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Abstract Seed shape in rice (Oryza sativa) is an impor-

tant factor that determines grain appearance, cooking

quality and grain yield. Here, we report a major quantita-

tive trait locus qSS7 on the long arm of chromosome 7 for

seed length, seed width and the ratio of seed length to

width, identified using a segregating population derived

from a cross between an indica variety Zhenshan97 and a

chromosomal segment substitution line of a japonica

variety Cypress within the genetic background of Zhen-

shan97. The Cypress allele at qSS7 contributes to an

increase in seed length and the ratio of length to width, but

a decrease in seed width, without significantly changing

seed weight, plant height, heading date or number of

spikelets per panicle. Using a large F2 population generated

from a substitution line that carries only a heterozygous

single segment surrounding qSS7, we delimited the QTL to

a 23-kb region containing two annotated genes. Progeny

testing of the informative recombinants suggested that this

qSS7 region is a composite QTL in which at least two

genes contribute to seed length and width. Sequence

comparison and expression analysis of two probable

candidate genes revealed differences between the paren-

tal lines. These results will facilitate cloning of the

gene(s) underlying qSS7 as well as marker-assisted transfer

of desirable genes for seed shape in rice improvement.

Introduction

Rice (Oryza sativa) is one of the most important crops,

providing a staple food for half of the world’s population.

Seed shape and size have been important breeding traits

because they play a significant role in grain appearance,

grain milling, cooking quality and grain yield. The vari-

ous shapes of grains (de-hulled seeds) have different

consumer values in diverse areas (Luo et al. 2004). For

example, long and slender grain varieties are generally

preferred in the international market and most Asian

countries, including China and South Asia, while short

and round grains are preferred in Japan and Korea (Juliano

and Villareal 1993).

Seed shape is determined mainly by its dimensions: seed

length (SL), seed width (SW) and the ratio of length to

width (RLW). The seed or grain shape is generally rec-

ognized as a quantitative trait that is controlled by multiple

genes and affected by environmental factors. Numerous

quantitative trait loci (QTLs) for SL, SW and RLW have

been reported in various mapping populations in rice (Tan

et al. 2000; Thomson et al. 2003; Aluko et al. 2004; Li

et al. 2004; Rabiei et al. 2004; Govindaraj et al. 2005; Wan

et al. 2006; http://www.gramene.org). In these studies,

several major QTLs such as those on chromosomes 3 and

5, in addition a few minor QTLs elsewhere, frequently

accounted for large proportions of the genetic variation in

seed dimensions. So far, most of the loci and their func-

tions remain to be examined, except a small number of

genes (e.g., GS3, GW2, qSW5/GW5, GS5, SRS3) associated

with grain size or shape that have been identified and
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cloned in rice. GS3, the first major QTL cloned on chro-

mosome 3 for grain length, encodes a putative transmem-

brane protein, in which a C-to-A mutation caused a

premature stop code resulting in a truncated protein with

loss of function (Fan et al. 2006; Takano-Kai et al. 2009).

Two other major QTLs controlling seed width and weight

in rice, GW2 on chromosome 2 and qSW5/GW5 on chro-

mosome 5, encode a RING-type E3 ubiquitin ligase (Song

et al. 2007) and a nuclear polyubiquitin-binding protein

(Weng et al. 2008; Shomura et al. 2008), respectively. Loss

of function in both GW2 and qSW5/GW5 led to enhanced

seed width and weight but reduced seed length, while loss

of function in GS3 increased seed length and weight, but

had little or no effect on seed width (Fan et al. 2006;

Takano-Kai et al. 2009; Mao et al. 2010). It seems that GS3

and GW2 regulate seed length and width independently

during seed development. In contrast to these genes that

function as negative regulators of grain shape or size, GS5,

recently identified on chromosome 5, encodes a putative

serine carboxypeptidase regulating cell numbers in mitotic

division, and functions as a positive grain size regulator,

such that higher expression of GS5 is associated with larger

grains (Li et al. 2011). Similarly, SRS3 on chromosome 5

encodes a novel kinesin 13 protein (Kitagawa et al. 2010),

and might function as a positive regulator of seed shape by

regulating cell length in seed formation. Loss of the gene

SRS3 reduced seed length and increased seed width, lead-

ing to a small, round seed. Several genes for seed shape or

size have also been identified in other plant species. For

instance, AUXIN RESPONSE FACTOR 2 (ARF2) in Ara-

bidopsis is a transcription factor that mediates gene

expression in response to auxin; loss of function in ARF2

enlarged seeds through extra cell divisions in the integu-

ments (Schruff et al. 2006). LONGIFOLIA1 (LNG1) in

Arabidopsis encodes novel plant-specific protein enriched

with serine residues that enlarged seeds and siliques by

regulating longitudinal cell elongation (Lee et al. 2006).

Conversely, mutations in either MINISEED3 or HAIKU2 in

the same pathway led to reduced seed size, which encode a

transcription factor and a leucine-rich repeat receptor

kinase, respectively (Luo et al. 2005). Characterization of

these genes suggests that seed shape or size is governed by

cell proliferation and expansion that have complex regu-

lation through diverse mechanisms.

In this study, we found a major QTL (qSS7) for seed

shape on the long arm of chromosome 7 using segregating

populations derived from a chromosomal segment substi-

tution line within the genetic background of an indica

variety, Zhenshan97 (ZS97). Our main objectives were to

map the QTL to a narrow region to enable cloning and to

determine whether the QTL independently affects send

length and seed width.

Materials and methods

Plant materials and field experiments

A chromosomal segment substitution line (Q043) with long

grains was selected from the advanced backcross popula-

tion (BC3F4) derived from a cross between a short-grain

indica variety (ZS97) as the recurrent parent, and a long-

grain tropical japonica variety (Cypress) as the donor

parent (Yu et al. 2005). Q043 was then crossed with ZS97

to generate a segregating F2 population for primary map-

ping. This F2 population, comprising 166 individuals, and

the two parental lines (Q043 and ZS97) were grown in the

summer of 2008 at the Ezhou experimental site of Huaz-

hong Agricultural University, China (30.2�N, 114.5�E).

The F2:3 families for each of the F2 plants were then grown

at the Lingshui experimental site (18.2�N, 108.9�E) in the

winter of 2008, planted in rows of ten individuals at a

spacing of 16.7 9 26.6 cm.

A single individual containing only one substitution

segment heterozygous at the target QTL was chosen from

the above F2 population, and self-pollinated to produce a

large segregation population for fine mapping. This popu-

lation of 1,025 individuals was grown at the Wuhan

experimental site (30.4�N, 114.2�E) in the summer of 2009.

The recombinant individuals were selected using the mark-

ers flanking the QTL, and the phenotypes were evaluated by

progeny testing. The progeny for each recombinant was

grown in a 3-row plot with 10 plants per row, at the Lingshui

site in the winter of 2009. Progeny of some informative

plants in which recombination occurred near the QTL was

grown in larger quantities, in an 8-row plot with ten plants

per row at Wuhan in the summer of 2011, for precise

determination of phenotype and genotype. A pair of near-

isogenic lines (NIL) having nearly the same genetic back-

ground as ZS97, with the exception of the small introduced

segment (about 1.5 Mb in length) surrounding the QTL, was

also selected and evaluated at Wuhan in the summer of 2011

following the same field management described above for

the important recombinants.

Trait measurement

SL, SW, RLW, seed thickness and 1,000-seed weight

(TSW) were measured as described in Tan et al. (2000). All

measurements were repeated three times for each plant.

The average lengths and widths and their ratios were used

for phenotype analysis. The other agronomic traits

including panicle length, panicle weight, primary branch

number per panicle, secondary branch number per panicle,

spikelets per panicle, grains per panicle, TSW, yield per

plant, plant height and heading date were surveyed for
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ZS97 and the NILs following the methods described in

Wang et al. (2012), except that spikelet density was mea-

sured as the total number of spikelets per panicle divided

by its panicle length.

The length and width of inner epidermal cells in the

spikelet lemma at the heading stage were analyzed by

scanning electron microscopy (SEM). The samples were

prepared following the procedure described in Zhu et al.

(2010). Samples were fixed in an FAA solution (90 %

ethanol, 5 % glacial acetic acid and 5 % formaldehyde).

After dehydration in a graded ethanol series and substitu-

tion with isoamyl acetate, the samples were critical-point

dried by carbon dioxide, coated by sputtering with gold,

and observed under a scanning electron microscope

(JSM-6390/LV, Japan).

DNA extraction and marker analysis

Young seedling leaves were harvested for DNA extraction

using the CTAB method (Murray and Thompson 1980). A

bulked segregant analysis (BSA) approach was applied for

primary mapping of QTLs in the specific genome region of

interest (Michelmore et al. 1991). Two DNA bulks were

created by pooling DNA from those individuals with

extreme long or short phenotypes from the F2 population.

For genotyping of the parental lines (Q043 and ZS97), 264

simple sequence repeat (SSR) markers evenly distributed

over the 12 chromosomes were designed according to the

Gramene database (http://www.gramene.org/). For fine

mapping, several insertion/deletion (InDel) and single-

nucleotide polymorphism (SNP) markers (Table S1) were

developed by randomly sequencing about 1-kb fragment

every 5 kb along the length of the target region. The

genomic region of the candidate genes including the

promoter and entire coding region from the parental lines

were amplified by PCR using several specific pairs of

primers (Table S1). The primers were designed using the

software Primer 3 (http://frodo.wi.mit.edu/) based on the

reference genome of Nipponbare available at the database

(http://rice.plantbiology.msu.edu/). PCR products were

digested, purified and sequenced using BigDye Terminator

Cycle Sequencing v3.1 (Applied Biosystems, USA)

according to manufacturer’s specifications. Sequencing

reactions were run on an ABI 3730. Sequences were

aligned by Sequencer 4.6 (Gene Codes Corporation).

Data analysis

Mapmaker/QTL 1.1b was used to scan QTLs in the F2

individuals and the corresponding F2:3 (Lincoln et al.

1992). Correlation analysis and Duncan’s tests for com-

parison of the NILs and recombinant lines were performed

in Statistica (StatSoft, 1999).

Quantitative real-time PCR

The RNA from panicles at various developmental stages

was extracted using a TRIzol Reagent Kit (Invitrogen,

USA) and treated with DNase I. Quantitative real-time

(qRT) PCR was performed using an ABI 7500 Real-Time

PCR System according to the manufacturer’s instructions.

The relative expression of each transcript was obtained by

comparison with the expression of the rice actin gene and

measurements were obtained using the relative quantifica-

tion method (Livak and Schmittgen 2001). Each mea-

surement was determined in two biological samples with

three replicates for each sample. The primers used for

qRT-PCR are also listed in Table S1.

Results

Preliminary mapping of qSS7 on chromosome 7

The parental lines (ZS97 and Q043) showed significant

differences in the three seed shape parameters (SL, SW,

and RLW). Q043 seeds were on average 15.2% longer and

10.2 % narrower than ZS97 (Fig. 1). The segregating

population (F2) from the cross of the two parents showed a

binomial or trinomial distribution of seed length (Fig. 1),

suggesting a major QTL might be involved in seed length

in this F2 population. Genome-wide genotyping of the

parental line (Q043), using 264 SSR markers evenly dis-

tributed over the 12 chromosomes, demonstrated that it

carries at least eight segments of Cypress located on

chromosomes 1, 4, 5, 6, 7 and 12 in the genetic background

of ZS9 (Figure S1a). To determine where this major QTL

was located, eight individuals with the shortest seeds and

eight with the longest seeds were selected from the F2

population to create two bulked DNA pools. BSA showed

that only two markers (RM505 and RM234), closely linked

on chromosome 7, detected differences between the two

bulked samples (Figure S1b), when using 16 SSR poly-

morphic markers (RM493, RM562 RM8004, RM273,

RM252, RM241, RM470, RM405, RM574, RM586,

RM225, RM505, RM234, RM101, RM1047, RM1999)

flanking or within the eight introgressions (Figure S1a).

These results suggested that the QTL for seed length was in

the region RM505–RM234 on chromosome 7.

QTL analysis with eight markers surrounding the

RM505–RM234 region further demonstrated that the QTL

in the 1.5 cM interval of RM21930–RM21936 had simul-

taneous effect on SL, SW and RLW in both the 166 F2

individuals and their F2:3 families (Fig. 2a; Table 1). This

major QTL explained 72.6 % of SL, 41.8 % of SW and

61.6 % of RLW variances in the F2:3 families. It was thus

tentatively designated qSS7. The Cypress allele at qSS7

Theor Appl Genet (2012) 125:1717–1726 1719

123

http://www.gramene.org/
http://frodo.wi.mit.edu/
http://rice.plantbiology.msu.edu/


contributed to an increase in seed length, but a decrease in

seed width. The additive effect of qSS7 on seed length was

approximately 0.63 mm, while the degree of dominance

was low (0.12) in the F2:3, indicating that the Cypress allele

interacts with the ZS97 allele in a largely additive manner

(Table 1).

Fine mapping of qSS7

One thousand twenty-five individuals generated from a

single F2 individual heterozygous only at the qSS7 region

were screened with two SSR markers (RM21930 and

RM21936) flanking the QTL. Eighteen recombinants in the

interval of RM21930–RM21936 were identified, and fur-

ther genotyped using 14 newly developed SNP markers

between ZS97 and Q043 (Fig. 2b; Table S1). Precise

phenotyping was performed by progeny testing, which also

enabled the determination of genotypes or segregation

patterns of qSS7 in each recombinant. The measurements

of seed shape in the progeny of the 18 recombinants and

two non-recombinant homozygous for ZS97 alleles and

Cyprese alleles designated as controls C1 and C2 respec-

tively are provided in Figure S2. Four recombinants with

homozygous ZS97 alleles at qSS7 showed identical short

seeds, eight with homozygous Cypress alleles showed

identical long seeds and four with heterozygous qSS7

alleles displayed segregating seed lengths (Fig. 2c). It is

noteworthy that the remaining two recombinants (M3 and

M4) showed a segregating seed lengths suggesting they

were heterozygous at qSS7 (Fig. 3c), but with a short-like

average. Overall, seed length seemed to be co-segregating

with the marker DGS210. In particular, the six most

informative recombinants (M3, M4, M8, M14, M15 and

M16) allowed us to delimit qSS7 to a region of approxi-

mately 23 kb between the markers GL293 and DGS220 on

a BAC OSJNBb0018H10 (Fig. 2). This small region also

affected SW and RLW (Fig. 2; Figure S2).

To further delineate the qSS7 region and to determine

whether the recombinant M4 with short-like seed contains

a QTL for seed shape, the genotypes of the M4 and M7

progeny were analyzed at the marker GL293. The progeny

comprising 71 individuals from the recombinant M4

showed significant differences in seed length and width

among the three genotypes at the locus (Fig. 3a, b). Sim-

ilarly, the progeny comprising 60 individuals for the

recombinant M7 showed significant differences in seed

length and width among the three genotypes: the hetero-

zygote had an intermediate seed length, longer (and nar-

rower) than the homozygote for ZS97 alleles, but shorter

(and wider) than the homozygote for Cypress alleles

(Fig. 3c, d). Notably, the distribution of seed shape (i.e.,

SL) in the progeny of M7 was consistent with that a major

QTL for seed shape exhibited by the primary F2 population

of ZS97 and Q043. Interestingly, the progeny test for the

recombinant M7 revealed that the average effect of qSS7 is

about threefold greater than in M4 for both seed length and

width (Fig. 3). M7 and M4 contain the heterozygous frag-

ments GL293–DGS220 and GL293–DGS210, respectively,
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within an overlapping region (GL293–GL285) surrounding

qSS7. The inconsistency of QTL effect in the M7 and M4

progeny indicates a major gene that may contain qSS7 in

the non-overlapping segment (GL285-DGS220) held by

M7, and a minor gene in the overlapping segment. The

qSS7 region appears to be a composite QTL containing at

least two linked genes with different effects regulating seed

length and width.

Candidate genes in the target region

The 23-kb target region contains two common predicted

genes (LOC_Os07g41200, LOC_Os07g41210) based on

three genome annotation databases (http://rice.plantbiology.

msu.edu/; http://ricegaas.dna.affrc.go.jp/; http://linux1.soft

berry.com/) (Fig. 2d). The former gene encodes a protein

with unknown function, and the latter encodes a conserved

hypothetical protein. It is noteworthy that two other pre-

dicted genes each encoding a hypothetical protein in this

region were annotated by RiceGAAS using the monocot
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Fig. 2 Fine mapping of qSS7. a The genetic linkage map of the qSS7
region based on 166 F2 plants. Numbers under the line indicate

genetic distance between adjacent markers. b High-resolution map of

the qSS7 region from 1,025 F2 individuals. c Progeny testing of 18

recombinants between RM21930 and RM21936 narrowed qSS7 to a

23-kb region between GL293 and DGS220. The non-recombinant

homozygous for the ZS97 alleles and the Cyprese alleles in the

interval were designated as the controls C1 and C2, respectively.

Scores for seed length: S (short), SE (segregating) or I (intermediate),

and L (long); for seed width: W (wide), I (intermediate), and N

(narrow); for ratio of length to width: M (medium), SE (segregating)

or I (intermediate), and SL (slender). d Two predicted candidate

genes in the target region based on the genome annotation databases

Table 1 The parameters of the QTL (qSS7) in the interval

RM21930–RM21936 for three seed shape traits in F2 and F2:3

populations

Trait Population LOD A D D/A R2 %

SL F2 35.8 0.60 0.10 0.16 63.7

F2:3 43.7 0.63 0.08 0.12 72.6

SW F2 12.6 -0.12 -0.03 0.23 29.5

F2:3 19.5 -0.15 -0.03 0.20 41.8

RLW F2 28.8 0.40 0.06 0.15 55.1

F2:3 32.7 0.38 0.04 0.11 61.6

LOD logarithm of odds, A additive effect, D dominant effect, D/A
dominant degree, R2 % percentage of total phenotypic variance

explained by the QTL
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plant model (http://ricegaas.dna.affrc.go.jp/). However, there

are no full-length cDNAs or ESTs responding to the pre-

dicted genes except LOC_Os07g41200 in the public

databases (http://rapdb.dna.affrc.go.jp/; http://rice.plantbio

logy.msu.edu/). BLAST searching identified that LOC_Os0

7g41200 has one closely related homolog LONGIFOLIA1,

which affect longitudinal expansion of seeds in Arabidopsis

(http://www.ncbi.nlm.nih.gov/). The genomic fragments of

approximately 7.5 kb for LOC_Os07g41200, and 1.8 kb for

LOC_Os07g41210, as well as about 1 kb covering each of

the other two predicted genes were sequenced. Sequence

comparison between ZS97 and Q043 demonstrates a number

of nucleotide differences in LOC_Os07g41200 and

LOC_Os07g41210 (Figure S3), but no difference in the

other predicted genes. There are 26 Indels and SNPs located

in the promoter region and 14 polymorphisms in the coding

region of LOC_Os07g41200, and 30 in the promoter and

nine polymorphic sites in the coding region of LOC_Os

07g41210. A few are worth mentioning as possible causal

sites for the QTL. Two nucleotide substitutions in the coding

region of LOC_Os07g41200 change the predicted amino

acids. For LOC_Os07g41210, four nucleotide substitutions

in the coding region change the predicted amino acids, one

of which, a single nucleotide transition (G-to-A), results in a

Tryptophan codon (TGG) in Q043 becoming a termination

codon (TGA) in ZS97 (Figure S3). This premature

termination causes a 30-aa truncation at the C-terminus of

the predicted protein in ZS97.

Expression of the candidate genes

Expression analysis of LOC_Os07g41200 and

LOC_Os07g41210 based on the microarray data of the

tissues including root, stem, leaf, panicle and endosperm

collected throughout the life cycle of the variety ZS97

(Wang et al. 2010), indicated that LOC_Os07g41200 was

expressed in various tissues, especially with the highest

level in young panicles; however, LOC_Os07g41210 was

relatively low or hardly detected in the tissues assayed

(Figure S4; http://crep.ncpgr.cn/). Quantitative real-time

PCR analysis showed that expression patterns of both

genes in Q043 are different from those in ZS97. In par-

ticular, LOC_Os07g41200 in Q043 is expressed at higher

levels than in ZS97 through almost the entire panicle

development stage (panicles ranging 3–23 cm in length),

except the early stage (panicles B2 cm in length) (Fig. 4a).

In contrast, the expression levels of LOC_Os07g41210 in

ZS97 are higher at most of the panicle development stages

except the late one (panicles reaching 23 cm in length) than

those in Q043 (Fig. 4b). These results suggest that

LOC_Os07g41200 might be involved in panicle develop-

ment in rice.
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Cypress alleles, and the heterozygote at the locus, respectively.

Mean ± SD for each genotype is provided, with different letters
(a, b and c) indicating significant difference among the genotypes at

P \ 0.05
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Comparison of NILs

The phenotypes of two NILs differing only at the qSS7

region were evaluated. The NILs carrying the Cypress and

ZS97 alleles at the qSS7 locus were designated NIL (Cyp)

and NIL (ZS), respectively. Compared with NIL (ZS), NIL

(Cyp) showed significantly increased SL, RLW and panicle

length, decreased seed width and spikelet density, and a

small but statistically significant difference in heading date

(P = 0.03) (Table 2). However, no significant differences

were observed between the NILs in other traits such as seed

thickness, number of spikelets per panicle, TSW and plant

height (Table 2). These results validate the QTL analysis

showing Cypress qSS7 allele enhanced SL and RLW but

reduced SW.

To investigate whether cell expansion was affected in the

NILs, the length and width of the inner epidermal cells of

the outer glume (lemma) enclosed within a square that had

the same number of cells (n = 30) was measured by SEM

(Fig. 5b, c). The SEM analysis showed that NIL (Cyp) had

an average cell length of 114.7 ± 27.1 lm, significantly

longer than those of ZS97 (averaging 100.9 ± 23.6 lm).

Conversely, the average cell width in NIL (Cyp) was

56.9 ± 14.2 lm, significantly narrower than in ZS97, which

was 64.5 ± 8.7 lm (Fig. 5d). The NIL (Cyp) epidermal

cells were 13.7 % longer and 11.8 % narrower than their

counterparts, suggesting that the longer, narrower cells of

the NIL largely accounted for the differences in seed shape

(Fig. 5a). These results indicate that qSS7 may have function

in regulating both cell length and width elongation in the

lemma.

Discussion

qSS7 for seed shape has little effect on seed weight

Seed shape is one of the most important attributes of grain

weight and appearance that determines the market value of

rice. The qSS7 on the long arm of chromosome 7 described

here acts as a major QTL affecting seed shape parameters.

A consistent QTL for grain length has been mapped to an

approximately 300-kb or larger interval (Amarawathi et al.

2008; Shao et al. 2010) or adjacent region but with only a

small amount of the SL variation explained in the popu-

lations (Bai et al. 2010). qSS7 is simultaneously associated

with SL, SW and RLW, but has little or no effect on TSW

(Table 2). The effect of qSS7 is different from previously

reported QTLs and/or cloned genes for seed shape which

affect TSW to some extent. For example, GS3 and SRS3

had major effects on both grain length and weight (Fan

et al. 2006; Kitagawa et al. 2010), and GW2 and qSW5 act

as major QTLs for both grain width and weight (Song et al.

2007; Shomura et al. 2008). Notably, qSS7 has an opposite

effect on SL and SW: the Cypress allele contributes to an

increase in SL and decrease in SW but does not alter seed
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Fig. 4 Relative expression of two candidate genes a LOC_

Os07g41200 and b LOC_Os07g41210 at five panicle development

stages by qRT-PCR. The actin gene was used as an internal control.

Mean values and standard error (bar) were determined by two

biological replicates measured three times for each sample

Table 2 Comparison of seed shape and other traits in the NILs that

contain different alleles at qSS7

Trait NIL(ZS) NIL (Cyp) P value

Seed length (mm) 8.47 ± 0.07 9.52 ± 0.06 0.000

Seed width (mm) 2.96 ± 0.12 2.79 ± 0.04 0.001

Ratio of length to width 2.86 ± 0.12 3.42 ± 0.06 0.000

Seed thickness (mm) 2.01 ± 0.06 2.02 ± 0.04 0.666

Panicle length (cm) 23.1 ± 1.06 25.1 ± 1.21 0.000

Panicle weight (g) 2.25 ± 0.41 2.15 ± 0.40 0.321

Primary branch number 9.5 ± 1.18 9.5 ± 1.04 0.958

Secondary branch

number

20.3 ± 4.23 18.5 ± 3.71 0.095

Grains per panicle 75.2 ± 18.58 68.3 ± 16.75 0.131

Spikelets per panicle 108.2 ± 16.35 101.0 ± 14.56 0.073

Spikelet density 4.7 ± 0.61 4.0 ± 0.54 0.000

1,000-seed weight (g) 26.4 ± 0.77 26.9 ± 0.34 0.052

Yield per plant (g) 15.3 ± 6.44 16.3 ± 5.61 0.502

Productive tiller 9.9 ± 2.80 10.5 ± 2.91 0.393

Heading date (d) 64.9 ± 2.41 63.5 ± 2.52 0.030

Plant height (cm) 84.6 ± 3.17 85.1 ± 4.07 0.580

Phenotypes are given as mean ± standard deviation of 30 individuals

for each line. A t test was applied to generate P values
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thickness, and consequently does not change the seed

volume or weight. This finding suggests that qSS7 might

regulate seed length and width independent of seed weight.

This notion is supported by evidence from correlation

analysis in the F2:3 population, in which SL was highly

positively correlated with RLW (r = 0.87, P \ 0.01) and

negatively correlated with SW (r = -0.56, P \ 0.01), but

not associated with TSW (r = 0.10, P [ 0.5). This makes

qSS7 of particular interest because the way it acts on SL

and SW in opposing directions differs from the many

previously reported seed shape-related genes. GS3 for

instance, has a major effect on seed length and a minor

effect in the same direction on seed width, and qSW5/GW5

plays a significant role in seed width but has a less sig-

nificant effect on seed length (Weng et al. 2008; Shomura

et al. 2008). The gene(s) underlying qSS7 appear to have

differential modulation in growth (or growth arrest) along

the longitudinal and transverse axes of the seed. Interest-

ingly, the panicles of NIL (ZS) and NIL (Cyp) were sig-

nificantly different in length, suggesting that qSS7 may

regulate cellular elongation within the panicle as well. In

fact, several genes (i.e., SG1, EP2, EP2 and qPE9-1)

recently isolated for panicle traits (i.e., panicle length,

panicle erectness) have also been reported to affect grain

shape (Piao et al. 2009; Zhou et al. 2009; Zhu et al. 2010;

Nakagawa et al. 2012). For example, the ep3 mutant of rice

showed erect and short panicles and wide grains, but no

differences in grain length and weight as compared to the

wild type (Piao et al. 2009). The mutation alleles of EP2

and qPE9-1 caused an erect- and short-panicle phenotypes,

as well as a short-grain phenotype with a decrease in grain

length and weight, but an increase in grain width and grain

thickness in the ep2 mutant (Zhu et al. 2010), while no

obvious changes in grain width and grain thickness in the

qpe9-1 mutant (Zhou et al. 2009). These results together

with our study suggest that some common mechanisms are

likely to control both panicle length and grain shape in rice.

Implication of qSS7

The development and utilization of hybrid rice has made a

great contribution to food production in China and other

Asian countries. However, the appearance quality (i.e.,

grain shape) of most indica hybrids has failed to keep pace

with current demands due to the short-grain female parents

(Fan et al. 2006). In terms of breeding perspectives to make

female parents have the long-grain phenotype, GS3 can be

applied to improve grain yield and appearance quality, but

has limitations for use in hybrids because the heterozygote

always expresses the short-grain phenotype due to its
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Fig. 5 Seed differences between ZS97 and NIL. a Mature seeds and

grains of ZS97 (left) and the NIL carrying Cypress alleles (right),
scale bar 3 mm. Scanning electron microscopy shows the differences

in inner epidermal cells of the lemma between b ZS97 and c the NIL.

d Mean ± SD (n = 30) cell length and width in the boxed regions of

b ZS97 and c the NIL. P values were generated by a t test
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recessive long-grain allele. Comparatively, qSS7 could

modify seed dimensions (i.e., SL and SW) antagonistically

leading to a much longer and narrower seed, which is more

useful for breeding hybrids with slender seed due to the

partial dominant allele for the long grain phenotype. Thus,

the cloning and characterization of qSS7 currently under-

way will not only be helpful in understanding mechanisms

regulating seed shape, but may also facilitate combining

qSS7 with other desirable genes to improve both grain yield

and appearance quality in rice hybrids.

Fine mapping clearly shows that qSS7 is located in a

small region containing at least two possible candidate

genes. Interestingly, LOC_Os07g41200 has one closely

related Arabidopsis homolog LNG1 that has been shown to

regulate longitudinal cell elongation (Lee et al. 2006). This

is consistent with our hypothesis that qSS7 may have a

function in regulating cell length elongation in the lemma

(Fig. 5). In addition, LOC_Os07g41200 is specifically

highly expressed in the seeds or panicles of rice (Wang

et al. 2010). Therefore, the role of this gene in seed shape

needs to be explored in rice. It is also noteworthy that the

sub-fragment GL285–DGS220 of the qSS7 region that

harbors LOC_Os07g41210 seemed to have a relatively

large effect on seed shape (Figs. 2, 3). Moreover, this

predicted gene has a premature termination causing a

truncated protein in ZS97. Therefore, LOC_Os07g41210

cannot be ruled out as a candidate underlying the QTL.

Further, transgenic complementation experiments and

RNA interference of the potential candidate genes and

association analysis of the sequence variations of these

genes in a large panel of rice germplasm are necessary to

test the definitive role either or both of these genes play in

determining seed shape.
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