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Abstract The gene GS3 has major effect on grain size and
plays an important role in rice breeding. The C to A muta-
tion in the second exon of GS3 was reported to be function-
ally associated with enhanced grain length in rice. In the
present study, besides the C-A mutation at locus SF28,
three novel polymorphic loci, SR17, RGS1, and RGS2,
were discovered in the second intron, the last intron and the
final exon of GS3, respectively. A number of alleles at these
four polymorphic loci were observed in a total of 287
accessions including Chinese rice varieties (Oryza sativa),
African cultivated rice (O. glaberrima) and AA-genome
wild relatives. The haplotype analysis revealed that the sim-
ple sequence repeats (AT), at RGS1 and (TCC), at RGS2
had differentiated in the wild rice whilst the C-A mutation
occurred in the cultivated rice recently during domestica-
tion. It also indicated that A allele at SF28 was highly asso-
ciated with long rice grain whilst various motifs of (AT), at
RGS1 and (TCC), at RGS2 were mainly associated with
medium to short grain in Chinese rice. The C-A mutation at
SF28 explained 33.4% of the grain length variation in the
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whole rice population tested in this study, whereas (AT), at
RGSI1 and (TCC), at RGS2 explained 26.4 and 26.2% of
the variation, respectively. These results would be helpful
for better understanding domestication of GS3 and its
manipulation for grain size in rice. The genic marker RGS1
based on the motifs (AT), was further validated as a func-
tional marker using two sets of backcross recombinant
inbred lines. These results suggested that the functional
markers developed from four different loci within GS3
could be used for fine marker-assisted selection of grain
length in rice breeding.

Introduction

Grain size, as specified by grain length, width, and length-
to-width ratio, is a major determinant of grain appearance
quality and grain weight in rice. It is an important agro-
nomic trait for artificial selection in rice breeding. Breeders
tend to select plants with large seed size for high yield and
appropriate grain size for milling yield and market prefer-
ences. However, it is difficult for breeders to improve grain
size efficiently by phenotypes, since the traits are quantita-
tively inherited (McKenzie and Rutger 1983). Identification
of genes conferring the grain size variation will provide
valuable targets in breeding application.

Rice varieties show large number of variation in grain
size (Juliano and Villareal 1993). Many quantitative trait
loci (QTLs) for grain size have been detected, of which
four genes, grain size on chromosome 3 (GS3), grain
weight on chromosome 2 (GW2), grain incomplete filling
on chromosome 1 (GIF1), and seed width on chromosome
5 (gSW5/GWS5), have been isolated and characterized
recently (Fan et al. 2006; Song etal. 2007; Wang et al.
2008; Shomura et al. 2008; Weng et al. 2008). Particularly
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for grain length, the gene GS3 has been identified with five
exons encoding a putative phosphatidylethanolamine-bind-
ing protein (PEBP)-like domain, a transmembrane region, a
putative tumor necrosis factor receptor (TNFR)/nerve
growth factor receptor (NGFR) family domain and a von
Willebrand factor type C (VWFC) module (Fan et al.
2006). A cysteine codon (TGC) to a termination codon
(TGA) mutation (hereafter referred as C-A mutation) in the
second exon of GS3, eliminated part of the PEBP-like
domain and all the other three conserved domains. Further
studies revealed that this C-A mutation was functionally
associated with enhanced rice grain length (Fan et al. 2009;
Takano-kai et al. 2009).

With the rapid development of different types of DNA
markers, marker-assisted selection (MAS) has been playing
a prominent role in plant breeding. However, there are still
many challenges such as existence of any particular alleles
in a given breeding line and availability of user friendly
DNA markers for MAS application in complex traits
(Young 1999; Xu etal. 2005). Both random genomic
marker and genic marker could be used in MAS. The ran-
dom genomic markers, however, are limited in MAS appli-
cation due to their relatively low accuracy in selection
caused by the genetic recombination between the marker
and the target gene. The genic or functional markers,
derived from polymorphic loci within genes affecting phe-
notypic variation, would overcome the problem of the
recombination, and thus are highly predictive of phenotype,
and will facilitate efficient selection of favorable alleles in
breeding programs (Andersen and Liibberstedt 2003). Iden-
tification of agronomically important genes and mining of
the alleles in natural populations are primarily required to
develop the genic or functional markers (Andersen and
Liibberstedt 2003; Takeda and Matsuoka 2008). In the case
of GS3, a cleaved amplified polymorphic sequence (CAPS)
marker has been developed based on the C-A mutation in
the gene. This CAPS marker is highly associated with grain
length, thus could be used for selection of rice grain length
in breeding (Fan et al. 2009). However, its efficiency in
MAS is still limited as the PCR product needs to be
digested by a restriction endonuclease and this procedure is
relatively expensive and elaborative once applied to a large
breeding population. It would be useful to develop some
PCR-based functional markers for grain length improve-
ment.

Knowledge of the allelic diversity in GS3 and their
effects would be helpful for genetic manipulation of grain
size in rice. Takano-Kai et al. (2009) demonstrated that the
C-A mutation in GS3 gene played a critical role in seed size
differences among the modern subpopulations of O. sativa.
However, they also observed that a large portion of the
grain size variation among O. sativa could not be totally
explained by the C-A mutation in GS3. Whether other poly-
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morphic loci in gene GS3 related to grain size exist in rice
germplasm is still unclear. The objectives of the present
study were to, (1) identify allelic variations at different loci
within the gene GS3 in a wide collection of rice germplasm
including Chinese rice varieties (O. sativa), African culti-
vated rice (O. glaberrima) and wild relatives; (2) investi-
gate the effects of various alleles and haplotypes for grain
length; and (3) develop a set of functional markers based on
the allelic variations at different loci within GS3 for MAS in
rice breeding program.

Materials and methods
Plant materials

Two hundred and eighty-seven accessions, including the
mini-core collection of 213 Chinese landraces, varieties and
elite parents of hybrid rice, which represented about 70%
genetic diversity of Chinese rice germplasm (O. sativa)
(Wen et al. 2009), 46 African cultivated rice (O. glaberr-
ima), and 28 AA-genome wild rice accessions (O. rufipo-
gon, O. nivara, O. barthii, and O. meridionalis), were used
for allelic diversity assay at different loci of GS3 gene
(Table S1).

A set of backcross recombinant inbred lines (BRIL)
developed from a cross between ‘Zhenshan97B’ (ZS97B)
and ‘93-11’, and another set of BRIL and 34 near-isogenic
lines (NIL) derived from a cross between accession IRGC
96717 (ACC9) and ‘ZS97B’ were used for functional
marker validation. The indica cultivar ‘93-11" and the glab-
errima ‘ACC9’, both have long grains whilst indica paren-
tal line ‘ZS97B’ with short grains. For the BRIL of
‘ZS97B’ and ‘93-11", the F; was backcrossed with ‘93-11°
to get BC,F,. Then a total of 242 BCF, plants were con-
secutively self-pollinated to produce BC,Fg by a single
seed descendant method. For the BRIL of ‘ZS97B’ and
‘ACCY’, the F;s backcrossed three times repeatedly to
‘ZS97B’ until BC; population obtained. A total of 100
BC,F, plants were consecutively self-pollinated to produce
BC,F; by a single seed descendant method. The BC;F; was
also genotyped with genic markers for selection of ‘ACC9’
allele in GS3 and with other 40 markers evenly distributed
on rice chromosomes for screening genetic background.
The genotypes carrying the ‘ACC9’ allele of GS3 but other-
wise background similar to “ZS97B’ were selected to back-
cross further with “ZS97B’ to obtain BC,F,. The BC,F,
was generated from the selfed BC,F, and validated with the
genic markers to construct near-isogenic lines. All acces-
sions and lines were transplanted each in a single row with
10 plants at the experimental farm of Huazhong Agricul-
tural University, Wuhan in rice growing season of 2006.
Field managements followed essentially the normal
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agricultural practices. Grain length was evaluated as
described previously (Fan et al. 2006). Ten randomly cho-
sen grains of fully filled rice from each accession were
lined up length-wise along a vernier caliper to measure
grain length. The measurement repeated three times for
each material.

Primers design

The simple sequence repeats (SSR) motifs were scanned by
SSRHunter Version 1.3 (Li and Wan 2005) based on the
genomic sequence of GS3 that obtained from GenBank
(accession number DQ355996). Primer pairs flanking
the SSR motifs were designed using Primer Version 5.0
(http://www.premierbiosoft.com/primerdesign/). The primer
sequences were aligned to the sequenced Nipponbare
genome using BLAST to confirm their right locations in
genome (http://www.ncbi.nlm.nih.gov). The CAPS marker
SF28 was developed based on the C-A polymorphism in
the second codon of GS3 as described in the previous report
(Fan etal. 2009). The primers that amplified the SR17
region were designed from the two allelic sequences of rice
varieties ‘Chuan 7° and ‘93-11" (Fan et al. 2006). All prim-
ers used in the study are listed in Table 1.

DNA extraction and PCR

DNA was extracted from fresh young leaves using CTAB
method (Murray and Thompson 1980). PCR was performed
in a total volume of 20 pL. consisting about 30 ng DNA,
10 mM Tris-HCI, 50 mM KCl, 0.1%Triton X-100, 1.8 mM
MgCl,, 0.1 mM dNTP, 0.2 pM primers, and 1 U Tag DNA
polymerase. Using a Gene AmpPCR system 9700 thermo-
cycler (Perkin Elmer Cetus), 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 final extension was at
72°C for 10 min. The PCR amplified productions were ana-
lyzed by electrophoresis in 6% polyacrylamide denaturing
gels, and detected by silver staining (Ji et al. 2007). A 50 bp

Table 1 Four genic markers developed based on the polymorphism at
four loci of GS3 gene

Marker Primer name Primer sequence (5'-3")

SF28 SF28F TGCCCATCTCCCTCGTTTAC
SF28R GAAACAGCAGGCTGGCTTAC

SR17 SR17F TGCCCATCTCCCTCGTTTAC
SR17R TGTTCGTTGCTGGTGTTG

RGS1 RGSI1F TCCACCTGCAGATTTCTTCC
RGS1R GCTGGTCTTGCACATCTCTCT

RGS2 RGS2F GTGCATGATGCTTTCACCAC
RGS2R AGCGACACGGACTCTTCGT

ladder marker (Fermentas) was used to estimate PCR frag-
ment size. For the SF28, an amount of 8 pL. PCR products
was digested with 1 U PstI (TaKaRa, Dalian, China)
according to the manufacturer’s specification. The digested
products were separated on the same detection system as
mentioned above. The PCR products of SR17 were
detected by electrophoresis in 1.0% agarose gels and
stained by ethidium bromide.

Population structure analysis

The genetic structure of the mini-core collection of 213
accessions was investigated with the model-based method
implemented in STRUCTURE (Pritchard et al. 2000) fol-
lowed the procedure described in Agrama etal. (2007).
Twenty-four SSR markers, evenly distributed on the 12
chromosomes of rice genome were selected to genotype the
mini-core collection accessions for the population structure
analysis.

Haplotype analysis and association analysis

PowerMarker version 3.1 was used to calculate allele fre-
quencies and to construct the rooted phylogentic tree based
on the polymorphic loci of GS3 using neighbor-joining
method (Cavalli-Sforza and Edwards 1967; Liu and Muse
2005; http://statgen.ncsu.edu/powermarker/). The tree was
viewed by TREEVIEW (Page 1996). Association analysis
was performed between grain length and the allelic varia-
tions with a general linear mixed model considering the
population structure by TASSEL software (Bradbury et al.
2007).

Results

Polymorphic loci and their allelic diversity of GS3 in rice
germplasm

Except the C-A mutation in the second exon of GS3, three
novel polymorphic loci were discovered. An insertion of
338 bp fragment in the second intron of GS3 was detected
in ‘93-11" as sequence comparison to ‘Chuan 7°. A (AT),
motif in the last intron and a (TCC),, motif in the final exon
of GS3 were found in the genomic sequence of GS3. Three
genic markers were newly developed based on these poly-
morphic loci: SR17, one insertion/deletion in the second
intron of GS3; RGS1, a SSR marker with (AT), motif in the
last intron; and RGS2, another SSR marker with (TCC)n
motif in the last exon of GS3 (Fig. 1).

Using these three genic markers, together with the previ-
ously developed CAPS marker SF28 (Table 1), a total of
287 rice accessions were assayed and a number of allelic
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Fig.1 The relative positions of the four polymorphic loci (SF28,
SR17, RGS1, and RGS2) in GS3. The gene model is indicated with 5’
and 3'UTR (hatched boxes), exons (black boxes), introns (lines

-

ATG

variations were observed. For the SF28, all accessions gen-
erated PCR fragments of approximately 140 bp in size
except of three wild rice (WRO08, Y4, and Y5), which had
the amplified fragments smaller than 140 bp. The PCR
products of 239 accessions that might have the CTGCAG
sequence at the Pstl splicing site, could be digested by Pst/
to generate a 110 bp fragment, hereafter referred as C
allele, while the amplification of the remaining 48 acces-
sions that have the CTGAAG sequence did not be digested
by Pstl, scored as A allele (Table 2 and Fig. S1). Interest-
ingly, the PCR products of the three wild relatives could
also be digested by Pstl (Table S1). The A allele with a

TGA

between the boxes), translation start codon (ATG) and translation stop
codon (TGA)

frequency of 15.3% was observed in all the accessions,
however, it was found neither in the wild rice, nor in the
O. glaberrima surveyed (Tables 2, 3).

Three alleles were detected using the insertion/deletion
marker SR17 (Table 2). A 1.1 kb segment was observed in
high frequency of 81.9% in all accessions, which included
77 indica, 93 japonica, 20 wild rice and 45 glaberrima,
while a 1.44 kb band detected in frequency of 17.4% in 50
accessions including 39 indica, 4 japonica, 1 glaberrima
and 6 wild relatives (Table 2 and Fig. S1). Notably, a
unique band of 800 bp was observed in two O. meridionalis
(Y4 and Y5).

Table 2 Alleles and their fre-

. . Locus Allele Allelic frequency®
quencies at four polymorphic
loci of GS3 in various popula- Name Size (bp) All accessions Wild rice Glaberrima Sub 1 Sub 2
tions sampled
SF28 C 110 0.836 0.893 1.000 0.763 0.842
6 bp del 104 0.007 0.071 - - -
2 bp del 108 0.004 0.036 - - -
A 140 0.153 - - 0.237 0.159
SR17 —300bp 800 0.007 0.071 - - -
1.1kb 1,100 0.819 0.714 0.978 0.672 1.000
+338bp 1,438 0.174 0.214 0.022 0.328 -
RGS1 (AT); 180 0.379 0.321 0.022 0.748 0.010
(AT),, 194 0.453 0.571 - 0.251 0.988
(AT) 5 196 0.160 0.036 0.978 - -
“_” Not observed (AT)gs 340 0.007 0.071 - - -
* Sub 1 and Sub 2 indicate the RGS2 (TCC)4 260 0.007 0.071 - - -
two subpopulations clustered for (TCC)s 266 0.537 0.321 1.000 0.748 0.012
the 213 accessions by structure (TCC), 269 0456 0.607 _ 0252 0988

analysis

Table 3 Five main haplotypes across the four loci of GS3 in rice

Haplotype SF28 (+Pstl) SR17

RGS1 RGS2 O. rufipogon O. barthii O. nivara O. glaberrima O. indica O. japonica Total Grain length®

H1 A 1.1kb  (AT);, (TCC)q

H2 C 1.1kb  (AT);, (TCC)¢ 16

H3 C 1.1kb  (AT),;; (TCC); 1
H4 C 1.1kb  (AT)5 (TCC)s 3

H5 C +338bp (AT)s (TCC)s 3

Total 22 1

28 16 44 9.09£0.80a

5 63 84 7.59+0.77b

45 46 8.50£0.67 ¢

42 12 57 791+£0.65d

1 1 39 4 48 7.97£0.60d
1 46 114 95 279*

# Eight accessions in the haplotype with low frequencies are excluded

® The grain length of each haplotype is presented as mean + SD. The different letters attached indicate that the means differences are significant

at the level of 0.05 by Duncan’s test
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Four alleles were detected in the GS3 using the marker
RGS1 (Table 2). The size of the amplified products ranged
from 180 to 340 bp representing 5, 12, 13, and 85 AT
repeats, respectively (Fig. S1). The genotypes with (AT);
were observed mostly in indica, while the motif (AT),, was
observed mostly in japonica (Table 3). Notably, the motif
(AT),; was unique to the 45 glaberrima rice and its wild
progenitor O. barthii. The two O. meridionalis produced
340 bp band as the genotype of (AT)gs.

Three alleles at the TCC motif amplified by the marker
RGS2 were identified in the rice germplasm. A total of 128
accessions including 33 indica, 79 japonica and 16 wild
rice had the (TCC), allele with an about 269 bp band; the
remaining 157 accessions including all 46 glaberrima sam-
ples carried the (TCC); allele with a 266 bp band (Table 2
and Fig. S1). As revealed by the above markers, the two
O.meridionalis contained a unique (TCC); allele with about
260 bp band.

Haplotype variation

The allelic variations at the four loci of the GS3 were used
to construct gene haplotype. Nine haplotypes were revealed
using the O. meridionalis (Y4) as out-group. Five haplo-
types (H1-HS5) were taken into account for polygenetic tree
analysis (Table 3; Fig. 2), and the other four were excluded
due to their low frequencies (<1%) across all accessions.
As shown in Fig. 2, these five haplotypes were separated
into two distinct clades. One class included two haplotypes,

Y4

indica
[ japonica
= glaberrima

=3 barthii
nivara

™ ryfipogon

H2

Fig. 2 Clustered haplotype tree constructed using neighbor-joining
method for the 281 accessions that excluded 6 with the low frequency
of haplotypes across the four polymorphic loci of GS3. The right pie
paradigm indicates a proportion of different accessions types (indica,
japonica, glaberrima and wild rice) in each haplotype (H1-HS). Y4 is
the O.meridionalis accession as out-group. The labeled numbers by
branches are bootstraps of 1,000 replicates

HI1 and H2. The haplotype H1 contained 28 indica and 16
Jjaponica that carry the mutant site A detected by SF28, and
had long grain length (9.09 + 0.80). Notably, no wild rice
belonged to the haplotype H1. The haplotype H2, all with
short grain length (7.59 % 0.76), was found in about 73%
wild rice, 66% japonica and 4% indica (Table 3). H1 had
longer internal branch connecting the out-group than H2
(Fig. 2), suggesting that Hl might arise from H2. Another
class included three haplotypes H3, H4, and HS5. H3 was
unique to the African species (O. glaberrima and O. bar-
thii), which differed from H4 and H5 in the presence of
(AT),; motif at the locus RGS1 (Table 3). The average
grain length of H3 was 8.50 mm, which was significantly
longer than that of H4, HS and H2, while shorter than that
of H1 (Table 3; Fig. 3). These results indicated that other
loci in addition to C-A mutation within GS3 contributed to
the grain length variation in different cultivated rice.

The phenotypic effect of each locus could be deduced
from the paired haplotype comparisons as shown in Table 3
and Fig. 3. The comparison between H1 and H2 showing
significant difference in grain length supported that the
allele A at locus SF28 determined long grain length. H3 vs.
H4, both have the same alleles at the three loci (SF28,
SR17, and RGS2), indicated that the AT,;/AT; effect of
RGS1 determined moderate or short grain. H4 versus H5
suggested that the allelic effect of SR17 was only marginal
but not significant difference in grain length. Meanwhile,
H2 versus H3/H4 showed the different phenotypic effects of
the three allelic combinations at both loci RGS1 and RGS2,
and determined moderate or short grain too.

Association between grain length and allelic variation
A predominant structure with two subpopulations (Sub 1
and Sub 2) in correspondence with indica and japonica

subspecies was revealed in the panel of 213 accessions.

9.6

H1

02 I:IE]

88 H3

* -
H2

7.2

Grain length (mm)

T 1.96*Std. Err.
[ 1.00*Std. Err.
o Mean

1 2 3 4
C-allele at SF28 A-allele at SF28

Fig. 3 The means of grain length with standard errors for the haplo-
types showing significant differences among various haplotypes, par-
ticularly those carrying the C allele at locus SF28
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Similar structure was also shown in the Chinese rice germ-
plasm used by Wen et al. (2009). Thus, the Q value matrix
with K =2 was generated for further association analyses
between grain length and allelic variations at the four poly-
morphic loci of GS3.

The C-A alleles, (AT), and (TCC), motif polymorphism
at the loci (SF28, RGS1, and RGS2) were highly signifi-
cantly associated with grain length among the mini-core
collection of Chinese rice (Table 4). They could explain
33.4, 26.4, and 26.2% of the grain length variation, respec-
tively, in the whole population, while they explained 52.1,
47.2, and 49.3% of the length variation in Sub 1. However,
no associations were observed between grain length and
SR17, RGS1 or RGS2 in Sub 2, because only one absolute
predominance allele presented in this subpopulation
(Table 2). As the five haplotypes with frequently more than
0.05 were entered the association analysis, high associa-
tions were also found between haplotypes and grain length
(Table 4). It could explain 34.8, 18.9, and 52.5% of genetic
variations in the whole population, Sub 1 and Sub 2,
respectively.

Validation of haplotype effect involving RGS1 variation

The variation at RGS1 was primarily validated in the BRIL
derived from the cross of ‘93-11° and ‘ZS97B’, which
parental lines belong to haplotypes (H1 and HS5) that carry
the particular polymorphic alleles of (AT),, and (AT)s at
RGS1, and the A and C alleles at SF28, respectively. As

Table 4 Association analysis of grain length and four polymorphic
loci in a panel of 213 rice accessions in China

Marker loci Pop* F P value R2 (%)
SF28 Whole 138.46 6.99E-25 334

Sub 1 140.26 2.35E-22 52.1

Sub 2 18.16 5.50E-05 18.5
SR17 Whole 11.72 7.41E-04 4.5

Sub 1 9.61 2.40E-03 6.9

Sub 2 - No association
RGS1 Whole 96.19 6.19E-19 26.4

Sub 1 115.53 1.23E-19 472

Sub 2 No association
RGS2 Whole 94.98 9.40E-19 26.2

Sub 1 125.63 8.87E-21 49.3

Sub 2 - No association
HAP® Whole 29.04 2.99E-22 34.8

Sub 1 6.05 9.27E-04 18.9

Sub 2 27.59 9.71E-19 52.5

% Whole, Sub 1, and Sub 2 indicate the all 213 accessions and the two
subpopulations clustered by structure analysis

® Haplotype
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Fig. 4 Frequency distribution of grain length in two sets of backcross
recombinant inbred lines, a derived from the cross of ‘ZS97B’ and ‘93-
11’ showing the effects of haplotypes H1 and H5, b derived from the
cross of “ZS97B’ and ‘ACC9’, indicating that haplotypes H3 and H5
that carry the alleles (AT),; and (AT)s at the locus RGS1 consistent
with short and long grains

shown in Fig. 4a, the phenotype distribution of the BRIL
was perfectly corresponded with their haplotypes of H1 and
HS5. Together with the A and C alleles at SF28, the geno-
types of (AT),, and (AT)s; at RGS1 were clearly co-segre-
gated with the grain length variations in the BRIL. The 174
lines with H1 carrying (AT),, had an average of
9.2 £ 0.3 mm in grain length, which is significantly longer
than that of the remaining 68 lines with H5 carrying (AT);
with an average of 8.2 £ 0.3 mm.

The effect at RGS1 was further validated in the BRIL
derived from the cross of ‘ACC9’ and ‘ZS97B’, where
parental lines belong to haplotypes H3 and H5 that have the
same C alleles at SF28, but contain the alleles (AT),; and
(AT)s, respectively at RGS1. The phenotype distribution of
this BRIL was also corresponded with the haplotypes H3
and HS (Fig. 4b). The 40 lines with H3 or (AT),; had an
average of 8.8 £ 0.5 mm in grain length, which was signifi-
cant by longer than that of the 45 lines carrying H5 or (AT);
with an average of 8.1 £ 0.4 mm. Since haplotypes H3 and
H5 have the same C allele at SF28 (Table 3), it deduced
that the grain length differences was caused by the alleles
(AT),; and (AT)s at RGS1 in GS3.

The marker RGS1 also worked well in the development
of the NIL derived from the variety ‘ACC9’ with long grain
length. Significant difference was observed in grain length
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Fig. 5 Comparison of the average grain length among ‘ZS97B’, the
near-isogenic lines (NIL) with or without the ACC9 haplotype carry-
ing the allele (AT),; at RGS1. The standard deviation bars are indi-
cated for each line and the different letters (a, b) attached represent that
the means differences are significant at the level of 0.05

between the NILs which carried the haplotype of H3 or
(AT),; and H5 or (AT)s detected by RGS1 (Fig. 5 and Fig.
S2). The grain length of those 18 lines carrying (AT);
ranged from 8.1 to 10.0 mm with an average of
8.6 £ 0.7 mm; while the 16 lines containing (AT)s varied
from 6.5 to 7.8 mm with an average of 7.4 0.3 mm in
grain length. These results indicated that the genic marker
RGS1 could be used as a functional marker for selection of
grain length.

Discussion

In the present study, three polymorphic loci, namely SR17,
RGS1, and RGS2, were found on the second intron, the last
intron and the final exon of GS3, respectively. Numerous
insertion/deletion and nucleotide polymorphisms at these
three loci were identified besides the C-A mutation at the
locus SF28 within GS3 in a wide collection of rice germ-
plasm. Two features of the allelic diversity in GS3 are note-
worthy. The first is that the African species (O. glaberrima
and O. barthii) hold a specific motif (AT),; at the locus
RGS1 (Tables 2, 3), meanwhile the C-A polymorphism of
GS3 was detected in none of the African cultivated rice
(O. glaberrima) tested in our study, nor in the other report
(Takano-Kai et al. 2009), inferring that the African rice
might have a domestication process different from the
Asian cultivated rice (O. sativa). The second is that
O. meridionalis, one of the wild relatives of rice, has
unique alleles (or haplotype) across the four loci of GS3.
This wild relative is found throughout northern Australia

and shares the AA genome with O. sativa (Juliano et al.
2005), which makes it a good candidate for genetic
improvement of the cultivated rice through introgressions
of novel genes. In addition, there were four haplotypes in
rare frequencies (<1%) observed in landraces and wild rice
(Table S1), where one accession of O. rufipogon from
Thailand conferring long length has two nucleotides deletion
occurring at the locus SF28 that might disrupt PEBP-like
domain. These allelic variations observed in the relatives of
O. sativa would be valuable for domestication analysis and
rice breeding. In the case of GS3, marker-assisted introduction
of the distinctive alleles from O. meridionalis, O. glaberrima
or O. rufipogon into the Asian cultivated rice is feasible
using the developed markers in our study.

Another finding is that the allelic variations at the three
loci including SF28, RGS1, and RGS2 in GS3 were highly
associated with grain length, and explained a large portion
of the variations in the mini-core collection of Chinese rice
germplasm (Table 3). The single nucleotide polymorphism
(C-A) at the SF28 of GS3 was confirmed to be highly asso-
ciated with grain length in Chinese rice, consistent with the
previous report that the sequence TGC occurred almost in
the short-grain group and the TGA (coding stop) in the
long-grain group (Fan et al. 2009). However, from the 287
accessions assayed in this study, 13 accessions with the
TGC mutation did also show long grains (Table S1), sug-
gesting that the C-A mutation could not totally explain the
accessions with long or short grains in Chinese rice germ-
plasm. Takano-Kai et al. (2009) has detected many nucleo-
tide variations in the last intron and the final exon by
sequencing the GS3 gene in 54 diverse accessions of
O. sativa, but they did not find any functional mutations
other than the TGC/TGA mutant in the second exon. In the
present study, two simple sequence repeats variations were
detected in the last intron and the final exon of GS3, and
these two loci could considerably affect grain length
(Table 4), even if the TGC to the premature stop codon
TGA did not happen in GS3 (Fig. 3). There were also sig-
nificant differences in grain length among the diverse hap-
lotypes, H2, H3, H4, and H5. These results deduce that the
sequence repeats variations might be individually or jointly
functional in regulating of GS3. Many studies have reported
that the (CT), repeats or other motifs in genes such as
starch biosynthesis genes Waxy, SBEI and SS1 in rice affect
their transcriptional activations (Tan and Zhang 2001; Bao
etal. 2006). We developed a marker RGS1 based on the
(AT), motif in the last intron of GS3. Using RGS1 as a
genic marker, we successfully obtained several NILs whose
introgression segment contained the gene GS3 from
‘ACC9’ with longer grains than that of non-GS3 introgres-
sion lines (Fig.5), and observed different transcripts of
the gene with RGS1 variation in young panicles (data
not shown), supporting the above deduction. We also
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developed another SSR marker RGS2 based on the (TCC),
motif in the last exon that encodes TNFR/NGFR domain of
the GS3. The (TCC),, variations lead to the change of serine
repeat number and thus might affect the binding ability of
the protein. Taken together, other allelic variations besides
the C-A allele in GS3 should be causally responsible for the
grain length variation in rice. Thus, RGS1 and RGS2, as
complement markers with the CAPS marker SF28, have
important implication for analyzing functional diversity in
rice.

Origin of GS3 mutations

The grain size had played an important role in the evolution
of rice and other cereal crops (Paterson et al. 1995; Kovach
et al. 2007). Compared with their wild relatives, the grains
of modern crops are usually longer and wider in shape,
which means long grain is the product of artificial selection
(Purugganan and Fuller 2009). It is widely recognized that
domestication is not a single ‘event’, but rather a dynamic
evolutionary process that occurs over time (Gepts 2004;
Doebley etal. 2006). Takano-Kai etal. (2009) demon-
strated that the A-allele for long grain was associated with
strong positive artificial selection of GS3 in tropical japon-
ica, where this allele was observed in the highest allele fre-
quency (61%) within O. sativa, while it is virtually absent
from temperate japonica. In the present study, based on the
allelic variations at the four loci of GS3 in a panel of 287
accessions, most samples from Chinese rice germplasm, we
provided further evidences supporting the short domestica-
tion history of the C-A mutation in GS3 and the A allele for
long grains evolved recently in cultivated rice. Moreover,
we find that (AT), motif at the last intron of GS3 had diver-
sification in the two cultivated rice species. Firstly, the C-A
polymorphism was observed only in Asian cultivated rice,
and the A-allele in GS3 was found in none of the O. rufipo-
gon and in low allele frequency in O. sativa. As compari-
son, the (AT), and (TCC), motifs at RGS1 and RGS2 had
differentiation in wild rice (O. rufipogon) (Table 2), sug-
gesting that the changes in these two motifs should be of
earlier variation comparing to the C-A mutation. Secondly,
two haplotype clusters was shown in Fig. 2. The first group
included the haplotypes H1 and H2, which were mostly
identical except for the C-A mutation that resulted in short/
long grains. The haplotype H1 was far away from the out-
group than H2 that should be of original type existing in
most of O. rufipogon. This pattern indicates that H1 might
arise from H2. The A allele mutation, only existing in H1,
was deduced to be derived from the haplotype H2 (Fig. 2).
This is consistent with the long grain phenotype which
occurred during rice domestication. In the other cluster, the
haplotype H3 unique to the Africa rice (O. glaberrima),
differed from H4 and H5 in the (AT), motif (Table 2), sug-
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gesting that the African rice might have a domestication
process different from the Asian cultivated rice (O. sativa).
Thirdly, there were significant differences in grain length
between O. sativa and O. glaberrima or among those
O. sativa accessions carried the C allele in GS3 (Fig. 3). In
addition, there were four rare haplotypes (H6-H9), which
might occur due to the recombination between RGS1 and
RGS?2 (Table S1). Thus, the variations of sequence repeat
motifs at the loci RGS1 and RGS2 within GS3 must be
accumulated for the grain length difference before the effect
of the C-A mutant observed. However, these alleles at the
RGS1 and RGS2 have not been under strong artificial
selection in rice, mainly due to their moderate effects on
grain length relative to that of the C-A alleles within GS3.
The C to A mutation can be considered a turning point in
the grain length selection because it would have enhanced
the grain length variation sharply in cultivated rice
(Takano-Kai et al. 2009). Collectively, variations of the
(AT), and (TCC), motifs at RGS1 and RGS2 should
occurred earlier compared with the C-A mutation. These
results would be helpful for better understanding of the
domestication of GS3 and allelic effects for grain size in rice.

Genic marker for grain length improvement

It is difficult for breeders to efficiently improve the quality
traits such as grain length using conventional selection
method, since these traits are quantitatively inherited and
also largely affected by genotype—environment interaction.
Moreover, the consumer-preferred long grain is controlled
by the recessive allele of the major gene GS3 in rice. Its
heterozygote and dominant homozygote always express the
short grain phenotype. It is impossible to select the geno-
type with long grains in the generation of hybrid based on
phenotypic selection. Thus, it would be particularly helpful
to develop genic markers of GS3 for direct genotype selec-
tion in early generations of hybrid breeding program.
A CAPS marker was developed previously based on the C-
A polymorphism in GS3, and it was highly associated with
grain length (Fan et al. 2009). This relationship is also con-
firmed by the present study (Table 4). The CAPS marker
could be a functional marker for improvement of rice grain
length. However, the polymorphism detection of this
marker is subject to restriction digestion, and thus it is not
as efficient as those PCR-based markers (such as SSR) in
marker-assisted breeding practice. In the current study, two
SSR markers, RGS1 and RGS2, are developed, the poly-
morphism of which are also highly associated with grain
length in the mini-core collection of Chinese rice (Table 4).
We can deduce the various effects of each locus in GS3
from Table 3. For example, locus SF28 determines long/
short grain length which is vital for long grain breeding;
and the various allelic combinations at loci RGS1 and
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RGS2 confer moderate/short grain and thus are important
in rice breeding for medium or short grains to meet various
demands of rice consumers; locus SR17 has only marginal
effect to grain length, and probably not so important as
SF28, RGS1 and RGS2 in rice breeding. These results are
consistent with the genetic analysis in recombination inbred
lines (Fig. 4) and the association analysis in germplasm
(Table 4). However, further study, i.e., transgenic test, is
still needed to validate the function of different alleles at
each novel locus we reported here. The functional charac-
terization of each single novel locus and the haplotype with
or without C/A mutation in GS3 by transgenic approach
will be important and desirable for MAS of the gene. Any-
way, these genic markers could be used instead of the
marker SF28 for a large scale breeding application. For
instance, they could be used for breeding application in
genotyping the segregation populations derived from
O. glaberrima or other rice relatives. Although medium
length of rice seeds is a desirable processing trait for high
yield of milled grains, it is not easy to select the medium
grains based on phenotypic selection. Particularly, RGS1 is
well predictive of medium to short grain length in rice
(Table 3). Thus, it would be very useful in efficient selec-
tion of rice grains with appropriate length that is suitable
for grain quality improvement.
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