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ABSTRACT. Grain size is an important trait that directly influences the
yield of rice. Validation and evaluation of grain genes is important in rice
genetic studies and for breeding. In a population of 240 recombinant inbred
lines (RILs) derived from a cross between an extra-large grain japonica
variety TD70 and a small grain indica variety Kasalath, we mapped 19
QTLs controlling grain traits. These QTLs included six cloned grain genes,
namely, GW2, GS3, qSWS5, qGL3, GS5, and GW8. All of the alleles with the
optimal effects on grain size came from TD70, the variety with extra-large
grains. To verify these gene loci, we cloned and sequenced GW2, GS3,
GW5 (qSW5), qGL3, GS5, GWS8, and TGW6 in TD70 and Kasalath, and
found several functional polymorphisms in the sequences of the genes. New
functional markers for the cloned genes were designed to identify parents
and RILs. The contributions of these polymorphisms to the improvement in
rice grain size traits were evaluated. Our results indicate that at least six
functional polymorphisms have additive effects on grain shape and that
one non-functional polymorphism in TGW6 affects grain shape in TD70.
The newly designed markers will be useful in further studies to identify
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functional grain genes. Our findings provide insight into the control of grain
size in rice, and they will be of value for improving rice grain yield.

Key words: Rice; Grain gene; Molecular markers; Verification;
Effect evaluation

INTRODUCTION

Quantitative trait loci (QTLs) are essential to the development of agronomically important
factors such as grain length, width, and thickness, which have significant impacts on the yield
and quality of rice crops (Xing and Zhang, 2010; Ying et al., 2012). Multiple QTLs and genes
controlling rice grain size have been mapped on the 12 chromosomes using molecular markers
and different mapping populations (Huang et al., 2013). Several genes controlling grain size have
been analyzed (Zuo and Li, 2014), for example, GS5 (Li et al., 2011), GS3 (Fan et al., 2006; Mao
et al., 2010), GW2 (Song et al., 2007), GW5 (Weng et al., 2008), gSW5 (Shomura et al., 2008),
gGL3 (Hu et al.,, 2012; Qi et al., 2012; Zhang et al., 2012), GW8 (Wang et al., 2012) and TGW6
(Ishimaru et al., 2013), and qGL7 and GS7 (Bai et al., 2010; Shao et al., 2012). Although a number
of genes for grain size have been cloned, the underlying molecular mechanisms and the potential
interaction of these genes in grain size regulation remain to be elucidated. A major problem is that
these genes or QTLs were analyzed on different genetic backgrounds. A precise assessment of
the function of each gene and the potential interaction of the genes in grain size regulation requires
that the QTLs and genes be on the same genetic background. To this end, it is necessary to identify
rice germplasms that contain multiple QTLs with additive effects on grain phenotype. Previously,
we used data obtained in the 2010 and 2011 growing seasons to map 18 QTLs that control grain
traits, and to clone five genes with effects on grain phenotype, namely, GW2, GS3, qSW5, qGL3,
and GSb5. All of the alleles for increased grain size were derived from TD70, the variety with extra-
large grains (Zhang et al., 2013). QTLs for GW8 and TGW&6 were not detected (Wang et al., 2012;
Ishimaru et al., 2013); however, the former was detected using data obtained in the 2012 and 2013
growing seasons (Figure S1). The aims of the present study were to sequence the seven genes
for grain size that had previously been cloned, to develop further molecular markers for analysis
of grain traits, and to elucidate the role of the identified genes in grain size characteristics. Our
findings will be of value to the understanding of grain size regulation and for breeding programs to
improve grain size in rice based on molecular markers.

MATERIAL AND METHODS
Plant materials and growth conditions

A recombinant inbred line (RIL) population consisting of 240 lines was developed from
a cross between the japonica variety TD70, an extremely large grain variety derived from Tian-
e-gu///9520//(72-496/Yu-nuo), and the indica variety Kasalath, a small grain sized variety (Zhang
et al., 2013). The parental varieties TD70 and Kasalath along with the 240 RIL lines were grown
in two replicate plots in the experimental field of the Institute of Food Crops, Jiangsu Academy
of Agricultural Sciences, China, in 2012 and 2013. Seeds were harvested immediately upon
maturation and wind dried for 30 days to maintain a water content of approximately 14%.
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Phenotype characterization

The length, width, and thickness of the rice grains were measured. Ten seeds from each
plant were selected at random and the three traits were measured using a Vernier caliper (accurate
to 0.01 mm). The mean of each trait for five plants of each genotype was used as the phenotypic
value.

Primer design

The genomic sequences of GW2, GS3, GWS8, qSW5 (GW5), GS5, qGL3, and TGW6
were downloaded from the NCBI website (http://www.ncbi.nim.nih.gov/). Primers were designed to
amplify alleles from both TD70 and Kasalath genetic backgrounds (Table S1).

PCR amplification, electrophoresis, and product sequencing

The primers were used to amplify alleles from both parental varieties and amplicon sizes
were verified using 2% agarose gel electrophoresis. Targeted DNA bands were cut from the gel and
recovered using an AxyPrep DNA Extraction Kit. The purified PCR products were then sequenced.
High quality forward and reverse reads were assembled and the consensus sequence obtained
was used to compare the parental varieties using the DNAman software.

Molecular markers and amplified products

Three dCAP (derived cleaved amplified polymorphic sequence) markers for GW2, qGL3,
and GWS8, two CAP (cleaved amplified polymorphic sequence) markers for GS3 and TGWS,
an SSR (simple sequence repeat) marker for GS5, and an indel (insertion/deletion) marker for
qSW5 (GWS5) were used to identify sequence differences between TD70 and Kasalath. The primer
sequences for each of these markers are listed in Table S2. PCR amplification conditions were:
4 min at 94°C: 33 cycles of 94°C for 30 s; 49°C (GS3, qGL3, and GWS8), 58°C (TGWE), 58.5°C
(qSW5), 52°C (GW?2), and 68°C (GS5) for 30 s; 72°C for 1 min; and a final extension at 72°C for
10 min. The restriction endonucleases and the reaction conditions used here are detailed in Table
S3. Amplification products were separated using either a 4% denatured polyacrylamide gel or a 3%
agarose gel and visualized by silver staining or ethidium bromide, respectively.

RESULTS
Grain size trait identification in RIL population and parental varieties

As described above, we used the japonica variety TD70 and the indica variety Kasalath
to construct an RIL population. In 2012, the mean value in TD70 for grain length was 13.40 mm,
mean grain width was 4.42 mm, and mean grain thickness was 2.99 mm; the 1000-grain weight
was 65.0 g. In Kasalath, these four phenotypic values were 8.04 mm, 2.48 mm, 1.91 mm, and 17.4
g, respectively. The parental varieties showed no significant differences for these phenotypic values
between the 2012 and 2013 growing seasons (Figure 1). The RIL population had an average
grain length of 9.83 mm, width of 3.12 mm, thickness of 2.11 mm, and 1000-grain weight of 31.2
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g. Grain length in RILs showed a continuous multi-peaked distribution pattern suggesting control by
major genes (Figure 2A); in contrast, grain width, grain thickness, and 1000-grain weight showed
continuous single-peaked distribution patterns (Figure 2B, C, and D). The three seed traits showed
similar frequency distributions in 2012 and 2013. The data confirm the extremely large grain size in
TD70 and small grain size in Kasalath; the RIL population had an intermediate size range and thus
showed transgressive segregation from the smaller size in Kasalath.
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Figure 1. Comparison of the grain phenotypes of the parental strains TD70 and Kasalath (Kas). **Significant difference
at the 0.01 level in the t-tests.

Gene sequence analysis

According to the mapping results in the 2012 and 2013 growing seasons (Eigure S1),
19 QTLs controlling grain traits were detected on chromosomes 2, 3, 5, 7, 8, and 9; these QTLs
included six cloned genes with effects on grain characteristics, namely GW2, GS3, gSW5, qGL3,
GS5, GWS, and also qGL7 and GS7. The grain length genes GS3 and gGL3 are located within
the marker interval RM6080 - RM6832 on chromosome 3 (Zhang et al., 2013). We amplified GS3
from TD70 and Kasalath using the specific primers listed in Table S1. Several sequence variations
are present in the GS3 alleles of the two varieties (Eigure S2). A C-to-A transversion at the +165
position in the 2nd exon is a critical mutation that alters the function of the gene (Fan et al., 2006).
The nucleotide at this position is A in TD70 but C in Kasalath (Figure 3A), indicating that TD70
carries a loss-of-function mutation at this locus, whereas Kasalath has the wild-type allele.
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We also sequenced the qGL3 gene in the two varieties. The qGL3 allele in TD70 was
8700 bp and in Kasalath was 8695 bp; the two alleles shared 99.56% identity (Eigure S2). A C-to-A
transversion at the +1092 position in the 10th exon was shown to cause a change of function
in gGL3 (Zhang et al., 2012). At this position in TD70, an A nucleotide was present, whereas in
Kasalath, a C nucleotide was found; thus, TD70 carries a loss-of-function allele, whereas Kasalath

Y.D. Zhang et al. 14886

has the wild-type allele (Figure 3B).
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Figure 2. Variation for the four grain traits measured here in the RIL population in the 2012 and 2013 growing seasons.
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Figure 3. Comparison of nucleotide sequences in GS3, qGL3, GW2, GS5, GW8, and TGW6 genes from TD70 and Kasalath
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(Kas). A.-F. Partial alignments of the six genes sequences highlighting differences between the two parental alleles.
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Sequencing of GW2 indicated that the TD70 allele was 6629 bp, while that of Kasalath was
6632 bp. The alleles shared 99.67% similarity with differences in a few single nucleotides or indels. The
coding sequence for GW2 in the rice variety WY3, used in the initial gene cloning, had a deletion of an
A at the +316 position; this deletion causes a reading frame shift that resulted in only 115 amino acids
being translated from the sequence. We found that GW2 of TD70 had the same mutation, whereas the
Kasalath allele expressed the full-length 425 amino acid protein due to lack of a mutation (Figure 3C).

Polymorphisms and allelic variations in the promoter regions of GS5 and GW8 have been
suggested to induce increased expression of the genes, which then results in production of wider
and heavier grains (Li et al., 2011; Wang et al., 2012). Comparison of the GS5 sequences in TD70
and Kasalath identified a deletion in the latter consisting of six bases (GCGGCG) at the +2057
position that encode two alanine residues (Figure 3D). This six-base deletion mutation was also
shown to distinguish the Zhenxian 97 variety (wild-type sequence, wide grain size) and H94 variety
(6-base deletion, narrow grain size). The GW8 sequences of TD70 and Kasalath identified base
differences or indels (Figure 3E) that underlie the Kasalath narrow size grain. The TGW6 gene of
Kasalath has a positive regulatory role (Ishimaru et al., 2013); comparison of the gene sequence
with that of TD70 identified a single base pair deletion at nucleotide 313, which nevertheless
resulted in a functional TGW6 allele in Kasalath (Figure 3F).

Three qSW5 alleles have been identified, namely, Kasalath-type qSWS5, indica-ll type
qSWS5, and Nipponbare-type qSW5, which identified a 1971 bp product, 1021 bp product, 759 bp
product by the molecular marker N1212del, respectively (Shomura et al., 2008; Yan et al., 2011).
The gene gSW5 was cloned in a cross between Kasalath and Nipponbare varieties. Here, we
tested the amplification band using this marker and found that it identified a 759-bp product in TD70
(Figure 4). This result showed allelic types of TD70 was identified to be Nipponbare-type qSW5, not
to be indica-1l type qSW5 at the qSW5 (Kasalath-type) locus.
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Figure 4. PCR amplification and enzyme reaction products of GS3 (A), qGL3 (B), GW2 (C), GS5 (D), GWS8 (E),
qSW5 (F), and TGWE6 (G) in TD70, Kasalath and four RILs. Line M = DNA size marker; line T = TD70; line K =
Kasalath; lines 1-4 = RILs. Small fragments are not shown in B (21 bp), C (21 bp), and E (20 bp) as they were too
far from the main fragment.

Designing markers for functionally polymorphic genes

Based on identification of sequence polymorphisms in the GW2, GS3, qGL3, GS5, GWS,
and TGW6 genes that affect their comparative function in TD70 and Kasalath varieties, we created
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four types of marker to distinguish these polymorphic variants. We designed the specific primers
and identified favorable restriction endonucleases. After PCR, the GS3 CAPS marker product was
specifically cleaved by Pstl: TD70 gave a 168 bp fragment and Kasalath gave 110 bp and 58 bp
fragments (Figure 4A). Accl digestion of the gGL3 dCAPS marker gave 21 bp and 84 bp fragments
in Kasalath; however, TD70 yielded a single amplification product of 105 bp (Figure 4B). The GW2
dCAPS marker sequence in Kasalath produced only a 201 bp fragment, while in TD70 it could be
specifically cleaved into 180 bp and 21 bp fragments (Figure 4C). An SSR marker for GS5 amplified
a 216-bp fragment in TD70 and a 210-bp fragment in Kasalath (Figure 4D). After endonuclease
digestion, the GW8 dCAP yielded 20- and 108-bp fragments in Kasalath (Figure 4E).

The gSW5 indel was approximately 759 bp in TD70, but no fragment was recovered from
Kasalath (Figure 4F). The TGW6 CAP marker yielded 217- and 372-bp fragments in Kasalath
but not TD70 (Figure 4G). These various markers can therefore accurately identify different grain
genotypes in RILs.

Grain size differences generated by alleles with different functionality

The molecular markers described above were used to screen functional polymorphisms in
the seven genes in RILs. We found that 77 RILs carried GW27°, 109 carried GS3™7%, 82 carried
qGL3™7, 122 carried GS5™7, 143 carried GW8'°7, 86 carried GW5™7°, and 140 carried TGW6°7°
(Table S4). The disparity in the number of RILs with different genotypes may simply be due to
the limited population size. We next evaluated the effects on grain traits produced by the different
haplotypes derived from TD70 and Kasalath.

Our analysis indicated that gGL3 and GS3 were associated with grain length, while GW2,
qSW5 (GWS5), GS5, and GW8 were associated with grain width. Data produced in the 2013 growing
season indicated that the TD70 alleles for gGL3 and GS3 added 1.83 mm and 1.69 mm to grain
length compared to the Kasalath alleles (Figure 5A). Similarly, the TD 70 alleles for GW2, GS5,
GWS5, and TGW6 increased average grain widths by 0.51, 0.30, 0.31, and 0.01 mm, respectively
(Figure 5B). Except for GW8, the genes showed significant differences on phenotypic values of grain
thickness (Figure 5C). For 1000-grain weight, TD70 alleles induced a significantly higher mean, with
the exception of GW8 and TGW6 (Figure 5D). Lines carrying the TD70 alleles gGL37"7%, GS3™7°, and
GW2™"showed 7.09, 6.39, and 5.54 g increases in 1000-grain weight, respectively.

In summary, the TD70 alleles for qGL3, GS3, GW2, and GS5, followed by gSW5 (GWS5)
had the greatest phenotypic effects compared to their Kasalath counterparts. Conversely, GW8 and
TGWS6 made the least contribution to the differences between the two varieties (Figure 5). A similar
conclusion could also be made from the data obtained during the 2012 growing season (Table S4).

DISCUSSION
QTL validation

In essence, QTLs are a genetic feature defined from the perspective of statistics. The QTL
map is based on probabilities and only indicates which regions might be associated with genes that
influence quantitative traits. However, for a given QTL, the number of genes involved is unknown
and their role in determining quantitative traits is uncertain (Borevitz and Chory, 2004). Currently,
the published data on the Gramene website (http://www.gramene.org/) for 2013 lists at least 300
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Figure 5. Comparison of the genetic effects of GS3, qGL3, GW2, GS5, GW8, GWS5, and TGW6 from TD70 and
Kasalath on grain length (A), grain width (B), grain thickness (C), and 1000-grain weight (D). The data are reported as
means * SD. Line T = TD70; line K = Kasalath. **Significant difference at the 0.01 level in the t-tests.

QTLs related to grain size or weights that are mapped throughout the 12 chromosomes of rice.
However, very few genes have actually been cloned or fine mapped. In addition to the six cloned
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grain size genes, GW2, GS3/qGL3, GS5, GW5 (qSW5), and GW8, and two fine mapped grain size
loci, only six more QTLs were identified in the single growing season. Further analyses need to be
performed to determine whether these loci are associated with genes for grain size. In this study,
we mapped QTLs and validated major genes in corresponding regions of QTLs.

Functional polymorphisms in TD70

Lu et al. (2013) sequenced GW2, GS5, and qSW5 alleles in the germplasm of 127
varieties of rice (Oryza sativa) and 10-15 samples of wild rice (Oryza rufipogon) and identified
10 GW2 haplotypes, 10 GS5 haplotypes, and 15 gSW5 haplotypes. Grain size genes can exhibit
sequence variation in different germplasms and show different haplotypes, but a key functional
mutation is often present in a specific site or region. GW2 of TD70 encodes a protein with the same
number of amino acids as that encoded in the WY3 variety (Song et al., 2007). The GW2 gene
in these two varieties also performs the same function. The Kasalath GW2 allele shows 99.92%
similarity to the sequence deposited in the database (GenBank accession No. EF447275). A
T-to-C transition occurred at the +114 position with no change in amino acid composition. Another
key C-to-A transversion at the +165 position of the coding region of the 2nd exon causes an
alteration in GS3""%3 function (Fan et al., 2006; Mao et al., 2010). TD70 contains this mutation,
but not Kasalath. Comparison of the gGL3 sequences of TD70 and Kasalath identified a C-to-A
transversion at the +1092 position of the 10th exon of the former that was associated with
differences in function (Zhang et al., 2012). Therefore, TD70 contains mutations that influence the
function of all three genes, whereas Kasalath has the normal wild-type alleles. Many differences
were observed between the GS5 and GW8 sequences of TD70 and Kasalath. According to our
phenotypic analysis, the GS5 and GWS8 alleles of TD70 had additive effects. GW5 (qSW5) of
TD70 was identical to gSW5 of Nipponbare, while the TD70 TGW6 had the same sequence
as the Kasalath allele. Two fine mapped loci, GL7 and GS7, require more information for their
identification. We showed that three dCAP markers for GW2, qGL3, and GW8, two CAP markers
for GS3 and TGW6, and an SSR marker for GS5 genes could successfully identify the parents
and distinguish RILs based on functional polymorphisms.

gGL3, GW2, and GS3 play important roles in regulation of rice grain size

Considerable progress has been made in the categorizing of GS3, GW5, GW2, GS3, GS5,
and TGW6 haplotypes (Mao et al., 2010; Takano-Kai et al., 2009; 2011; Dixit et al., 2013; Ishimaru
et al., 2013; Lu et al., 2013), but only one haplotype having positive functional polymorphic sites
had been tested to contributes more significantly effect on grain traits than other haplotypes (Song
et al., 2007; Mao et al., 2010; Zhang et al., 2012). In this study, we showed that the TD70 qGL3,
GS3, GW2, GS5, and qSW5 (GW5) alleles had a positive effect on grain weight compared to their
Kasalath counterparts. In particular, gGL3, GW2, and GS3 played important roles in regulating rice
grain size in RILs. GW2 was previously reported to have a large effect on grain width (Song et al.,
2007), our results showed that lines carrying GW2™7%had a large increase in grain width compared
to the Kasalath allele. A similar result has been described for gGL3 (Zhang et al., 2012), and alleles
with positive effects on grain size, for example, GS3, gSW5 (GW5), GS5, and GWS8, are common
in modern rice varieties (Wang et al., 2012; Lu et al., 2013). An RIL with the rare combination of
mutations in gGL3 and GW2 will be invaluable for improvement in rice grain size.
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GW8 and TGW6 do not have significant effects

Seed size is a complex quantitative trait in crops and any attempt to introduce genetic
improvements by means of “gene pyramiding” are likely to be difficult to achieve. The intricate and
complicated interactions of the genes that contribute to seed size are the principal obstacle for such
gene pyramiding (Yan et al., 2011). The QTL GWS8 positively regulates grain width and weight via
the promotion of cell proliferation. GW8 encodes the transcription factor OsSPL 16 that positively
regulates the expression of several genes involved in the G1-to-S transition. A higher expression
level in GW8 promotes cell division and grain fithat , thereby increasing grain width and yield. GW8
generated a 13.9% advantage for NIL-GW8 with respect to 1,000-grain weight (Ishimaru et al.,
2013). Some studies have indicated that GS3 and GW8 act in independent pathways (Ishimaru et
al., 2013). TD70 appears to have “pyramided” many genes of value to grain phenotype. The effect
of the GW8 ™2 might be blocked by the those of other additive genes; this may also prevent any
advantage in terms of grain weight gain from GW8 of Kasalath..

A similar phenomenon was found for TGW6. The Kasalath tgw6 allele carries a premature
stop codon caused by a frame-shift mutation; NIL tgw6 plants have a remarkably reduced level
of free indole acetic acid. Taking into account the relatively low grain weight of Kasalath, it is not
surprising that TGW6Kesaah and TGW6'°7° made no significant difference on phenotypic values
because of the influence of interactions with other genes. A clearer understanding of the gene
effects on controlling grain growth and development will accelerate the process of optimization of
gene pyramiding for rice breeding.

In summary, we verified the presence of functional polymorphisms in the GW2, GS3, GW5
(qSW5), qGL3, GS5, GWS8, and TGWE alleles of TD70 and Kasalath. We have developed new
functional markers for these cloned genes that enable discrimination of parental varieties and RILs.
Additionally, we evaluated the different genetic effects for improving rice grain size traits depending
on functional and non-functional alleles. Our results indicated that at least six functional genes with
additive effects on grain phenotype and one wild non-functional gene, TGW6, that influences grain
shape have been accumulated in TD70. This suggests that TD70 might be of value for a gene
pyramiding approach to generation of larger rice grain sizes.
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