

116 Hanma I 8.1 C 3

117 Xibaizhan J 7.9 C 3

118 Mamagu I 8.0 C 3

119 Nantiangangjiu J 7.0 C 2

120 Meihualuo I 8.5 C 3

121 Zhongnong4 I 7.8 C 1

122 Honggu I 8.0 C 2

123 Wenxiangluo I 7.9 C 1

124 Guangluai4 I 7.0 C 3

125 Aijiaonante I 7.6 C 3

126 Liusha1 I 7.3 C 3

127 Chenwan3 J 7.0 C 3

128 Erjiunan1 I 7.7 C 3

129 Nanjing11 I 7.8 C 3

130 Guihuahuang J 7.3 C 2

131 Sujing2 J 7.0 C 2

132 Chenduai3 I 7.4 C 3

133 Aimakang I 8.0 C 3

134 Shufeng101 I 9.9 A 1

135 Taizhong65 J 7.0 C 2

136 Taizhongzailai1 I 7.4 C 3

137 Lixingjing J 7.9 C 2

138 Guichao2 I 7.2 C 3

139 Ergangai I 7.3 C 3

Table 1 continued

SF28 genotypes detected by marker SF28

Sub subspecies, I indica, J japonica, GL grain length (mm), A geno-
type of Minghui 63 (long grain allele), C genotype of Chuan 7 (short
grain allele), Subp subpopulation classiWed by population structure
analysis

Order Variety Sub GL SF28 Subp

140 Guanglai15 I 7.9 C 3

141 Hongwan1 I 7.4 C 1

142 Xiangaizao10 I 7.9 C 3

143 Xiangwanxian1 I 8.1 C 1

144 Nante I 8.0 C 3

145 Xiushui115 J 7.1 C 2

146 Yangdao2 I 8.8 A 1

147 Huke3 I 7.9 C 3

148 Aituogu151 I 7.0 C 3

149 Zhonghua8 J 7.3 C 2

150 Suidao1 J 7.8 C 2

151 Liaojing287 J 7.1 C 2

152 Huangsiguizhan I 7.7 C 3

153 Zaoshuxianghei I 9.8 A 1

154 Momi I 10.2 A 3

155 Jinyou1 I 8.4 C 1

156 Jing87-304 J 7.1 C 2

157 Xiangwanxian3 I 10.0 A 1

158 Xiangzaoxian7 I 7.8 C 1

159 Zhenxian232 I 9.0 A 1

160 Zaoxian240 I 7.3 C 3

161 Dangyu5 J 9.1 A 1

162 Chenlongshuijin I 10.7 A 1

163 9311 I 9.5 A 1

164 ZS97 I 7.8 C 1

165 MH63 I 10.1 A 1

166 ZH11 J 7.5 C 2

167 Sanqishi J 9.2 A 2

168 Qitoubaigu J 8.3 C 3

169 Benbanggu J 8.3 C 2

170 JWR221 J 9.6 A 1

171 Ballina J 7.2 C 2

172 Nipponbare J 7.3 C 2

173 BASMATI I 10.0 A 2

174 IR24 I 9.7 A 1

175 Lemont J 9.9 A 2

176 KDL105 I 10.1 A 1

177 SLG I 10.2 A 2

178 Largue I 9.3 A 2

179 H94 I 10.1 A 1

180 NYZ I 10.3 A 2
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F test was carried out for each of the subpopulations and
the overall population.

Results

Development of an allelic speciWc marker for grain length 
assay

Our previous study reported there was a single nucleotide
mutation detected in the second exon of the GS3 gene
between two diVerent grain-length groups, which changed
the sequence CTGCAG in the short-grain group to
CTGAAG in the long-grain group and accounted for the
grain length transformation (Fan et al. 2006). A primer pair,
SF28, was designed to amplify a 136 bp segment of the sec-
ond exon of the GS3 gene (Fig. 1). The CTGCAG/
CTGAAG polymorphism resulted in a restriction site
change of PstI. PCR products could be digested with PstI
and produced 110 bp and 26 bp sized bands for the geno-
types of CTGCAG. Otherwise only a 136 bp segment was
left due to the lack of PstI site in genotypes of CTGAAG.

Genotyping varieties with the CAPS marker

The 180 varieties, showed a wide variation in grain length
that ranged from 6.4 to 10.7 mm (Table 1), were genotyped
with the CAPS marker SF28. As expected, all varieties gen-
erated fragments approximately 136 bp in size. After diges-
tion by PstI, the PCR products of 142 varieties including 73
indica varieties and 69 japonica varieties could produce a
110 bp fragment and a 26 bp fragment, while the PCR
products of the remaining 38 varieties including 31 indica
varieties and seven japonica varieties could not be digested
due to lack of the PstI site (Table 2; Fig. 2). It could be con-
cluded that all varieties are homozygous at the loci of
marker SF28, and the 142 varieties did correspond to the
homozygous genotype of CTGCAG (homozygous ‘C’ in

brief) while the 38 varieties represented the homozygous
genotype of CTGAAG (homozygous ‘A’ in brief). The
A-allele was observed in 36% of indica and 9% of japonica.

Grain length variation between C–Allele and A-allele

The 180 tested varieties were assigned to two subspecies:
indica rice and japonica rice. Overall, the average GL of
indica rice (8.3 § 0.9 mm) was longer than japonica
(7.7 § 0.8 mm) at the level of P = 0.05. For the 142 varie-
ties with homozygous ‘C’ genotype, the GL of 73 indica
rice varieties ranged from 6.9 to 8.5 mm with an average of
7.8 § 0.4 mm while the GL of 69 japonica rice varieties
ranged from 6.4 to 8.8 mm with an average of 7.5 § 0.6 mm
(Table 2). The diVerence in GL between subspecies within
genotype C was not signiWcant. Out of the 38 cultivars with
homozygous ‘A’ genotype, 31 indica rice varieties have GL
ranging from 8.8 to 10.7 mm with an average of
9.6 § 0.5 mm. Seven japonica rice varieties have GL rang-
ing from 9.1 to 9.9 mm with an average of 9.6 § 0.3 mm.
The diVerence in GL between indica and japonica within
genotype A was also not signiWcant (Table 2).

However, a signiWcant diVerence in GL between two
genotypes C and A was observed (Table 2; Fig. 3). The
GL of the 142 cultivars with homozygous ‘C’ genotype
ranged from 6.4 to 8.8 mm with an average of
7.7 § 0.5 mm; while the GL of the 38 cultivars with
homozygous ‘A’ genotype varied from 8.8 to 10.7 mm
with an average of 9.6 § 0.5 mm.

Fig. 1 Organization of the GS3 gene and relative positions of PCR
primers for amplifying a segment of 136 bp and PstI restriction site in
PCR product. The positions of coding regions (black boxes), 5� and 3�
UTR (hatched boxes), translation start codon (ATG), translation stop
codon (TGA), the SNP (C/A) in the second exon between two grain-
length groups are indicated

Fig. 2 Marker assay of the 180 rice varieties by the CAPS marker
SF28. The two alleles of A and C are as indicated. The order of samples
is the same as Table 1

Table 2 Descriptive statistics of grain length (GL, mm) for 180 rice
varieties in the study

Genotype Subspecies No. of 
varieties

Grain length (mm)

Range Mean § SD

A Indica 31 8.8–10.7 9.6 § 0.5

Japonica 7 9.1–9.9 9.6 § 0.3

C Indica 73 6.9–8.5 7.8 § 0.4

Japonica 69 6.4–8.8 7.5 § 0.6

Whole Indica 104 6.9–10.7 8.3 § 0.9

Japonica 76 6.4–9.9 7.7 § 0.8
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Genetic structure of 180 rice varieties

All SSR markers were polymorphic in the 180 rice culti-
vars, generating 2–11 alleles with 4.5 alleles on average,
which indicated a wide range of genetic diversity in the
germplasm. The 180 varieties represented a broad range of
the cultivated rice germplasm including landraces, primi-
tive cultivars, modern elite cultivars and parents of hybrid
rice. High likelihoods of the population structure were
observed when the number of populations was set to three
when running the program Structure 2.0 (Table 1). Subpop-
ulation 1 contained 58 varieties including 48 indica and ten
japonica varieties; Subpopulation 2 contained 66 varieties
including 56 japonica and ten indica varieties; Subpopula-
tion 3 contained 56 varieties including 47 indica and nine
japonica varieties.

Exactly a half of 48 indica varieties in Subpopulation 1
carried alleles C and A, respectively. The average GL is
signiWcant diVerent between genotypes A and C. Six and
four japonica varieties carried alleles C and A, respec-
tively. Accordingly, genotypes A and C had diVerent GL
(Table 3). There was no signiWcant diVerent between the
average GL of indica and japonica of genotype C and the
same case held true for genotype A. Overall, average GL of
7.8 mm in the 30 C genotypes was much shorter than that

of 9.6 mm in the 28 A genotypes. In Subpopulation 2 and 3,
the same situation was observed. Additionally, no diVer-
ence in average GL was detected within genotypes A or C
across the three Subpopulations and between japonica and
indica.

Association between GL and SF28

The C–A mutation was highly associated with GL among
all the 180 varieties. It can explain 72.0% of GL variation
(Table 4). In Subpopulations 1, 2 and 3, high association
was also observed between the C–A mutation and GL.
It can explain 79.1, 66.4 and 34.7% of GL variation,
respectively.

Discussion

A causal mutation for grain length

It was reported that grain size had played important roles in
evolution of cereal crops (Paterson et al. 1995; Li et al.
2004). The grains of wild relatives are usually small and
round in shape, which is often favored under natural selec-
tion because such a phenotype is ideal for high fecundity
and advantageous for dispersal by natural vectors. Domesti-
cation has greatly increased the diversity of grain shape and
size together with many other changes, as consequences of
physiologic response and adaptation to diverse natural
environments and human needs. Thus, long grain is the
product of artiWcial selection. In the present study, 142 of
the 180 varieties had the ‘C’ genotype of the GS3 C–A
mutation which showed short grain, and only 38 cultivars
with longer grains had the ‘A’ genotype. The lower fre-
quency (21%) of the ‘A’ genotype might indicate that it
was a mutant allele consistent with the long grain pheno-
type which occurred during domestication. Rice consists

Fig. 3 Frequency distribution of grain length for the 180 rice varieties.
Two genotype classes assessed by the marker SF28 are as indicated

Table 3 Grain length (GL, mm) 
of C/A allele in diVerent clusters

Subspecies Genotypes Items Sub 1 Sub 2 Sub 3 Whole

Indica C Accessions 24 5 45 74

Mean § SD 7.8 § 0.4aa 7.6 § 0.6a 7.8 § 0.4a 7.8 § 0.4a

A Accessions 24 5 2 31

Mean § SD 9.6 § 0.8b 9.8 § 0.6b 9.5 § 1.0b 9.7 § 0.5b

Japonica C Accessions 6 53 9 68

Mean § SD 7.8 § 0.6a 7.5 § 0.6a 7.6 § 0.5a 7.5 § 0.6a

A Accessions 4 3 0 7

Mean § SD 9.4 § 0.2b 9.6 § 0.4b – 9.5 § 0.3b

Whole C Accessions 30 58 54 142

Mean § SD 7.8 § 0.4a 7.5 § 0.6a 7.8 § 0.4a 7.7 § 0.5a

A Accessions 28 8 2 38

Mean § SD 9.6 § 0.5b 9.7 § 0.4b 9.5 § 1.0b 9.6 § 0.5b

Sub 1, 2, and 3 subpopulations 1, 
2 and 3; Whole all the population 
of 180 varieties
a Within a column and within a 
row, means followed by diVerent 
letters are signiWcantly diVerent 
at P = 0.01 according to Duncan 
test
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mainly of two subspecies: japonica and indica. Indica is
known for its large variation of grain shape, frequently long
and slender, whereas japonica is often recognized for its
short and round grains (Luo et al. 2004). In this study, only
seven japonica cultivars carried A-allele. However, all
japonica cultivars with long GL always carried A-allele
without an exceptional. This result is in agreement with the
fact that japonica rice with long GL is hard to Wnd in
nature. Among the 180 accessions, indica has a longer GL
than japonica on average. However, the C and A alleles
exist in both indica and japonica indicating the origin of
this mutation of prior to the indica–japonica diVerentiation.
Hence, grain length diVerentiation is not the result of indica
and japonica diVerentiation.

In self-pollinated species, both breeding system and
domestication history had large eVects on rice population
structure. Although inter-subspecies hybrid showed partial
sterility, the exchange of genetic makeup between indica
and japonica could be accomplished by consecutive back-
cross in some extent. Thus, there were probably some inter-
mediate rice between japonica and indica (Sano and
Morishima 1992), and such kind of intermediate is
expected in nature. In ecogeographical terms, indica is pri-
marily known as lowland rices in tropical and subtropical
Asia, while japonica is typically grown in temperate East
Asia. However, indica and japonica can be grown in sub-
tropical region, which provides more chance to communi-
cate between indica and japonica. In the study, all the
investigated varieties were classiWed to three subpopula-
tions, each consisted of japonica and indica. Subpopula-
tions 1 and 3 mainly consisted of indica (83 and 84%),
which were mainly and originally grown in tropical and
subtropical region, respectively. However, subpopulation 2
mainly consisted of japonica (85%). In the same subpopu-
lation, GL in either genotype C or A had no diVerence
between japonica and indica, respectively. GL in geno-
types C or A had no diVerence within indica, japonica or
between japonica and indica among the three subpopula-
tions. However, GL was signiWcantly diVerent between
genotypes C and A within each subpopulations and in the
overall population. C–A mutation was highly associated
with GL under consideration of population structure. The

mutation explained most of GL variation in all the three
subpopuations; hence the C–A mutation would be the
causal mutation of grain length.

A functional marker for grain length improvement

Studies on several cloned genes indicated functional diVer-
ences in trait performance mainly caused by SNP (Peng
et al. 1999; Takahashi et al. 2001; Liu et al. 2002; Tosh-
iyuki et al. 2003). Rice GL was greatly controlled by the
major eVect QTL (GS3) located in the pericentromeric
region of rice chromosome 3. A single mutation, leading to
a premature stop codon in the second exon of the putative
GS3 gene, is the most likely cause of grain elongation (Fan
et al. 2006). In the study, signiWcant association between
GL and C–A mutation further conWrmed the substantial
contribution of C–A mutation to GL. Hence, development
of markers based on the causal SNPs can directly diVerenti-
ate alleles conferring long and short grains. However, cur-
rent SNP maker validation, which is mainly detected by
gene chip, Xuorescence polarization and mass spectrometry
technology (Gut 2001; Kim et al. 2003), is very expensive
and traditional breeders are unable to utilize the technology.
CAPS markers can be easily genotyped with very ordinary
methods such as running agarose gel or polyacrylamide
denaturing gels, which is a routine technique in most labo-
ratories. Breeders only provide plant tissues to the lab for
GS3 allele identiWcation and then get desired plants within
3 days. The CAPS marker SF28 assay exhibits a perfect
consistency between grain length variation and genotypes.
In the overall population, genotype A has long GL ranging
from 8.8 to 10.7 mm, and C from 6.3 to 8.8 mm. Several
varieties, whose grain lengths are around 8.8 mm, shared
diVerent genotypes A or C. This can be explained by other
genomic regions that may also underlie grain length with
minor eVects (Tan et al. 2000; Xing et al. 2001; Aluko et al.
2004; Wan et al. 2005; Amarawathi et al. 2008). However,
this CAPS marker provides the prediction with 100% accu-
racy to the long (>9.0 mm) and short grain (<8.5 mm)
genotypes (Fig. 3). Thus the CAPS marker has practical
utility in variety testing based on the presence or absence of
speciWc alleles for rice breeders. This simple robust and
economical marker genotyping method combinded with
rapid DNA extraction protocol will simplify and streamline
MAS for grain length in rice breeding.

Moreover, the consumer-preferred long grain is con-
trolled by the recessive alleles of GS3. Its heterozygote and
dominant homozyogte always expresses the same short
grain phenotype which is unexpected in the process of grain
improvement. Therefore it is impossible to select the geno-
type with long grains in the generation of hybrid based on
phenotypic selection. By contrast, SF28, derived from
functional motifs within GS3 gene causally involved in GL

Table 4 Associate analysis of grain length and C/A alleles

Sub 1, 2, and 3 subpopulations 1, 2 and 3; Whole all the population of
180 varieties, R2 coeYcient of determination is calculated in propor-
tion of genotype sum of squares in total sum of squares

F P R2 (%)

Whole 459.8 0.00000 72.0

Sub 1 215.6 0.00000 79.1

Sub 2 126.4 0.00000 66.4

Sub 3 29.0 0.000002 34.7
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variation, can reliably target the heterozygous genotype
which could generate recessive homozygous plant by sel-
Wng. With this marker, we only need to focus on a few het-
erozygote plants in each generation in the backcross
breeding process of direct improvement of grain length.
Several breeders have utilized the marker in China and
highly recommend it (private communication).

In summary, this study further conWrmed the common
C–A mutation of GS3 between short and long grain rice in a
large number of rice accessions, which was Wrstly found
among six cultivars by Fan et al. (2006). Meanwhile, high
association was found between the C–A mutation and GL
in both the whole population and three subpopulations.
Moreover, the C–A mutation was validated as a functional
marker, SF28, which could be directly used to assist selec-
tion for GL improvement without the risk of recombinant.
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