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Abstract Rice seed size is an important agronomic trait
in determining the yield potential, and four seed size related
genes (GS3, GW2, gSW5/GW5 and GIF1) have been cloned
in rice so far. However, the relationship among these four
genes is still unclear, which will impede the process of gene
pyramiding breeding program to some extent. To shade
light on the relationship of above four genes, gene expres-
sion analysis was performed with GS3-RNAi, GW2-RNAi
lines and CSSL of ¢gSW5 at the transcriptional level. The
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results clearly showed that gSW5 and GW2 positively regu-
late the expression of GS3. Meanwhile, gSW5 can be down-
regulated by repression of GW2 transcription. Additionally,
GIFI expression was found to be positively regulated by
gSW5 but negatively by GW2 and GS3. Moreover, the alle-
lic effects of gSW5 and GS3 were detailedly characterized
based on a natural population consisting of 180 rice culti-
vars. It was indicated that mutual interactions exist between
the two genes, in which, gSW5 affecting seed length is
masked by GS3 alleles, and GS3 affecting seed width is
masked by ¢gSW5 alleles. These findings provide more
insights into the molecular mechanisms underlying seed
size development in rice and are likely to be useful for
improving rice grain yield.

Introduction

Rice yield is determined by three key components: number
of panicles per unit area, number of filled grains per panicle
and seed weight. Seed or grain size, the major determinant
of seed weight, is affected by four parameters: seed length,
width, thickness and filling degree. Seed size, after long-
time extensive studies, has been widely accepted as a com-
plex trait controlled by polygenes, and numerous QTLs
associated with seed or grain shape have been identified in
rice (Lin et al. 1995; Lin and Wu 2003; Huang et al. 1997;
Redona and Mackill 1998; Tan et al. 2000; Kubo et al.
2001; Xing et al. 2001; Yamagishi et al. 2002; Xu et al.
2002; Thomson et al. 2003; Yan et al. 2003; Li et al. 2004;
Rabiei et al. 2004; Tian et al. 2005; Wan et al. 2006, 2008;
Xie et al. 2006; Yoon et al. 2006; Lei et al. 2008; Bai et al.
2010).

With technological advances of functional genomics,
great progress has been achieved in the clarification of the
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molecular mechanisms of seed size in recent years. To date,
four genes associated with seed size and weight have been
identified and cloned. The first, GS3, cloned from a major
QTL for grain length and weight, encodes a protein with
four putative domains: a plant-specific organ size regula-
tion (OSR) domain in the N terminus, a transmembrane
domain, a tumor necrosis factor receptor/nerve growth fac-
tor receptor (TNFR/NGFR) family cysteine-rich domain,
and a von Willebrand factor type C (VWFC) in the C termi-
nus. These domains function differentially in grain size reg-
ulation (Fan et al. 2006; Takano-Kai et al. 2009; Mao et al.
2010). The second, GW2, controlling grain width and
weight, encodes a RING-type protein with E3 ubiquitin
ligase activity (Song et al. 2007). The third, gSW5 or GW35,
identified from another QTL controlling seed width and
weight, encodes a nuclear polyubiquitin-binding protein
(Shomura et al. 2008; Weng et al. 2008). The above three
genes all function as negative regulators of grain size and
organ size. The last, GIFI, encodes a cell-wall invertase
required for carbon partitioning during early grain-filling.
Over-expression of GIFI under its native promoter leads to
large grains (Wang et al. 2008).

It is expected that these findings would facilitate the
application of favorable alleles in marker assisted selection
(MAS) breeding to increase yield potential in rice. How-
ever, there are two main problems which need to be
addressed. Firstly, as phenotypic variation is always associ-
ated with allelic variation, it is necessary to identify the
natural allelic variation to determine which one is the suit-
able allele in MAS programs. Secondly, due to the additive
and epistatic effects of alleles across multiple genes, some
combinations of favorable alleles result in enhanced traits,
whereas other combinations do not (Benfey and Mitchell-
Olds 2008). It is critical to discover the interactions among
genes and consequently optimize gene pyramiding.

The previous studies showed that there are three haplo-
types at the gSW5 locus, i.e. Kasalath-type, Indica II-type
and Nipponbare-type, and that a 1,212-bp deletion occurred
in Nipponbare-type gsw5, compared with the Kasalath-type
qSW35, contributing to the increase of seed width, and that
the average of seed width of Indica II-type landraces was
between those of Kasalath-type and Nipponbare-type land-
races carriers (Shomura et al. 2008). Additionally, Takano-
Kai etal. (2009) conducted an association study between
GS3 genotype and seed morphology of 157 accessions of
O. sativa, and revealed that the A allele of GS3 (Minghui-
type gs3) masked the effects of other seed length associated
genes and that it differentially interacted with seed width
genes in different subpopulations. Therefore, it is obvious
that the multiple alleles existed in rice germplasms and func-
tionally differentiated. However, the exactly genetic effects
of the alleles at the target gene locus, as well as the interac-
tions among different target genes need to be characterized.
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In order to gain an understanding of the relationship
among the four rice seed size genes, GS3, GW2, gSW5 and
GIF1, the gene expressions were investigated based on the
GS3-RNAi, GW2-RNAIi lines and one chromosome seg-
ment substitution line (CSSL) of gSW5 at the transcrip-
tional level. Moreover, we detailedly characterized the
allele effects at gSW5 and GS3 loci in a natural population.
And the genetic interaction between gSW5 and GS3 loci
was also clarified in the present study.

Materials and methods
Plant materials

To down-regulate the expression of GS3, RNAi-GS3 vector
was constructed using a p1301UbiNOS binary vector, as
described in Shi et al. (2007). One 578-bp Nipponbare GS3
fragment was PCR-amplified using the primer pair, GSRi-
BamF/GSRiSpeR (Fig. S1A, Table S2). The hairpin struc-
ture with two inverted repeat fragments was then cloned
into the p1301UbiNOS binary vector. RNAi-GW?2 vector
was also constructed using the p1301UbiNOS vector to
suppress the expression of GW2. The RNAi fragment of
373-bp in length was amplified with the primer pair,
GWRiBamF/GWRiSpeR (Fig. S1B; Table S2). The two
constructs were introduced into Zhonghua 11 respectively,
using the Agrobacterium tumefaciens-mediated method
described in Hiei et al. (1994). The T, transgenic lines and
the wild-type plants were planted in the rice-growing sea-
son in 2010.

A total of 180 rice cultivars including 96 indica and 84
Japonica accessions collected from several countries (Table
S1), and a set of CSSLs derived from Sasanishiki/Habataki
(Ando et al. 2008), were used for this study. All the materi-
als were planted in the rice-growing season of 2009 in an
experimental field of Zhejiang Academy of Agricultural
Sciences, Hangzhou, China. Each cultivar/line was planted
in two rows, with eight plants per row, spaced at
15 x 25 cm?. The field management was same as described
by Yan et al. (2007).

Phenotypic measurements

The seed (grain with hull) length, seed width and seed
weight were measured after the seeds were harvested and
air-dried. In detail, thirty full seeds were randomly selected
from each cultivar/line and divided into three groups
equally. All seeds from each group were lined up length-
wise to measure the seed length and then arranged breadth-
wise to measure the seed width. Seed length and width
were determined by averaging three measurements. Seed
thickness was measured individually by using a vernier cal-



Theor Appl Genet (2011) 123:1173-1181

1175

iper. Hundred-seed weight was determined and converted
to 1,000-seed weight. For the measurement of panicle traits,
three medium-sized panicles were obtained from each
transgenic and wild-type plant. We measured the panicle
length, the number of primary rachis branches, the number
of secondary rachis branches, and the number of grains per
panicle. Duncan or Dunnett test was performed to compare
the means of seed traits for different allelic groups or culti-
vars/lines using SPSS 19.0 (SPSS Inc., IBM Company).
t test or F statistic was estimated for each of allelic groups
using Excel 2007 (Microsoft Corporation, Redmond,
USA).

DNA extraction, PCR and genotyping

Genomic DNA was extracted from fresh leaves of each cul-
tivar by using the CTAB method (Rogers and Bendch
1988). Two FNP (Functional Nucleotide Polymorphism)
markers, GS3-Pst I and N1212del, kindly provided by Yan
et al. (2009) and Shomura et al. (2008), were employed for
genotyping GS3 and gSW5 alleles respectively. PCR was
performed using the procedures described by Yan et al.
(2009) and Shomura et al. (2008). PCR products or restric-
tion enzyme-digested fragments were separated on 1% aga-
rose gels and visualized with an Alphalmager (Alpha
Innotech Corporation, San Leandro, CA).

Sequence analysis

PCR products amplified from four rice varieties Zhenshan
97, Habataki, 02428 and Sasanishiki, using the N1212del
marker, were cloned into pMD19-T vector (Takara Bio-
tech, Dalian) and sequenced by HuaDa Biotechnology Co.
of Hangzhou. The sequence data were then analyzed using
Vector NTI 9.0 software.

Expression analysis

Total RNA was extracted from panicles collected just
before heading stage using RNAiso reagent according to
the manufacturer’s protocol (Takara). Total RNA (~1 pg)
was treated with Promega RQ DNase (Promega, Madison,
WI), and the first-strand cDNA was then synthesized by
TransScript 11 Reverse Transcriptase (Beijing. TransGen
Biotech Co. Ltd.). Subsequently, the first-strand cDNA was
used as a template for semi-quantitative PCR analysis after
normalized with rice Actinl gene using the marker Actl.
The specific markers GSRT and GWRT were used to detect
GS3 and GW?2 expression levels, respectively. The PCR
procedure is following: 94°C for 4 min, followed by 30
cycles of 94°C 20 s, 55°C for 30 s and 72°C for 50 s and an
elongation step at 72°C for 5 min. The PCR products were
analyzed on 1% agarose gels. Real-time PCR analysis was

performed using a LightCycler (Roche). Amplification
reactions were performed using Thunderbird SYBR qPCR
Mix (TOYOBO), according to manufacturer’s instructions.
As control, the Actin] ¢cDNA was amplified using the
marker Act2. Each reaction was made in triplicate. The
primer sequences were listed in Table S2.

Results
RNAIi of GS3 and GW2

To suppress the expression of GS3 and GW2, two con-
structs, RNAi-GS3 and RNAi-GW2, were independently
transformed into rice cultivar Zhonghua 11. For RNAi-
GS3, twenty-one independent transformants were obtained.
The agronomic traits of four homozygous transgenic lines
from T, generation were investigated, both of the seed
length and weight of the transgenic lines were significantly
larger than that of the wild-type (P < 0.001), however, the
seed width was decreased when compared to that of the
wild-type. The other agronomic traits were not altered obvi-
ously in GS3-RNAI lines (Table 1). The results further con-
firmed that GS3 has a significantly negative effect on seed
length and weight and a minor positive effect on seed
width. For RNAi-GW2, sixteen independent transformants
were obtained, and three independent homozygous trans-
genic lines of T, generation were used for agronomical trait
measurement. The transgenic lines showed a significant
increase in seed length, width, thickness and weight
(P <0.001), whereas the tillers, secondary rachis branches
and grain number per panicle were all slightly reduced in
GW2-RNAI lines compared with those of the wild-type
(Table 1), indicating that GW2 may have some effects on
plant morphology, but significantly negative effects on seed
traits.

SL416 contains Indica 11 type gsw5

The previous study showed that there were three allelic
types at gSW5 locus, including Kasalath-type, Indica 1I-
type and Nipponbare-type (Shomura et al. 2008), of which,
Kasalath-type allele is a functional allele, Nipponbare-type
allele is a loss-of-function allele, but the genetic nature of
Indica 11 type allele yet remains to be determined. In the
present study, the Indica 11 type allele was detected in many
indica varieties, including Zhenshan 97, Teqing, Habataki,
etc. Sequencing results showed a 950-bp deletion occurred
in Indica 1I type allele compared to the gSW5 region of
Kasalath (Fig. 1). Sasanishiki was found harboring Nippon-
bare-type gsw5. Hence, we screened four CSSLs, SL415,
SL416, SL417 and SL418, covering rice chromosome 5,
using the N1212del marker, and found SL416 has the same
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SWT (2)
26.70 + 0.28

2.24 £ 0.04
2.24 £0.04
2.25 £0.03
2.22 £0.04
227 £0.07

ST (mm)

341 £0.01
3.35+£0.01

SW (mm)

SL (mm)
7.59 £ 0.09

192.00 + 21.38

NGP

2RB
11.33 £ 0.58 38.67 +5.51

PL (cm) 1IRB
11.00 £2.00 23.43 +0.64

NT
95.17 £ 1.76
10.67 &£ 1.53

PH (cm)
96.50 + 3.12

Table 1 Agronomic performances of the T, transgenic lines compared to wild-type plants
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=
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28.70 £ 0.14%**

8.31 £ 0.01%**
8.47 £ 0.07%**
8.38 £ 0.02%**
8.58 £ 0.09%**
7.88 £ 0.02%***
8.22 £ 0.06%**
8.22 £ 0.08%%**

12.67 £2.52 4233 +£7.02 201.00 + 21.70

11.00 £0.00 39.00 & 3.61

13.00 £ 0.00

24.40 &+ 0.46

GS3-RNAi-L1
GS3-RNAi-L2
GS3-RNAi-L3
GS3-RNAi-L4
GW2-RNAI-L1

27.60 £+ 0.14%*

3.33 £ 0.03*

197.33 + 13.05
209.00 £ 8.00

11.33 £ 1.53  23.00 &+ 0.50
11.00 £2.00 24.27 +0.93
11.00 £2.00 23.30 +0.36

97.83 £2.75
95.17 £5.35
96.33 £5.03

28.25 £ 0.07%*%*

3.30 £ 0.05%*
3.34 £0.01

38.60 £ 1.53

29.45 £ 0.07%**

182.00 + 7.55

11.67 £ 0.58 36.67 +2.89

12.00 £ 2.00

30.50 £ 0.36***

2.38 £ 0.03%**
2.40 £+ 0.06%**
2.39 £ 0.05%**

3.75 £ 0.05%%**
3.92 £ 0.08%**
3.75 £ 0.05%%**

172.67 = 20.03
189.67 + 16.74
177.33 £22.03

35.00 £ 2.00

22.77 £0.32
22.13 £ 0.99
23.83 £ 0.47

96.17 £2.84 9.50+0.71

31.03 £ 0.06%**

12.33 £ 1.53  36.00 £ 2.65

10.33 £ 1.15

GW2-RNAi-L2 9450+ 180 9.33+0.58

GW2-RNAi -L3

31.30 £ 0.36***

36.67 +£4.93

9.50 £0.71

92.00 £ 2.65

PH plant height, NT number of tillers, PL panicle length, /RB number of primary rachis branches per panicle, 2RB number of secondary rachis branches per panicle, NGP number of grains per

panicle, SL seed length, SW seed width, ST seed thickness, SWT 1,000-seed weight

* P <0.05, ** P<0.01, *** P < 0.001. The level of significance based on Dunnett test

allele with Habataki (Fig. 2). Therefore, the SL416 and
Sasanishiki could be served as a set of nearly isogenic lines
for the investigation of the genetic effect of gSW5 gene.
Interestingly, the seed width of SL416 (3.53 £ 0.05 mm)
was much wider than that of Habataki (2.80 + 0.02 mm),
which was close to that of Sasanishiki (3.49 4+ 0.02 mm)
(Table 2), indicating that gSW5 in Habataki is a loss-of-
function allele. In addition, we compared Sasanishiki with
SL416 on the other seed traits, and found that SL416
showed a little longer, wider and thicker seeds than those of
Sasanishiki, but the difference did not reach the significant
level (P > 0.05), whereas the seed weight of SL416 were
significantly increased compared to Sasanishiki (P < 0.05)
(Table 2). These results suggested that the Indica II type
gsw5 might has stronger effects of enhancing seed weight
than Nipponbare-type gswS5 in japonica background.

mRNA expression of seed size genes

Semi-quantitative RT-PCR results showed that the GS3 and
GW2 expressions were totally suppressed in the above ana-
lyzed GS3-RNAi and GW2-RNAi lines, respectively
(Fig. 3a, e). The transcription levels of gSW5, GW2, GS3
and GIFI were then examined by quantitative RT-PCR in
the following three groups: wild-type and GS3-RNAi line
2, wild-type and GW2-RNAI line 1, Sasanishiki and SL416.
Panicle samples from plants before heading stage were
checked. The result showed that no significantly different
expressions of gSW5 and GW2 were found between GS3-
RNA:I line 2 and its recipient (Fig. 3b, ¢), but a much higher
expression level of GIF1 was observed as compared with
Zhonghua 11 (Fig.3d). In GW2-RNAi line 1, a slight
decrease in gSW5 expression (Fig. 3f), an increase with
about 2.5-folds in GIF1 expression (Fig. 3g), and a signifi-
cant decrease in GS3 expression in relative to Zhonghua 11
(Fig. 3h) were detected. As for SL416, a significant
increase in the expression of gSW5 and GS3 (Fig. 3i, j), and
a slight increase in GIFI expression compared to Sasani-
shiki (Fig. 3k) were found, however, the expression of
GW?2 did not change between the two lines (Fig. 31). These
results suggested that GW2 may work upstream of gSW5,
and that GW2 and ¢gSW5 function to positively regulate the
expression of GS3, and that GIFI may be negatively regu-
lated by GW2 and GS3, and be positively regulated by
qSW5.

Interaction between gSW5 and GS3 and their effects
on seed traits

In the present study, gene expression analysis clearly
showed a complex relationship among the seed size-related
genes at the transcriptional level. To determine how the
interactions affect seed traits, we analyzed the gene effects



Theor Appl Genet (2011) 123:1173-1181

1177

Nipponbare

950 bp deletion

Zhenshan 97 ——========mm—mmmm e

Kasalath

1,212 bp deletion

200 bp

Fig. 1 Polymorphisms among Nipponbare, Zhenshan 97 and Kasalath at the gSW5 locus. Nipponbare has a 1,212-bp deletion (dashed line), and
Zhenshan 97 has a 950-bp deletion compared to Kasalath. Zhenshan 97 harbored gSW5 represents the Indica 1I-type allele

2000 bp

1000 bp —— — 1021 bp
750 bp — ——759bp
500 bp
250 bp

Fig. 2 PCR assay of gSW5 alleles in / Sasanishiki, 2 Habataki,
3 SL415, 4 SL416, 5 SL417 and 6 SL418 using the N1212del marker

on seed traits in a natural population consisted of 180 rice
cultivars, including 96 indica and 84 japonica accessions
from several countries. The seed width ranged from 2.26 to
3.5 mm in indica subspecies, and from 2.56 to 4.14 mm in
84 japonica subspecies. The seed length ranged from 7.32
to 11.05 mm in indica subspecies, and from 5.83 to
10.55 mm in japonica subspecies (Table S1). The wide
variations indicated the dramatic diversity and complexity
of the heredity of seed shapes.

We investigated the allelic distribution of three key seed
size genes, gSW5, GS3 and GW2, in 180 cultivars by using
the FNP markers, N1212del, GW2-Hap 1 and GS3-Pst 1,
respectively. Three allelic types, Kasalath-type ¢gSWS5,
Indica-11 type gsw5 and Nipponbare-type gsw5, were identi-
fied at the gSW5 locus (Fig. S2A); two allelic types, the
Minghui-type gs3 and Zhenshan-type GS3, were identified at
the GS3 locus (Fig. S2B), while no allelic variations were
detected at the GW2 locus in our survey as reported by other
groups previously (Takano-Kai et al. 2009; Yan et al. 2009).
Therefore, we analyzed the genetic effects of gSW5 and GS3.

For the gSW5 locus, 180 cultivars could be divided into
three allelic groups, of which, 24 (20 indica and 4 japonica)
belonged to Kasalath-type gSW5 group, 76 (75 indica and 1

Jjaponica) belonged to Indica II-type gsw5 group, and 80 (1
indica and 79 japonica) belonged to Nipponbare-type gsw5
group (Table S1). This suggests that the Kasalath-type gSW5
and the Indica lI-type gsw5 are originated from indica germ-
plasm and the Nipponbare-type gsw5 from japonica germ-
plasm, which is consistent with the findings of Shomura
etal. (2008). Among the three allelic groups, significant
differences were observed in averages of both seed width
and seed length (P <0.01). The Nipponbare-type gsw5
group had the shortest and widest seeds, followed by Indica
II-type gsw5 group (Fig. 4a, b). As for the seed weight, the
average of the Kasalath-type allelic group was significantly
lighter than the ones of the other two groups (P < 0.05), but
no significant difference was found between the two allelic
groups of the Nipponbare-type and the Indica II-type
(Fig. 4c¢).

As for the GS3 locus, 180 cultivars could be divided into
two allelic groups, of which, 34 (26 indica and 8 japonica)
belonged to Minghui-type gs3 group and 146 (70 indica
and 76 japonica), belonged to Zhenshan-type GS3 group
(Table S2; Fig. S2B). Minghui-type gs3 group had signifi-
cantly longer, thinner and heavier seeds than Zhenshan-
type GS3 group (P < 0.001) (Fig. 4d, e, f). The significant
differences were also found in either indica or japonica cul-
tivars for average seed length, width and weight between
two GS3/gs3 groups (Table S3).

Furthermore, we analyzed the gSW5 effects in different
GS3 alleles background, the significant differences in seed
length were found at 5% level, except that the Nipponbare-
type gsw5 group had significantly shorter seeds than the
other two gSW5/gsw5 groups in Zhenshan-type GS3 allelic
cultivars at 1% level (Fig. 4a). Significant differences in

Table 2 Comparison of means and variances for seed morphology among Habataki, Sasanishiki and SL416 (means £+ SD)

SL (mm) SW (mm) ST (mm) SWT (g)
Habataki 775+ 0.05 A 2.80 £ 0.02 A 1.79 £ 0.05 A 19.67 £0.21 A
Sasanishiki 7.44 £ 0.05 Ba 349 £+ 0.02 Ba 2.20 £ 0.06 Ba 25.63 £ 0.55 Ba
SL416 7.46 + 0.04 Ba 3.53 £ 0.05 Ba 2.24 + 0.07 Ba 26.33 £ 0.12 Bb

Abbreviations are the same as in Table 1

A, B: ranked by Duncan test at P < 0.01

a, b: ranked by Duncan test at P < 0.05

Same letter within a column represents no significant difference

@ Springer
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Fig. 3 Expression analysis of seed size related genes in panicles
before heading stage. a Semi-quantitative RT-PCR detection of GS3
expression levels in four RNAI lines compared to the wild-type. Real-
time RT-PCR detection of ¢gSW5 (b), GW2 (c¢)and GIFI
(d) transcription levels in the wild-type and GS3-RNAi-L2. e Semi-
quantitative RT-PCR detection of GW2 expression levels in three

seed width among three gSW5 allelic groups were found
similar to the results from all cultivars (P < 0.01) (Fig. 4b).
Similarly, the GS3 effects on seed traits were also analyzed
in three gSW5 allelic groups, respectively. The most obvi-
ous change was that the differences in seed width almost
disappeared (Fig. 4e). These findings clearly showed
mutual interactions between ¢gSW5 and GS3, gSW5 affect-
ing seed length was masked by GS3 alleles, and GS3 affect-
ing seed width was masked by gSW5 alleles.

Association between seed traits and genotypes of gSW5
and GS3

Based on the cross analysis of gSW5 and GS3 effects on
seed traits, association between seed traits and different
alleles of gSW5 and GS3 revealed that gSW5 was signifi-
cantly associated with seed length, width and weight,
explaining 15 and 37% of seed length variation, 72 and
61% of seed width variation, 14 and 11% of seed weight

@ Springer

RNAI lines compared to the wild-type. Real-time RT-PCR detection of
gSW5 (), GIFI (g) and GS3 (h) transcription levels in the wild-type
and GW2-RNAi-L1. Real-time RT-PCR detection of gSW5 (i), GS3
(j), GIF1 (k) and GW2 (1) transcription levels in Sasanishiki and
SL416. A Student’s ¢ test was used to generate the P values. The exper-
iment was repeated three times with similar results

variation in Minghui-type gs3 and Zhenshan-type GS3 alle-
lic cultivars, respectively. GS3 was significantly associated
with seed length and seed weight, and explained 57, 63 and
54% of seed length variation, 39, 33 and 6% of seed weight
variation in three gSW5 allelic cultivars of Kasalath-type,
Indica 1I-type and Nipponbare-type, respectively (Table
S4). These results strongly indicated that gSW5 and GS3
play an essential role in determining the seed shape. In the
rice high-yield breeding program, it is very important to
select favorable alleles at GS3 and gSWS5 loci to achieve the
high-yield goal.

Discussion

Relationships among seed size genes

As seed size is one of the most important agronomic traits
in rice, it has attracted wide attention in molecular genetics
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Fig. 4 Genetic effect analysis of gSW5 and GS3. Mean comparison of
seed length (a), seed width (b) and 1,000-seed weight (¢) among three
gSWS5 alleles in all 180 cultivars, Zhenshan type GS3 (ZS-GS3) allelic
cultivars and Minghui type gs3 (MH-gs3) allelic cultivars, respec-
tively. Mean comparison of seed length (d), seed width (e) and 1,000-
seed weight (f) between two GS3 alleles in all cultivars, Kasalath type

study and breeding program. Up to the present, four key
seed size genes have been isolated in rice, two of which,
gSW5/GW5 and GW?2 conferred both the seed or grain
width and weight in rice (Song et al. 2007; Shomura et al.
2008; Weng et al. 2008). When the GW2 expression was
suppressed through RNA interference strategy, the seed
length, width, thickness and weight were all highly signifi-
cantly increased in the three independent homozygous
RNAI transgenic lines compared with the wild type Zhong-
hua 11 which carried the Nipponbare-type gsw5 (Table 1),
suggesting that gw2 may be interacted with or additive to
gsw5. mRNA expression results suggest that GW2 may
positively regulate gSW35. In addition, there are some other
factors between GW2 and qSW5/GWS5, because GW?2 was
proved to have E3 ubiquitin ligase activity and GW5 may
be involved in the ubiquitin—proteasome pathway (Song
et al. 2007; Weng et al. 2008), but the functional relation-
ship between the two proteins remains to be investigated.
In this study, we found that the expression of GS3 was
positively regulated by both GW2 and ¢gSW5, but the
genetic effects of GS3 and gSW5 on seed size were mutu-
ally masked from each other. Previous studies revealed that
GS3 has a major effect on seed length and a minor effect on
seed width, and that gSW5 has a significant effect on seed
width and a less significant effect on seed length (Fan et al.

® MH-gs3 ®7S-GS3

All cultivars Kas-gSW5 Ind-gsw5 Nip-gsw5
B MH-gs3 ®7S-GS3

qSW5 (Kas-gSW5) allelic cultivars, Indica 11 type gsw5 (Ind-gsw5)

allelic cultivars and Nipponbare type gsw5 (Nip-gsw5) allelic culti-

vars, respectively. All data are given as mean = SD. A, B, C: ranked

by Duncan test at P < 0.01; a, b: ranked by Duncan test at P < 0.05.
*P < 0.05, **P < 0.01, ***P < 0.001

2006; Shomura et al. 2008; Weng et al. 2008; Takano-Kai
etal. 2009; Mao et al. 2010). This study showed similar
results through GS3-RNAI lines and a natural population,
however, when the effects of GS3 and ¢gSW5 were cross
analyzed, gSW5 effects on seed length and GS3 effects on
seed width were all reduced sharply (Fig. 4a, e). Since the
VWEC domain has been experimentally proven to be the
most important one among the four domains of GS3 (Mao
etal. 2010) and involved in protein—protein interactions
(Colombatti et al. 1993; O’Leary et al. 2004; Zhang et al.
2007), it could be expected that further studies of the pat-
tern of the VWFC domain of GS3 functioning with gSW5
will yield more insights into the molecular mechanisms of
seed size development.

In addition, these three genes, GS3, GW2, gSW5, all
have effects on the GIFI expression, co-determining the
forming of seed size. GS3-RNAi, GW2-RNAi lines and
SL416 all showed differences in seed thickness compared
to their controls, respectively, suggesting that the three
genes also are involved in seed filling.

Favorable alleles at seed size gene loci

In recent years, the molecular mechanisms of seed size are
gradually being elucidated, and a set of FNP markers have
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been developed for MAS in rice (Yan et al. 2009; Fan et al.
2009; Wang et al. 2011). In this study, we checked the dis-
tribution of gSW5 and GS3 alleles by using FNP markers in
a natural population consisting of 180 rice cultivars. At the
GS3 locus, two type alleles, Minghui-type gs3 and Zhen-
shan-type GS3, were detected. It is demonstrated by many
groups that Minghui-type gs3 contributed to significantly
increasing seed length and weight (Fan et al. 2006; Takano-
Kai et al. 2009; Mao et al. 2010). In this study, 26 indica
and 8 japonica cultivars were found carrying Minghui-type
gs3 (Table S3), suggesting that the favorable gs3 has been
utilized in both indica and japonica cultivars.

At the gSW5 locus, three type alleles, Kasalath-type,
Indica 1l-type and Nipponbare-type, were detected. The
Kasalath-type gSW5 (20/24) and the Indica 1l-type gsw5
(75/76) were mainly observed in indica rice, the Nippon-
bare-type gsw5 (79/80) were mainly in japonica rice, show-
ing the evidence of selection at the gSW5 locus during rice
domestication. The Nipponbare-type allelic cultivars had
significantly wider seeds than the Kasalath-type allelic cul-
tivars, and moreover, the only one indica cultivar, IR43,
containing the Nipponbare-type gsw5, showed much wider
seed breadth (3.06 mm) than that of Kasalath-type cultivars
(2.74 mm) (Table S2), suggesting the availability of Nip-
ponbare-type gsw)5 in indica breeding practice.

With regard to the Indica Il-type gsw3, it is found to be
another loss-of-function allele because the Habataki (seed
width, 2.80 mm) fragment carrying the Indica II-type allele
could not rescue the phenotype of Sasanishiki (seed width
3.49 mm) carrying the Nipponbare-type gsw5 (Table 2).
The Indica 1I-type allelic group of indica cultivars had sig-
nificantly slender seeds than Nipponbare-type allelic group
of japonica cultivars (Fig. 4b), but 2 japonica varieties,
SL416 (Table2) and 02428 (Table S1), harboring the
Indica 1I-type gsw5, showed wider seeds than Nipponbare-
type allelic controls, implying that the Indica II-type gsw5
might be interacted with other factors in indica background
and should be more useful than Nipponbare-type gsw5 in
Jjaponica background.

Potential application of seed size gene pyramiding in yield
improvement

The seed size is a complex quantitative trait in crops,
genetic improvement of which by gene pyramiding would
be difficult. The existing intricate and complicated interac-
tions of seed size genes could be one main obstacle for gene
pyramiding to improve seed appearance. In this study, we
clarified the interactions among seed size genes, and found
the combination of Indica IlI-type gsw5 and Minghui-type
gs3 might be optimal utilization of the two genes in breed-
ing. On the other hand, the genes pleiotropy may be another
problem for gene pyramiding. Pleiotropy is one of the most

@ Springer

common attributes of genes (Williams 1957; He and Zhang
2006), which refers to the observation that a single gene
affects more than one trait simultaneously. It has been
reported that all of the four cloned seed size genes have
some degree of pleiotropy (Fan etal. 2006; Takano-Kai
etal. 2009; Song et al. 2007; Shomura et al. 2008; Weng
et al. 2008; Wang et al. 2008). The similar results are also
observed in this study. The pleiotropic effects of these
genes could cause dilemmas in gene pyramiding since the
effects on different seed morphologies regulated by different
genes are not always desirable for grain yield breeding.
Nevertheless, there are two possible ways to solve the prob-
lems. One is to search the most beneficial combination of
favorable alleles for improving rice yields through field
experiments. Another way is to clarify the signaling path-
ways and networks that regulate the developmental pro-
cesses of grains. A clearer understanding of the
physiological and molecular mechanisms controlling grain
growth and development would accelerate the process of
the optimization of gene pyramiding for rice breeding.
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