
Abstract The characteristics of starch, such as gela-

tinization temperature (GT), apparent amylose con-

tent (AAC), pasting temperature (PT) and other

physicochemical properties, determine the quality of

various products of rice, e.g., eating, cooking and

processing qualities. The GT of rice flour is controlled

by the alk locus, which has been co-mapped to the

starch synthase IIa (SSIIa) locus. In this study, we se-

quenced a 2,051 bp DNA fragment spanning part of

intron 6, exon 7, intron 7, exon 8 and part of 3¢
untranslated region of SSIIa for 30 rice varieties with

diverse geographical distribution and variation in

starch physicochemical properties. A total of 24 single

nucleotide polymorphisms (SNPs) and one insertion/

deletion (InDel) were identified, which could be clas-

sified into nine haplotypes. The mean pairwise nucle-

otide diversity p was 0.00292, and Watterson’s

estimator h was 0.00296 in this collection of rice

germplasm. Tajima’s D test for selection showed no

significant deviation from the neutral expectation

(D = – 0.04612, P > 0.10). However, significant asso-

ciations were found between seven of the SNPs and

peak GT (Tp) at P < 0.05, of which two contiguous

SNPs (GC/TT) showed a very strong association with

Tp (P < 0.0001). With some rare exception, this GC/TT

polymorphism alone can differentiate rice varieties

with high or intermediate GT (possessing the GC al-

lele) from those with low GT (possessing the TT al-

lele). In contrast, none of these SNPs or InDel was

significantly associated with amylose content. A further

509 rice varieties with known physicochemical prop-

erties (e.g., AAC and PT) and known alleles of other

starch synthesizing genes were genotyped for the SSIIa

GC/TT alleles. Association analysis indicated that 82%

of the total variation of AAC in these samples could be

explained by a (CT)n simple sequence repeat (SSR)

and a G/T SNP of Waxy gene (Wx), and 62.4% of the

total variation of PT could be explained by the GC/TT

polymorphism. An additional association analysis was

performed between these molecular markers and the

thermal and retrogradation properties for a subset of

245 samples from the 509 rice varieties. The SSIIa GC/

TT polymorphism explained more than 60% of the

total variation in thermal properties, whereas the SSR

and SNP of Wx gene explained as much as the SSIIa

GC/TT of the total variation in retrogradation prop-

erties. Our study provides further support for the uti-

lization of the GC/TT polymorphism in SSIIa. As

shown in our study of 509 rice varieties, the GC/TT

SNP could differentiate rice with high or intermediate

GT from those with low GT in about 90% of cases.

Using four primers in a single PCR reaction, the GC/

TT polymorphism can be surveyed on a large scale.
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Thus, this SNP polymorphism can be very useful in

marker-assisted selection for the improvement of GT

and other physicochemical properties of rice.

Introduction

Differences in starch properties of rice grains deter-

mine their eating, cooking and processing qualities.

Apparent amylose content (AAC) and gelatinization

temperature (GT) are two of the well-established

parameters used to evaluate these qualities (Juliano

1998; Bergman et al. 2004). For example, low-GT rices

have a softer texture than high-GT rices among freshly

cooked waxy and low-AAC rices; and among inter-

mediate- and high-AAC rices, intermediate-GT rices

are softer than low-GT rices when freshly cooked, but

they have similar hardness values on accelerated stal-

ing (Perez et al. 1993). Different rice products require

different types of rice with different starch properties,

e.g., low GT is preferred in manufacturing rice breads

and beer (Juliano 1998). Knowledge of the relationship

between physicochemical properties and end-use

qualities can direct breeding activities in selecting de-

sired rice with unique qualities. However, lack of

information on the genetic basis and related techniques

for selection retards the breeding progress.

The GT of starch can be measured indirectly by

alkali spreading value or directly by differential scan-

ning calorimetry (DSC) as peak temperature (Tp) from

the endotherm. The pasting temperature (PT) mea-

sured by viscoamylography such as using Rapid Visco

Analyzer is correlated to GT. Genetically, GT is pos-

sibly controlled by one (McKenzie and Rutger 1983),

two or three genes (Chang and Li 1991). Through

quantitative trait locus (QTL) mapping, it has been

reported that GT may be controlled either by the alkali

degeneration gene (alk) (He et al. 1999; Bao et al.

2004; Fan et al. 2005) or by the Wx gene (Tan et al.

1999). Umemoto et al. (2002) reported that the starch

synthase IIa (SSIIa) gene is located at the alk locus on

chromosome 6 in the rice genome. Gao et al. (2003)

reported the map-based cloning of the alk locus that

encodes SSIIa, and found that nucleotide substitutions

in the coding sequence of SSIIa may cause the alter-

ation in GT. Jiang et al. (2004) cloned three isoforms of

starch synthase II including SSIIa by cDNA library

screening, finding that SSIIa was mainly expressed in

endosperms. Chen et al. (2003) identified two separate

mutations in SSIIa that were associated with low GT.

Umemoto et al. (2004) studied three single nucleotide

polymorphisms (SNPs) associated with GT using hap-

lotype analysis. More recently, Nakamura et al. (2005)

analyzed in detail the effect of amino acid replacement

caused by these SNPs on the enzyme activity and on

the amylopectin structure and GT, and the results

indicated that two of the SNPs (at 4,198 and 4,229/

4,330 bp as positioned in the present study) are

essential for SSIIa activity and granule association.

Association mapping, also referred to as linkage

disequilibrium (LD) mapping, is a popular method that

has been widely used to test the relationship between

specific sequence polymorphisms in candidate genes

and phenotypic variation (Thornsberry et al. 2001;

Flint-Garcia et al. 2003; Gupta et al. 2005), facilitating

identification of actual functional polymorphisms

within candidate gene and epistatic interactions (Ha-

genblad et al. 2004; Caicedo et al. 2004). LD studies

conducted in plants have recently been summarized by

Gupta et al. (2005), and examples using association

mapping are still increasingly documented (Andersen

et al. 2005; Simko et al. 2004; Szalma et al. 2005;

Bundock and Henry 2004). Association analyses have

also been conducted for the SSIIa gene in relation to

GT, but only two or three SNPs were used in such

studies (Chen et al. 2003; Umemoto et al. 2004),

resulting in the same haplotypes consisting of rices with

both high and low GT. Furthermore, previous studies

began with alignment of SSIIa sequences to find SNPs

among a few rices (Chen et al. 2003; Umemoto et al.

2004), e.g., the two genome-sequenced rice cultivars,

93-11 and Nipponbare (Chen et al. 2003). The few se-

quences studied unlikely represent all naturally

occurring variations in this gene. Therefore, it is nec-

essary to search for more SNPs from a different set of

germplasm in order to find those that can differentiate

high- and low-GT rice varieties. Furthermore, nucleo-

tide diversity and LD in SSIIa have not been investi-

gated.

In this study, nucleotide diversity of SSIIa gene was

characterized based on the sequence variation in 30

diverse rice varieties, and association tests were per-

formed to investigate the relationships between the

SNPs found in these rices and their GT values. Addi-

tionally, to verify the relationship between SSIIa GC/

TT polymorphism and starch physicochemical proper-

ties, four primers were designed for amplifying the two

continuous SNPs in a single PCR reaction for a total of

509 rice varieties with known alleles at other starch

synthesizing gene loci and known amylose content and

pasting properties (Bao et al. 2006b). The GC/TT

polymorphism can differentiate rices with high or

intermediate GT from those with low GT at a rate of

about 90% correct prediction. A further marker asso-

ciation analysis was conducted for 245 of the rices with
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known thermal and retrogradation properties (Bao

et al. 2006c). The findings presented in this paper

provide further support for the utility of association

studies between molecular markers and physicochem-

ical properties of starch, especially between the SSIIa

GC/TT polymorphism and GT in rice on a large scale.

Materials and methods

Rice materials

For sequencing analysis of the SSIIa gene, 30 rice

varieties with a wide geographical distribution were

included in the study, e.g., IR64 (BP052), IR1552

(BP020) and Azucena (BP021) from the Philippines;

Lemont (BP015), Sierra (BP038), and Bolivar (BP039)

from the USA; IRGA 409 (BP037) from Brazil, and all

others from China. The accession BP032 initially

named as Nipponbare in our sample collection was

shown to be a misnomer based on its sequence analysis.

Therefore, we renamed the accession simply as ‘‘Un-

known’’ in this study to distinguish it from the true

cultivar Nipponbare.

These rice samples also differ drastically in AAC

and GT (Table 1). Their alleles at other starch syn-

thesizing gene loci have already been genotyped (Bao

et al. 2006a), and a wide range of allelic diversity was

found (Table 1). Even though some of the rice samples

have the same alleles, their starch properties are dif-

ferent. Additionally, a common wild rice, Oryza ruf-

ipogon (BP580) was included for comparison in the

sequencing analysis (Table 1).

To analyze the relationship between the GC/TT

polymorphism and starch physicochemical properties,

a total of 509 rice samples with known alleles at other

starch metabolic gene loci (Bao et al. 2006a) and

known amylose content and pasting properties (Bao

et al. 2006b) were included for genotyping the GC/TT

SNP of SSIIa. Because only 245 of the 509 rice samples

were previously measured for the thermal and retro-

gradation properties (Bao et al. 2006c), further asso-

ciation analyses of the GC/TT and markers of other

starch genes with the thermal and retrogradation

properties were conducted for these 245 samples only.

Analysis of starch physicochemical properties

The starch physicochemical properties, including

AAC, pasting properties, gel texture, thermal and

retrogradation properties, have been reported else-

where (see Bao et al. 2006b, c for detailed methods).

The measurement of thermal properties of brown rice

flour was performed with DSC as described by Bao

et al. (2006c).

DNA extraction, PCR amplification, and

sequencing

Total genomic DNA was extracted from five seed-

lings of each rice cultivar using the CTAB method

(Doyle 1991). Two SSIIa sequences (AY423717

genomic sequence and AF419099 mRNA sequence)

were downloaded from NCBI (http://www.ncbi.nlm.-

nih.gov/), which were used as the query sequences to

conduct BLAST search with genome sequences of

93-11 and Nipponbare to find 5¢ and 3¢ untranslated

regions (UTRs). Based on the sequences of

AP003509 (Nipponbare) and AAAA01011906 (93-

11), PCR primers (Table 2) were designed with the

GeneTool software 1.0 (BioTools, Inc., Edmonton,

Alberta). Part of the SSIIa gene, i.e., from 2,705 to

4,851 bp spanning part of intron 6, exon 7, intron 7,

exon 8 and part of 3¢ UTR, was amplified in two

separate PCR reactions with the primer combinations

of F17/R6 and F7/R1 (Table 2), respectively. Part of

the 3¢ UTR was an extension from the sequence

AY423717 (4,422 bp).

Each 30 ll amplification reaction consisted of

10 mM Tris–HCl (pH 9.0), 50 mM KCl, 0.1% Triton X

100, 2 mM MgCl2, 0.1 mM dNTPs, 200 nM primers, 0.5

unit of Taq polymerase, and 20 ng of genomic DNA.

All amplifications were performed on a PTC-100

thermal cycler (MJ Research, Inc.) under the following

conditions: 5 min at 94�C, followed by 45 s at 94�C,

60 s at 58�C, and 60 s at 72�C for 35 cycles, and 10 min

at 72�C for a final extension.

The PCR product was purified with High Pure PCR

Product Purification Kit (Roche Diagnostics GmbH,

Germany). DNA sequencing was performed on an

ABI 3100 automated sequencer following the manu-

facturer’s instructions (Applied Biosystems, Inc.). Di-

rect sequencing was performed using four primers (F7,

F17, R1 and R6) and others primers (F18, R18 and

R20) (Table 2). The rare SNPs were re-sequenced with

additional independent PCR products. A total of

2,051 bp, from position 2,705 to 4,755, were used in the

final analysis.

Statistical analysis

The nucleotide diversity (p, the average number of

nucleotide difference per site between two sequences),

Watterson’s (1975) estimator of h (hw), Tajima’s D

(statistic test of selection, Tajima 1989), and LD were

estimated using DNASP 4.0 (Rozas and Rozas 1999).
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Table 1 Rice genotypes used in sequencing analysis with references to the differences in molecular marker alleles, amylose content
and gelatinization temperature

Code Name Wx SSRa Wx SNPb SS1 SSRc SBE1 SSRd SBE1 STSe SBE3 SNPf AACg Tp
h

BP003 Jiayu 293 11 G B A NI C 25.6 75.2
BP005 Zhefu 504 18 T B A NI C 12.9 78.7
BP011 Youzaonuo 18 T B A NI C 2.1 79.5
BP015 Lemont 20 G C B NI C 23.0 75.7
BP020 IR1552 11 G B D NI C 26.3 67.7
BP021 Azucena 19 G C B NI G 20.9 74.1
BP032 ‘‘Unknown’’ 18 T C C I G 15.5 67.5
BP033 93-11 18 T B A NI C 16.9 68.7
BP034 Guangluai 4 11 G A A NI C 26.5 73.9
BP037 IRGA 409 11 G A A NI C 28.0 66.6
BP038 Sierra 11 G C B NI G 27.9 74.6
BP039 Bolivar 11 G B B NI C 24.7 76.3
BP049 Xieqingzao B 11 G A A NI C 29.1 74.8
BP052 IR64 17 G C A NI C 22.5 76.6
BP131 Zaoshuheidu 12 G A A NI G 28.3 74.6
BP133 Liuyuenuo 11 G A A NI G 30.7 63.2
BP139 Zhenzhuzao 11 G A A NI C 27.0 73.9
BP208 39-21 11 G C A NI C 28.9 67.0
BP216 Huangkenuo 17 T A A NI C 2.2 69.2
BP275 Wushizao 11 G D A NI G 26.7 73.8
BP289 Ganxiandahezi 3 21 T C B NI G 14.4 70.3
BP340 Xiushui 63 17 T C C I G 17.2 68.6
BP342 Zheda 413 17 T C C I G 2.0 70.3
BP419 Zounuo 17 T C C I G 2.0 78.3
BP442 Cisangarung 8 G D A NI C 29.7 64.1
BP508 Longtefu B 11 G A A NI C 29.1 66.3
BP553 Minghui 63 18 T C A NI G 12.0 79.5
BP573 Jiainuo 17 T A A NI C 1.7 69.4
BP574 Dalixiangnuo 11 G B A NI C 26.4 67.1
BP580i Dongxiang wild rice 10 G C C NI G - 64.3

Data from Bao et al. (2006a, b, c)
aNumber of (CT)n repeats of Wx gene
bT = AGTTATAC; G: AGGTATAC
cSSS-A: (AC)2...TCC(TC)11...(TC)5C(ACC)11; SSS-B: (AC)3...TCT(TC)6...(TC)4C(ACC)9; SSS-C: (AC)3...TCT(TC)6...(TC)4-

C(ACC)8; SSS-D: (AC)2...TCC(TC)10...(TC)4C(ACC)9

dSBE-A: CTCTCGGGCGA...(CT)10; SBE-B: CTCTCGGGCGA...(CT)8; SBE-C: (CT)8; SBE-D: CTCTCGGGCGA...(CT)9

eI = containing transposon insertion STS, NI = no transposon insertion STS
fG = ACTAGT; C = ACTACT
gAAC represents apparent amylose content
hTp represents peak temperature measured by DSC
iAAC of BP580 was not measured, whereas the Tp was measured on the brown rice flour

Table 2 Primer sequences used to amplify SSIIa gene of rice

Primera Sequence (5¢ fi 3¢) Tm (�C)

F7 (3,517–3,540) CTGGATCACTTCAAGCTGTACGAC 57
F17 (2,705–2,728) CTTCGATACCTCTAGCAGCATTTC 54
F18 (3,112–3,134) AGCAGGGACACGATAAACTCTTC 53
F22 (4,311–4,330) CAAGGAGAGCTGGAGGGGGC 68
R1 (4,833–4,853)b GCCGGCCGTGCAGATCTTAAC 57
R6 (3,698–3,717) GTCGATGCCGTTCACGATGC 56
R18 (4,125–4,144) TGGCGTAGAGCTGGTTGAGG 64
R20 (3,156–3,177) TGAAACGGAGAAATTGCTGAAC 54
R21 (4,331–4,348) ACATGCCGCGCACCTGGAAA 64

aF forward primer, R reverse primer, the number in parenthesis refers to the nucleotide positions in the accession AY423717
bThis sequence is located at 3¢ UTR of SSIIa, not included in AY423717, so the sequence numbers were extended from AY423717
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Phylogenetic analysis was performed using

PAUP*4.0 b10 (Swofford 2003) with wild rice BP580

as an outgroup. The branch support values of the

neighbor-joining tree were obtained using 1,000 boot-

strap replications.

Analysis of variance (ANOVA) was performed with

the SAS System for Windows version 8 (SAS Institute

Inc., Cary, NC, USA). Duncan’s multiple range test

was conducted for comparison of means. The general

linear model was used in the analysis of associations

between nucleotide polymorphisms or marker alleles

and different starch physicochemical properties, which

was performed with Tassel (Trait analysis by associa-

tion, evolution and linkage) Version 2.0 software (E. S.

Buckler IV, http://www.maizegenetics.net/bioinfor-

matics/tasselindex.htm).

Results

Nucleotide diversity of SSIIa

The sequence data for 30 rice varieties were obtained

from two DNA fragments amplified using separate

PCR reactions. The total sequence length used in the

final analysis was 2,051 bp long, positioned from base

2,705 to base 4,755 according to the sequence

AY423717. The mean pairwise nucleotide diversity p
was 0.00292, and Watterson’s estimator h was 0.00296.

Tajima’s (1989) test for selection indicated that these

rices did not show a significant deviation from the

neutral expectation (D = – 0.04612 and P > 0.10). The

diversity indices of the non-coding regions (p = 0.00376

and h = 0.00409) were higher than those of the coding

regions (p = 0.00223 and h = 0.00201). But separate

Tajima’s D test for each region revealed no significant

departure from the neutral expectation (0.32634 for

non-coding regions and – 0.28229 for coding regions,

P > 0.10). In the coding sequences, the expected syn-

onymous sites were 274, and nonsynonymous sites were

854, and the p (0.00568) and h (0.00552) of the synon-

ymous sites were fivefold greater than those of the

nonsynonymous sites (p = 0.00111 and h = 0.00089).

Linkage disequilibrium

The average squared allele frequency correlation (r2)

was 0.275, partially attributable to some rare SNPs

in the sequences. Eight of the 25 SNPs found in the

sequences were considered to be rare alleles because

they appeared in these samples only once. However,

the LD did not decay over 2 kb sequence (data not

shown).

SNP haplotype

There were 24 SNPs and one insertion/deletion (In-

Del) in the SSIIa gene among the 30 rice samples se-

quenced (Table 3), averaging about one SNP or InDel

per 82 bp. One SNP (at site 3,233 bp) has three sub-

stitutions, and the common nucleotide C was replaced

by A in rice BP052 and by G in rice BP553, respec-

tively. Except for this SNP, the sequence of BP553 was

essentially the same as that of BP049 (Table 3). The

frequency of nucleotide substitutions was higher in the

noncoding regions (15 SNPs and one InDel) than in the

coding regions (nine SNPs) (Table 3). The GC/TT (at

sites 4,329 and 4,330) was the only locus that had a

nearly even allele distribution in the 30 rices, 14 rices

with the GC allele and 16 with the TT allele. As to

other SNP sites, at most seven rices belong to the same

SNP type.

Of the nine SNPs in the coding regions, six were

silent substitutions, and the other three resulted in

amino acid replacement. The first site was at the

3,799 bp, where the amino acid glycine encoded by

GGC was replaced by serine encoded by AGC. The

second site was at the 4,198 bp, where valine encoded

by the common allele GTG was replaced by methio-

nine encoded by ATG in rice BP289. The third site was

at the 4,330 bp, the glycine–leucine encoded by

GGGCTC was replaced by glycine–phenylalanine en-

coded by GGTTTC.

The combination of these 25 SNPs and InDel re-

sulted in a total of nine haplotype groups (Table 3).

Three of the haplotypes, HP1, HP3 and HP7 included

eight, four, and 12 rice varieties, respectively, whereas

each of the other six haplotype groups contained only

one variety (Table 3).

With wild rice BP580 as the outgroup, the rest of

rice samples were placed into two major clades in

the neighbor-joining tree (Fig. 1), corresponding to

the high- or intermediate-GT (the top clade) and

low-GT (the bottom clade) classes. The nine haplo-

types were placed into different clades or subclades

(Table 3 and Fig. 1). With rare exceptions, the low-

GT rices had the TT allele, whereas the high-GT

rices had the GC allele at sites 4,329/4,330. The

subclade including BP039, BP131, BP139, BP275,

BP052, BP553 and BP049 was well separated from

the rest of high-GT rice varieties with strong boot-

strap support (100%). However, there were three

samples (BP133, BP289 and BP419) that did not

follow the general GC/TT rule. For these three

samples, we measured their GT with DSC again and

the results confirmed that the original measurements

of GT were true.
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Association test

The AAC and GT of three haplotype groups with

more than one accession (Haplotypes 1, 3, and 7)

were compared (Table 3). Haplotypes 1 and 3 had

higher peak GT (Tp) than Haplotype 7 (P < 0.05),

whereas no difference in AAC was found among the

three haplotype groups (Table 3). None of the total

25 SNPs and InDel was significantly associated with

AAC, whereas seven SNPs were significantly associ-

ated with Tp at P < 0.05, of which the two contiguous

SNPs (GC/TT at sites 4,329–4,330) showed a very

strong association with Tp (P < 0.0001) (Table 3).

Validation of the GC/TT SNP in association

with starch gelatinization temperature

Because the GC/TT SNPs in the 30 rices were found to

be significantly correlated with their GT, the con-

fronting two-pair primers (Domon et al. 2004) were

subsequently designed to amplify SSIIa GC/TT in a

single PCR reaction (Fig. 2 and Table 2) for a total of

Fig. 1 Neighbor-joining tree
based on the SSIIa gene
sequences of 30 rice varieties.
Arrow indicates the exception
of gelatinization temperature
to the GC/TT rule. See
Table 1 for the name and GT
value of each rice sample
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509 rices with known alleles of other starch metabolic

genes and physicochemical properties (e.g., AAC, and

PT which is another measurement of the GT) (Bao

et al. 2006b). A total of 348 rice accessions had the GC

SNP allele while 161 accessions had the TT SNP allele.

In the 334 breeding lines, 176 and 158 had the GC SNP

and TT SNP allele, respectively. In the 172 landraces,

only two had the TT SNP whereas all others had the

GC SNP allele. The wide rice sample (BP580) had the

TT allele.

Associations analyses between starch physicochem-

ical properties and the GC/TT SNP marker together

with other molecular markers indicated that although

all the molecular markers were significantly associated

with AAC at P < 0.0001, most of the variation in AAC

among the 509 rices could be explained by Wx SNP

(r2 = 0.827) and Wx SSR (r2 = 0.819) (Table 4). Simi-

larly, all the molecular markers were significantly

associated with PT at P < 0.00001, but the SSIIa GC/

TT polymorphism alone explained 62.4% of the total

variation in PT, much higher than the variation ex-

plained by any other marker, such as Wx SSR (Ta-

ble 4). Similar to the findings reported above from the

association study between the GC/TT alleles and

starch GT in the 30 sequenced rices, there were

A

B

F7/R1 

F7F22/R1 F7F22/R1R21 

F7/R1R21

TT

GC

Fig. 2 Strategy to genotype
the GC/TT SNPs. a Schematic
representation of PCR with
two-pair confronting primers
(see Table 2 for primer
sequences). b Gel image
showing different PCR
products amplified by
different combinations of the
primers

Table 4 Association of the marker alleles of starch synthesizing
genes with apparent amylose content (AAC) and pasting
temperature (PT) of rice starch (n = 509)

Marker AAC PT

r2 P > F r2 P > F

Wx SNP 0.827 3.99E-194 0.214 3.72E-28
Wx SSR 0.819 1.05E-177 0.252 1.10E-26
SS1SSR 0.437 3.03E-62 0.156 2.16E-18
SSIIa SNP 0.271 1.59E-36 0.624 4.02E-109
SBE1 SSR 0.169 5.02E-20 0.171 2.40E-20
SBEI STS 0.155 3.42E-20 0.163 3.43E-21
SBE3 SNP 0.033 4.32E-05 0.040 5.32E-06
Total 0.892 2.82E-173 0.770 3.73E-103

See Table 1 for marker abbreviations

Table 5 Association (r2) of marker alleles of starch synthesizing genes with thermal and retrogradation properties of rice starch
(n = 245)

Markera To Tp Tc DHg DHr R%

Wx SNP 0.078 0.051 0.030 0.000 0.509 0.553
Wx SSR 0.130 0.090 0.057 0.030 0.539 0.581
SS1SSR 0.078 0.053 0.031 0.037 0.286 0.306
SSIIa SNP 0.660 0.659 0.624 0.202 0.596 0.590
SBE1 SSR 0.152 0.117 0.082 0.077 0.155 0.160
SBE1STS 0.144 0.109 0.073 0.067 0.150 0.155
SBE3 SNP 0.048 0.026 0.009 0.005 0.039 0.042
Total 0.851 0.840 0.812 0.445 0.872 0.890

aSee Table 1 for marker abbreviations; To onset temperature, Tp peak temperature, Tc conclusion temperature, DHg enthalpy of
gelatinization, DHr enthalpy of retrogradation and R% percentage of retrogradation
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exceptions to the general correlation between GC/TT

and PT: 25 of the 509 genotyped rice samples had the

GC allele but with low PT.

Because only 245 of the 509 rice samples were pre-

viously used to measure the thermal and retrograda-

tion properties with DSC (Bao et al. 2006c), further

association analyses of molecular markers with these

physicochemical properties were conducted for the 245

varieties only (Table 5). For the thermal properties,

including onset temperature (To), peak temperature

(Tp) and conclusion temperature (Tc), the SSIIa SNP

explained more than 60% of the total variation, which

were much higher than any other molecular markers

(explaining < 15% each). For enthalpy of gelatiniza-

tion (DHg), even though SSIIa SNP only explained

20% of the total variation, it was still much higher than

the variation explained by other individual markers.

However, for the retrogradation properties, i.e., en-

thalpy of retrogradation (DHr) and percentage of ret-

rogradation (R%), Wx SNP and Wx SSR explained as

much of the total variation as SSIIa SNP, suggesting

that these two parameters may be controlled by both

Wx and SSIIa.

Discussion

Analysis of genetic diversity of candidate gene can

provide information on nucleotide polymorphism and

LD, and can be used for association mapping and for

inferring selection, domestication and demographic

patterns (Buckler IV and Thornsberry 2002; Flint-

Garcia et al. 2003; Gupta et al. 2005; Kim and Nielsen

2004). The discovery of SNPs of candidate gene has

been reported in many crop species, such as maize

(Remington et al. 2001; Andersen et al. 2005; Szalma

et al. 2005) and rice (Garris et al. 2003).

Compared to the Wx gene sequence of rice (Olsen

and Purugganan 2002), the genetic diversity indices of

the SSIIa gene in this study are lower than those of Wx

gene of nonwaxy rice (p = 0.0045 and h = 0.0040), but

much higher than those of Wx gene of waxy rice

(p = 0.0003 and h = 0.0012). The genetic diversity

(p = 0.00927 and h = 0.00789) of the Wx gene of wild

barley (Morrell et al. 2005) is greater than that of the

same gene in rice (Olsen and Purugganan 2002). The

Tajima’s D test provides no evidence for selection on

the Wx gene of nonwaxy rice (Olsen and Purugganan

2002) or on the SSIIa gene in this study, but selection

is detected acting on the Wx gene of waxy rice

(D = –2.336 and P < 0.0001) (Olsen and Purugganan

2002). The analysis of genetic diversity of starch met-

abolic genes in maize has also provided strong

evidence for selection on three (ae1, bt2 and su1) of the

six genes studied (Whitt et al. 2002). The SSIIa plays an

important role in the elongation of short chains of

DP < 10 that leads to the formation of intermediate

chains of amylopectin, which is especially responsible

for gelatinization of starch (Umemoto et al. 2002; Gao

et al. 2003; Jiang et al. 2004; Nakamura 2002). However,

the lack of detectable selection on the SSIIa gene in the

present study, either in the coding or noncoding region,

may not be equated to a lack of directional selection for

traits related to GT of starch in previous rice breeding

programs. As shown in the present study, the nearly even

frequency distribution of the GC (52.7%) and TT

(47.3%) alleles in the 334 breeding lines is in sharp

contrast with the rarity of the TT allele (1.2%) in the 172

landraces, suggesting directional selections for either

high- or low-GT rice in breeding programs (see below

for more discussion on the relationship between the GC/

TT alleles and GT).

The frequency of nucleotide polymorphism in the 30

rice samples is about one SNP per 82 bp, higher than a

previous report of 1 SNP/100 bp (Garris et al. 2003).

This could be due to different samples included in the

studies. In the coding regions, the frequency is one

SNP per 125 bp, whereas in the noncoding regions, the

frequency increases to one SNP per 58 bp. This is

consistent with the prediction of purifying selection

against deleterious or slightly deleterious nucleotide

substitutions in the coding region. It has been reported

that the frequency of SNP polymorphism changes in

different genomic regions and in different samples

(e.g., Garris et al. 2003).

Although the SSIIa SNPs in the 30 rice samples

represent nine haplotypes, six of the nine haplotypes

are each represented by only one sample. The presence

of a few haplotypes shared by multiple individuals is

indicative of LD, i.e., SNPs at one locus are not ran-

domly assorted with alleles at another locus (Buckler

IV and Thornsberry 2002; Flint-Garcia et al. 2003;

Gupta et al. 2005; Rafalski 2002). This kind of LD

should be expected in the present study, as the sources

of our rice samples are diverse and obviously they

cannot be equated with individuals of a large random

mating population.

In association mapping, alleles of the candidate gene

can be tested for association with a particular pheno-

type. The variation predicted to have a functional

consequence, such as causing changes in amino acid or

in the level of gene expression, should be the first

choice for the association analysis. It is possible to use

LD to identify actual functional polymorphisms within

the candidate gene. There are four nonsynonymous

mutations at the base positions 264, 1,810, 2,209, and
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2,340/2,341 in the exons of the SSIIa gene (Nakamura

et al. 2005). The latter three correspond to the SNPs at

sites 3,799, 4,198 and 4,329/4,330, respectively, in the

present study (Table 3). Umemoto et al. (2004) geno-

typed 65 rice cultivars for the first three SNPs and

found four haplotypes, but no unique GT or amylo-

pectin chain-length distribution was found for the

haplotypes. More recently, Umemoto and Aoki (2005)

genotyped the GC/TT SNPs for the same rice cultivars,

and found that the SNPs at sites 4,198 and 4,329/4,330

(as positioned in this study) are strongly associated

with chain-length distribution of amylopectin and the

GT of rice flour. This finding was further supported by

Waters et al. (2006) and by the present study. A de-

tailed biochemical analysis by SSIIa gene shuffling

experiment revealed that the SNPs at sites 4,198 and

4,329/4,330 are essential for the optimal SSIIa activity

and granule associations, and that active SSIIa in rice

plays a specific role in the synthesis of the long B1-

chains by elongating short A and B1 chains (Nakamura

et al. 2005). Thus, the enzyme activity in rice with the

GC allele is higher than in rice with the TT allele

(Umemoto and Aoki 2005; Nakamura et al. 2005).

Further work is necessary to find out whether other

SNP site(s) exist inside or outside the SSIIa gene that

could be responsible for the difference between high-

and intermediate-GT in rice with the same GC allele

background.

On the other hand, Nakamura et al. (2005) also

showed that the SNP at site 4,198 was crucial for SSIIa

activity. The enzyme was inactive when the site had the

A SNP allele (coding for methionine), resulting in a

low GT of starch, no matter which allele at sites 4,229/

4,330 (GC/TT) was present. However, the A SNP al-

lele was rare in most rice samples. The frequency of A

at site 4,198 was 1 in 30 rice samples in the present

study, 9 in 180 in the study of Chen et al. (2003), and 5

in 65 in the study of Umemoto et al. (2004). In contrast,

our study and the previous studies (Chen et al. 2003;

Umemoto et al. 2005; Waters et al. 2006) all showed

that the GC/TT polymorphism was high compared to

other SNPs, contributing to its strong relationship with

starch GT in the association analysis (Table 3). How-

ever, the SNP at site 4,198 should not be overlooked,

especially for the low-GT rice with the GC allele. As

shown in the present study, 25 of the 509 rice samples

had low PT values but with the GC allele; these rice

samples could be further genotyped for this SNP.

Waters et al. (2006) showed that other cereal crops,

such as wheat, barley and maize, all captured the same

amino acid associated with high-GT as rice, supporting

that the related GC allele in rice is most likely the

ancestral or wild type and the TT allele represents

mutations. Although selection of low-GT rice in

breeding programs could contribute to a high fre-

quency of the TT allele in the breeding lines, poly-

morphism at the SNP sites could also exist in the wild

rice. The wild rice included in this study happened to

have the TT allele. When it was used as an outgroup

for phylogenetic analysis, the separation of the GC

clade of rices from the TT clade could not be inter-

preted as SSIIa changed from TT to GC in the course

of evolution of the gene (Fig. 1). As we only randomly

selected one wild rice sample for inclusion in this study,

further investigations that include more samples of

wild rice are necessary to fully understand the GC/TT

evolution of SSIIa gene in rice. Similarly, only one

sequence of wheat, barley and maize was used in the

analysis by Waters et al. (2006), it is not known whe-

ther polymorphisms exist at the corresponding nucle-

otide sites in these cereals because each of them also

has a wide genetic diversity in GT.

It should be pointed out that population stratifica-

tion may give spurious associations between a candi-

date marker and a phenotype in association mapping

(Flint-Garcia et al. 2003; Freedman et al. 2004). Re-

cently, empirical methods to detect stratification based

on genotypes of unlinked markers have been described

(Pritchard et al. 2000). Rice is well known for its

divergence between the indica and japonica subspecies.

The deep genetic structure in rice may be influenced by

the natural history of ancestral populations prior to

domestication, as well as by the autogamous breeding

system and complexity of the breeding practices exer-

cised by humans (Garris et al. 2005). Even in well

designed studies, modest amounts of population strat-

ification can still exist (Freedman et al. 2004), indicating

the difficulties in detecting and controlling population

stratification as a source of false positive associations

(Hagenblad et al. 2004).

Because of the difficulties in obtaining information

on population structure of the rice varieties included in

our association analysis, we have used alleles of six

other starch metabolic genes and another physico-

chemical trait of starch (amylose content) as controls

or references (Tables 3, 4, 5). The association of Wx

SSR and Wx SNP with AAC is easy to understand

because it is the granule-bound starch synthase en-

coded by Wx that controls the synthesis of amylose

(Ayres et al. 1997). QTL mapping has consistently

confirmed that Wx is a major locus contributing to the

variation of AAC in rice grain (He et al. 1999; Tan

et al. 1999; Bao et al. 2004; Fan et al. 2005). The

present study has shown that Wx SSR and Wx SNP are

the most important in controlling the genetic basis of

AAC, agreeing with those results from QTL mapping
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(Tables 4, 5). Similarly, QTL mapping has detected the

alk or SSIIa locus for GT (He et al. 1999; Umemoto

et al. 2002; Gao et al. 2003; Bao et al. 2004). The

present association analysis also indicated that the

SSIIa GC/TT explained more than 60% of the total

variation of the phenotypes (Tables 4, 5). The varia-

tion that could not be explained by the GC/TT SNPs

may result, at least partially, from the difference be-

tween high- and intermediate-GT genotypes that can-

not be differentiated by the GC/TT alone.

The retrogradation property evaluated by enthalpy

of retrogradation (DHr) and percentage of retrogra-

dation (R%) is another interesting case. In a previous

QTL mapping study of a population consisting of 107

recombinant inbred lines, both DHr and R% were

found to be significantly correlated with AAC and GT,

but only the QTL close to the Wx locus was identified

(Bao et al. 2003). Among the rice varieties used in this

study, a previous correlation analysis also showed that

these traits were significantly correlated with both

AAC and GT (Bao et al. 2006c). However, the present

association study indicates that both Wx and SSIIa

SNP loci are important in controlling these traits, each

explaining > 50% of the total variation for both traits

(Table 5). This finding suggests that association map-

ping allow for finer mapping or higher resolution than

the conventional QTL mapping. Another complicating

factor could be the sample size used in the studies, as

more rice varieties were used in the present study than

in the previous study. Because all the markers we

analyzed are from the genes involved in starch syn-

thesis, it is not surprising that other gene loci also have

statistically significant associations with the traits

examined, but their contributions are relatively small

when compared to the Wx SSR and SSIIa GC/TT SNPs

(Tables 4, 5). Larkin and Park (2003) also showed that

SS1 microsatellite had a lesser and additive effects on

AAC and paste viscosity characteristics, but they sug-

gested that this locus may primarily be a linkage effect

since it is only 5–10 cM distance from the Wx locus

(Tanaka et al. 1995). Our previous QTL mapping

indicated that other starch synthesizing genes, such as

SBE1 and SBE3, can be detected for AAC and GT

associations in the population derived from parents

with similar AAC, e.g., IR64 and Azucena (Bao et al.

2002).

SNPs and InDels are very useful genetic markers for

LD analysis and association studies, and also for mar-

ker-assisted selection (MAS) (Rafalski 2002). Some of

the SNPs discovered in genes and expressed sequence

tags (EST) are functional markers that may causally

affect phenotypic trait variation (Andersen and Lüb-

berstedt 2003). These functional DNA markers are

superior to other markers owing to their complete

linkages with the alleles at the trait loci (Andersen and

Lübberstedt 2003). It can be directly used in MAS

without prior mapping if a relationship between the

marker alleles and phenotypic variation has been

established. The present study showed that the rela-

tionship between the GC/TT marker alleles and GT

holds in 90% (27/30 sequenced rices) to 94% (479/509

genotyped rices) rice samples. This functional GC/TT

SNP marker can therefore be used in diagnostic anal-

ysis to predict whether the rice’s starch GT is high or

low. It can also be used for MAS in rice breeding

programs if the parents have different GC/TT alleles as

well as divergent GTs. Our design of two-pair con-

fronting primers facilitates a large-scale genotyping of

the co-dominant GC/TT alleles in a single PCR reac-

tion (Fig. 2). This PCR-based approach can be easily

conducted for MAS, which circumvents the step of

restriction enzyme digestion of the site containing the

GC/TT marker.
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