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Abstract: Extra-long chains (ELC) of amylopectin in rice endosperm are synthesized by granule-bound
starch synthase I encoded by the Waxy (Wx) gene, which primarily synthesizes amylose. Previous
studies showed that single nucleotide polymorphisms (SNP) in intron 1 and exon 6 of the Wx gene
influences ELC amount. However, whether these SNPs are conserved among rice cultivars and if any
other SNPs are present in the Wx gene remained unknown. Here, we sequenced the Wx gene from 17
rice cultivars with S or L-type amylopectin, including those with known ELC content and those
originating in China with unique starch properties, as well as typical japonica and indica cultivars. In
addition to the two SNPs described above, an additional SNP correlating with ELC content was found
in exon 10. Low ELC cultivars (<3.0 %) had thymine at the splicing donor site of intron 1, Tyr224 in
exon 6, and Pro415 in exon 10. Cultivars with moderate ELC content (4.1–6.9 %) had guanine at the
splicing donor site of intron 1, Ser224 in exon 6, and Pro415 in exon 10. Cultivars with high ELC
content (7.7–13.9 %) had guanine at the splicing donor site of intron 1, Tyr224 in exon 6, and Ser415 in
exon 10. The chain length distribution pattern of amylopectin was correlated with the amounts of SSIIa
found in starch granules and gelatinization temperature, but not with ELC content. The combinations
of SNPs in the Wx gene found in this study may provide useful information for screening specific
cultivars with different ELC content.
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INTRODUCTION

Starch is composed of glucose polymers of highly
branched amylopectin and essentially linear amylose.1)2)

Amylose content, as well as length and frequency of amy‐
lopectin branches, largely affects physicochemical proper‐
ties and functionality of starch.3)4) These in turn determine
the commercial application of grains and thus affect the
value of grains. Therefore, understanding the mechanisms
that control amylopectin branch structure is important.

Amylopectin is synthesized by finely balanced, synergis‐
tic actions of multiple isozymes of starch synthases (SS),

†Corresponding author (Tel. +81–18–872–1650, Fax. +81–18–872–
1681, E-mail: naokof@akita-pu.ac.jp).
Abbreviations: AAC, apparent amylose content; AGPase, ADP-glucose
pyrophosphorylase; BE, starch branching enzyme; DP, degree of poly‐
merization; DSC, differential scanning calorimetry; ELC, extra-long
chain; GBSSI, granule-bound starch synthase I; PCR, polymerase chain
reaction ; SNP, single nucleotide polymorphism; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis; SS, starch synthase;
Wx, Waxy. This is an open-access paper distributed under the terms of
the Creative Commons Attribution Non-Commercial (by-nc) License
(CC-BY-NC4.0: https://creativecommons.org/licenses/by-nc/4.0/).

starch branching enzymes (BE), and starch debranching en‐
zymes.5) SSIIIa synthesizes long amylopectin chains (de‐
gree of polymerization (DP) > 30),6) BEI generates long
branches in amorphous lamellae,7) and BEIIb generates
short branches (DP 6 and 7) in crystalline lamellae.8) The
branches generated by BEIIb are elongated to DP 8–12 by
SSI9) and can be further elongated to DP 13–24 by SSIIa.10)

The length of these amylopectin chains influences the ge‐
latinization11)12) and retrogradation properties of rice
starch.13)14) Amylopectin enriched with short chains (DP
≤10) is designated as S-type while those enriched with lon‐
ger branches (DP ≤ 24) are designated as L-type amylopec‐
tin.15) The extra-long chain (ELC, also called super-long
chain) of amylopectin with DP 300–400, the main target of
this study, is synthesized by granule-bound starch synthase
I (GBSSI), although GBSSI is primarily involved in syn‐
thesis of amylose.16)17)18)

GBSSI is encoded by the Waxy (Wx) gene, and the levels
of GBSSI protein govern the amylose content and viscoe‐
lasticity of cooked rice.19)20) There are several Wx alleles
among rice cultivars, including Wxa, Wxb, Wxin, Wxop (or
Wxhp), Wxmq and wx, which are assigned to nucleotide poly‐
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morphisms of the Wx gene, each giving different levels of
apparent amylose content (AAC).20)21)22)23)24)25)26)27)28)29) Wxa

is present in most non-glutinous indica rice, which express‐
es high levels of GBSSI, possesses high amylose (25–30 %
of total starch), and has a less sticky texture when
cooked.20)30) In contrast, Wxb is present in most non-gluti‐
nous japonica rice, which has a single nucleotide polymor‐
phism (SNP) located at the 5′ end of the splicing junction
of the first intron of the Wx gene.31)32)33)34) A substitution
from GT in Wxa to TT in Wxb causes improper splicing of
the pre-mRNA, thus producing less mature GBSSI mRNA
and 10-fold less GBSSI protein, resulting in reduced amy‐
lose content (15–20 % of total starch), hence giving a
slightly sticky texture to cooked rice.31)32)33)34)35)36) Wxin,
Wxop, Wxhp, and Wxmq represent a minor proportion of rice
cultivars. Wxin, standing for Wx intermediate, is a derivative
of the Wxa allele and has an A/C SNP (224th residue Tyr/
Ser) in exon 6, resulting in intermediate levels of GBSSI
and amylose content.23)Wxop, standing for Wx opaque (or
Wxhp, standing for Wx Haopi), is also a derivative of the
Wxa allele and has an A/G SNP (Asp166Gly) in exon 4.24)25)

This causes a loss of GBSSI affinity to starch granules in
Wxhp25), resulting in opaque seeds with very low amylose
content (approximately 10 %).24)25)37) Wxmq, standing for Wx
Milky Queen, a derivative of the Wxb, has an additional
G/A SNP (Arg158His) in exon 4 and a T/C SNP
(Tyr191His) in exon 5, resulting in low amylose.26) Gluti‐
nous rice has wx allele with a premature termination codon
within its coding sequence, resulting in no GBSSI protein,
opaque seeds with amylose-free starch, and cooked rice
with elastic texture.27)28) In addition, (CT)n repeats located
in the untranslated region of exon 1, as well as C/T SNP
(415th residue Pro/Ser) in exon 10, are found in the Wx gene
of various non-glutinous rice cultivars.38)39)40)

Among the polymorphisms present in the Wx gene, it
was speculated that the 5’ end of the splicing junction of in‐
tron 1 (GT/TT) and the A/C SNP (224th residue Tyr/Ser) in
exon 6 of the Wx gene likely control ELC content.41) Trans‐
genic wx rice expressing high levels of GBSSI with Tyr224
accumulated high levels of ELC, which suggests a correla‐
tion between the amount of ELC and the SNP in Wx gene at
intron 1 and the residue at 224.41) Two lines with GT at in‐
tron 1 and Tyr224 in exon 6 accumulated high ELC; two
lines with GT at intron 1 and Ser224 in exon 6 accumulated
low ELC; and one line with TT at intron 1 and Tyr224 in
exon 6 accumulated low ELC.41) Although extensive stud‐
ies have shown a correlation between AAC and physico‐
chemical properties of grains, whether the relationship be‐
tween the levels of ELC content and combinations of SNPs
responsible for ELC content is conserved for other rice cul‐
tivars remains unknown.

A total of nineteen non-glutinous rice lines as low (< 2 %
of total starch), medium (approximately 5–7 % of total
starch), or high (> 13 % of total starch) ELC content rice
lines were generated by the ‘Super Rice Project’.35) Amount
of ELC positively correlated with the setback of starch
measured by Rapid Visco Analyzer,35) suggesting that rice
with high ELC content may produce harder and stickier
rice gel after cooking and cooling. However, whether these

rice cultivars have specific types of Wx alleles or unidenti‐
fied SNPs was unknown.

Therefore, the objectives of this study were to see wheth‐
er the above-mentioned SNPs are conserved among rice
lines with different levels of amylose and ELC and if any
other previously unknown SNPs are present in Wx gene.
Seven cultivars with known ELC content,41) two glutinous
rice cultivars, three typical japonica cultivars, two typical
indica cultivars, and four Chinese rice lines with distinct
AAC and amylopectin structures were used in this study to
sequence the Wx gene and to compare with ELC and AAC.
In addition, chain-length distribution patterns of amylopec‐
tin branches and gelatinization temperatures were analyzed.
Wx gene is located on chromosome 6 near SSI and SSIIa
genes in rice,42) and SNPs present in SSIIa are known to
greatly affect amylopectin structure and gelatinization tem‐
perature.10)11)12)13)14) This study provides useful information
for selecting and/or breeding new rice cultivars with differ‐
ent levels of amylose and ELC that can be used for a varie‐
ty of food and industrial applications.

MATERIALS AND METHODS

Plant materials. Oryza sativa L. cvs.; EM21 (waxy rice
generated by treating Kinmaze with N-methyl-N-nitrosour‐
ea),27) BP011,43) BP005 (Zhefu 802),43) Kinmaze,42) Tai‐
chung 65,42)44) Nipponbare,41)44)45) Labelle,41)46)

Beniroman,41) Chugoku 134,35) Hoshinishiki,35) Hoshiyuta‐
ka,35)41) BP028,38) BP003 (Jiayu 293),43) BP037,38) IR 36,41)47)

Yumetoiro,35)41) Guizao 2,35) and Tohoku148 (cross between
Basmati 370 and Akihikari)35) were used for this study.
BP003, BP005, BP011, BP028, and BP037 were grown in
an experimental paddy field of Zhejiang University, China,
and the rest of the lines were grown during the summer un‐
der natural environmental conditions in an experimental
paddy field at the Akita Prefectural University, Japan.
Genomic DNA sequencing of the Wx gene. Genomic
DNA was isolated from young seedlings, as described.6)

The oligonucleotide sequences for amplification and se‐
quencing are summarized in Supplemental Table 1 and
Supplemental Fig. 1. PCR conditions for amplification of
the Wx gene were 94 °C for 3 min, followed by 35 cycles
of 94 °C for 30 s, 60 °C for 30 s, and 68 °C for 3 min using
the Expand Long Template PCR system (Sigma Aldrich,
St. Louis, MO, USA former Roche, Basel, Switzerland)
supplemented with 2.5 % dimethyl sulfoxide. PCR prod‐
ucts were separated by 0.8 % agarose, and the correspond‐
ing band was excised and purified using a QIAquick Gel
Extraction Kit (Qiagen, Venlo, Netherlands). Purified DNA
was sequenced with listed primers (Supplemental Table 1
and Supplemental Fig. 1) using BigDye Terminator (Ther‐
mo Fisher Scientific Inc., Waltham, MA, USA former Ap‐
plied Biosystems, Foster city, CA, USA) at the Biotechnol‐
ogy Center in Akita Prefectural University.
Purification of starch and amylopectin. Starches and amy‐
lopectin from the powdered mature seeds were purified as
described.6)48)

AAC and ELC content. Gel filtration chromatography of
starch and amylopectin was performed as described6)44) us‐
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ing a Toyopearl HW55S gel filtration column (300 × 20
mm, TOSOH, Tokyo, Japan) connected in series to three
Toyopearl HW50S columns (300 × 20 mm, TOSOH) and
equipped with a refractive index (RI) detector (Tosoh
RI-8020, TOSOH). Fractions I, II, and III were separated,
and the percentage of Fraction I from total starch was AAC
and that of amylopectin was ELC.
Extraction of total proteins, loosely bound, and tightly
bound proteins to starch granules, and their western blot‐
ting. The samples were prepared as described previously45)

with following modifications. Total proteins were extracted
from 10 mg of powdered mature rice seeds using 300 μL of
125 mM Tris–HCl (pH 6.8), 8 M urea, 4 % (w/v) SDS and
5 % (v/v) β-mercaptoethanol, and 0.05 % (w/v) bromophe‐
nol blue. Soluble proteins were removed by washing three
times with 300 μL of 50 mM imidazole-HCl (pH 7.4), 8
mM MgCl2, 50 mM β-mercaptoethanol, and 12.5 % (v/v)
glycerol. Loosely bound proteins to starch granules were
extracted three times by 200 μL of 55 mM Tris–HCl (pH
6.8), 10 % SDS, 5 % (v/v) β-mercaptoethanol, and 12.5 %
(v/v) glycerol. Tightly bound proteins to starch granules
were extracted with 300 μL of 125 mM Tris–HCl (pH 6.8),
8 M urea, 4 % (w/v) SDS, 5 % (v/v) β-mercaptoethanol,
and 0.05 % (w/v) bromophenol blue. Loosely-bound to
starch granule fractions were pooled, colored with 3 μL of
0.5 % (w/v) bromophenol blue, and denatured by boiling
prior to SDS-PAGE. 5 μL of total proteins and tightly
bound proteins and 10 μL of loosely bound proteins sam‐
ples were loaded on 7.5 % acrylamide SDS-PAGE gels.
Western blotting was performed using anti-SSI (1:1,000),
anti-SSIIa (1:1,000), and anti-GBSSI (1:3,000), as descri‐
bed.49)

Chain-length distribution analyses. The chain-length dis‐
tributions of endosperm starch were analyzed by capillary
electrophoresis as described50)51) using the P/ACE MDQ
Carbohydrate System (AB Sciex, Framingham, MA, USA).
Gelatinization temperature of starch. Peak gelatinization
temperatures were determined by differential scanning cal‐
orimetry (DSC6100, Seiko Instruments, Inc., Chiba, Japan)
according to the methods described.9)

Prediction of GBSSI protein structure. Amino acid se‐
quences of GBSSI was deduced from the nucleotide se‐
quences of Guizao 2 and Hoshiyutaka as the representatives
of high and medium ELC, respectively. Protein structure
was predicted using Phyre2 web portal (http://
www.sbg.bio.ic.ac.uk/phyre2)52) and figures were prepared
using PyMol software.53)

RESULTS

Nucleotide polymorphisms of the Waxy gene.
To reveal possible nucleotide polymorphisms responsible

for ELC content, the Wx gene was sequenced using genom‐
ic DNA isolated from seventeen rice lines, including japon‐
ica and indica cultivars, eight of which are known to have
low, medium, and high AAC and/or ELC as previously re‐
ported35)41). Three major single nucleotide polymorphisms
were identified and are shown in Fig. 1 as indicated by the
bold boxes, two of which resulted in amino acid substitu‐

tions. The nucleotide polymorphisms are summarized in
Table 1.

The first SNP was the well-known single nucleotide
change from guanine to thymine present at the 5′ end of the
first intron, where it serves as a splicing donor site. This
thymine SNP is known to reduce the expression levels of
GBSSI by affecting splicing efficiency.32)33)34) Thymine was
present at the 5′ end of the first intron in EM21, BP011,
BP005, Kinmaze, Taichung 65, and Nipponbare, while the
rest of the lines had guanine.

The second SNP was located in exon 6, and an adenine-
to-guanine change led Tyr224 to alter to Ser224. Labelle,
Beniroman, Chugoku 134, Hoshinishiki, and Hoshiyutaka
had Ser224, while the rest of lines had Tyr224.

The third SNP was located in exon 10, and a cytosine-to-
thymine change led Pro415 to alter to Ser415. Ser415 was
found in BP028, BP003, BP037, IR36, Yumetoiro, and
Guizao 2, and while the rest of lines had Pro415. In addi‐
tion to these three major SNPs, variations in the number of
CT repeats in exon 1 were also found (Table 1), and that
deletion of (CT)7 repeats in exon 1 at 102 nucleotides be‐
fore the start codon was commonly found in BP028,
BP003, BP037, IR36, Yumetoiro, and Guizao 2.

Other unconserved nucleotide polymorphisms were as
follows: EM21 had a guanine-to-adenine change in exon 7,
resulting in Trp235 altering to a stop codon. BP011 had a
23-nucleotide insertion in exon 2, resulting in insertion of a
stop codon at the 58th amino acid. Chugoku 134 and Hosh‐
inishiki both had a cytosine-to-guanine change, resulting in
Ala380 altering to Gly380; in addition, Chugoku 134 also
had an additional cytosine-to-thymine change in exon 10,
resulting in Leu434 altering to Phe434. Dozens of uncon‐
served nucleotide polymorphisms were also found in in‐
trons, which presumably do not affect expression levels of
GBSSI (Data not shown).
　

Protein expression levels and starch granule affinity of
SSI, SSIIa, and GBSSI.

To see whether nucleotide polymorphisms affected the
amount of GBSSI, western blotting was performed using
total proteins extracted from mature seeds (Fig. 2A). EM21
and BP011 had no GBSSI, since they had early termination
codons. Lines with the thymine SNP in intron 1, such as

Nucleotide polymorphisms of the Waxy gene.
　Gray rectangles indicate untranslated regions, and black rectangles
indicate coding regions. Common nucleotide polymorphisms that in‐
fluence extra-long chain content are indicated with black boxes. Oth‐
er nucleotide polymorphisms within exons are indicated with dotted
boxes. * indicates a stop codon.

Fig. 1.
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BP005, Kinmaze, Taichung 65, and Nipponbare, had low
expression of GBSSI. BP005 had less GBSSI compared to
Kinmaze, Taichung 65, and Nipponbare. The lines with the
guanine SNP of intron 1 had high expression of GBSSI as
expected.

Starch granule affinities of SSI, SSIIa, and GBSSI were
analyzed by western blotting using protein loosely or tight‐
ly bound to the starch granule (Fig. 2B and 2C). Portions of
SSIIa in BP011, BP005, Labelle, Beniroman, BP028,
BP003, and IR36 were found to be tightly bound to the
starch granule (Fig. 2C). SSI was also found to be associ‐
ated with starch granules, and the proportion of SSI found
in tightly bound proteins were greater in BP011, BP005,
Labelle, Beniroman, BP028, BP003, and IR36, which was
correlated with the association of SSIIa with the starch
granules (Fig. 2C). Mobility of SSI on SDS-PAGE gel was
slower in BP011, BP005, BP003, Yumetoiro, and Guizao 2
compared with the rest of the lines. This is likely due to the
438th residue of SSI in which Guizao 2 has Glu438, while
Nipponbare has Lys438.54) The amount of GBSSI tightly
bound to the starch granules (Fig. 2C) in BP028, BP003,
BP037, IR 36, Yumetoiro, and Guizao 2 were more than
Labelle, Beniroman, Chugoku 134, Hoshinishiki, and
Hoshiyutaka. Noticeably, some portion of GBSSI was also
found in the lightly bound protein fractions of Labelle, Be‐
niroman, Chugoku 134, Hoshinishiki, Hoshiyutaka, and
BP003.

　
Apparent amylose content (AAC) and extra-long chain
(ELC) content.

AAC and ELC are summarized in Table 1. EM21 and
BP011 essentially had no amylose or ELC due to a lack of

Protein expression levels and starch granule affinities of
SSI, SSIIa, and GBSSI.

　(A) Total protein, (B) protein loosely bound and (C) protein tightly
bound to starch granules were extracted from mature seeds. Black ar‐
row heads indicate SSI, SSIIa, and SSIIIa western blot signals, and
white arrow heads are non-specific signals. Lanes 1–2, 3–6, 7–11,
and 12–17 are rice lines with no, low, medium, and high ELC con‐
tent, respectively.

Fig. 2.

Polymorphisms in the Waxy with guanine at intron 1, Tyr224, and Ser415 resulting in high GBSSI protein, AAC, and ELC regard less
of amylopectin types (S or L-type).

Line
Intron 1

T/G
Exon 6

224Tyr/Ser
Exon10

415 Pro/Ser

Other
polymorphism in

exon
GBSSIa AAC (%) ELC (%)

SSIIa
TBPb

Amylo-
pectin

S/L-type

DSC
Tp (oC)

No ELC
1  EM21 T Tyr Pro Exon 7 Trp235* - 0.5±0.1 ND - S 58.4±0.4

2  BP011 T Tyr Pro
Exon 1 -86 (CT)2 Ins,
Exon 2 Ins58*

- 0.4±0.2 0.1±0.0 ++ L 76.2±0.1e

Low ELC

3  BP005 T Tyr Pro --- + 11.5±0.3 0.7±0.0 ++ L 75.9±0.1e

4  Kinmaze T Tyr Pro --- ++ 21.5±1.9c 2.3±0.1c + S 55.4±0.1f

5  Taichung 65 T Tyr Pro --- ++ 22.1±0.8c 2.8±0.1c + S 57.1±0.1f

6  Nipponbare T Tyr Pro --- ++ 21.2±0.3 3.0±0.4 + S 63.6±0.1

Medium
ELC

7  Labelle G Ser Pro Exon 1 -94 (CT)4 del +++ 24.7±0.1 4.1±0.1 ++ L 69.0±0.1
8  Beniroman G Ser Pro Exon 1 -88 (CT) del +++ 27.6d 5.1d ++ L 70.3d

9  Chugoku 134 G Ser Pro
Exon 1 -86 (CT)2 Ins
Exon 10 Ala380Gly
Exon 10 Leu434Phe

+++ 30.3d 5.5d + S 64.7d

10 Hoshinishiki G Ser Pro
Exon 1 -86 (CT)2 Ins
Exon 10 Ala380Gly

+++ 29.1d 5.8d + S 65.9d

11 Hoshiyutaka G Ser Pro Exon 1 -86 (CT)2 Ins +++ 28.1d 6.9d + S 64.9d

High
ELC

12 BP028 G Tyr Ser Exon 1 -102 (CT)7 del +++ 24.5±1.3 7.7±0.4 ++ L 69.9±0.0
13 BP003 G Tyr Ser Exon 1 -102 (CT)7 del +++ 24.9±1.0 9.9±0.3 ++ L 71.1±0.0
14 BP037 G Tyr Ser Exon 1 -102 (CT)7 del +++ 25.3±1.0 10.4±0.6 + S 59.5±0.1
15 IR36 G Tyr Ser Exon 1 -102 (CT)7 del +++ 27.4±0.9 10.4 ++ L 70.1±0.1
16 Yumetoiro G Tyr Ser Exon 1 -102 (CT)7 del +++ 29.4d 13.6d - S 64.7d

17 Guizao 2 G Tyr Ser Exon 1 -102 (CT)7 del +++ 31.9d 13.9d - S 64.7d

aAmount of GBSSI in total protein was summarized from Fig. 2. -, +, ++, and +++ indicate no, very low, low, and high GBSSI expression levels,
respectively. bAmount of SSIIa in tightly bound to starch granule fraction (TBP) were summarized from Fig. 2. -, +, and ++ indicate no, low, and
high SSIIa levels, respectively. cThe data was as previously reported.41) dThe data was as previously reported.35) eHigher gelatinization tempera‐
tures than other cultivars with L-type amylopectin. fThe data was as previously reported.60) * indicates a stop codon. ND, not determined.

Table 1.
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GBSSI. BP005 had low amylose (11 %) and ELC (0.7 %)
(Table 1). This outcome is likely due to low expression of
GBSSI protein (Fig. 2). The DNA sequence of GBSSI in
BP005 was the same as the Kinmaze, Taichung 65, and
Nipponbare lines, suggesting that the causal gene for re‐
duced expression of GBSSI is likely to be another gene.

Kinmaze, Taichung 65, and Nipponbare, which all pos‐
sess thymine at the boundary of intron 1, had relatively low
AAC and ELC, 21.2–22.1 and 2.3–3.0 %, respectively (Ta‐
ble 1). The lines with guanine at intron 1, namely, Labelle,
Beniroman, Chugoku 134, Hoshinishiki, Hoshiyutaka,
BP028, BP003, BP037, IR36, Yumetoiro, and Guizao 2
generally had high AAC (24.5–31.9 %) and medium to
high ELC (4.1–13.9 %). This outcome was expected, and
all of these lines had high levels of GBSSI (Fig. 2). Al‐
though a previous study41) showed that AAC (13 %) and
ELC (<1 %) of Labelle was low, our data analyzing the
seeds grown under different conditions by different gel fil‐
tration systems showed that AAC was 24.7 % and ELC was
4.1 % in Labelle. ELC content was higher in the lines with
Tyr224 and Ser415, namely, BP028, BP003, BP037, IR36,
Yumetoiro, and Guizao 2, compared with lines with Ser224
and Pro415, namely, Labelle, Beniroman, Chugoku 134,
Hoshinishiki , and Hoshiyutaka.

Tohoku 148 (Supplemental Fig. 2) was only the excep‐
tion, which has thymine at the SNP of intron 1 and Tyr224/
Pro415 but with relatively high GBSSI expression levels.
Tohoku 148 had high AAC (28.7 %)35) and medium ELC
content (6.1 %).35) The reason why Tohoku 148 had high
expression of GBSSI may be the deletion of CT at 88 nu‐
cleotides prior to the start codon in exon 1, which possibly
enabled the proper splicing of the first intron.

Taken together, the results suggest that the combinations
of SNPs in GBSSI, particularly residues 224th Tyr/Ser and
415th Pro/Ser, are responsible for ELC content under high
expression levels of GBSSI.
　

Branch structure of starch and gelatinization temperature
is correlated with the granule association of SSIIa.

SSI and SSIIa are important genes for determining the
structural and physicochemical properties of starch, and
they are located near GBSSI on chromosome 6 in rice.42)

SNPs present in SSIIa are known to greatly affect its activi‐
ty and amylopectin structure and hence gelatinization tem‐
perature.10)11)12)13)14) Therefore, chain-length distribution of
amylopectin was analyzed by capillary electrophoresis us‐
ing mature seeds. The data was subtracted from that of Nip‐
ponbare and shown as a subtraction curve (Fig. 3). Amylo‐
pectin structures of EM21, Kinmaze, Taichung 65, Chugo‐
ku 134, Hoshinishiki, Hoshiyutaka, BP037, Yumetoiro, and
Guizao 2, had only minor differences compared with that of
Nipponbare, suggesting these lines had S-type15) amylopec‐
tin (Table 1). In contrast, BP011, BP005, Labelle, Beniro‐
man, BP028, BP003, and IR36 had L-type15) amylopectin
(Table 1) with fewer short amylopectin chains (DP 6–12)
and more medium amylopectin chains (DP 13–24) com‐
pared to that of Nipponbare. This peculiar pattern is often
associated with differences in activities of SSIIa, where rice
with high SSIIa activity has fewer short amylopectin chains

and more medium amylopectin chains compared with rice
with low SSIIa activity.10)42)55)

In addition, highly active SSIIa, often seen in typical ind‐
ica rice, is known to associate with starch granules, while
SSIIa of low activity, seen in typical japonica rice, is not
found in the tightly bound protein fraction.56)57)58)59) In this
study, SSIIa was found to be associated with starch gran‐
ules in BP011, BP005, Labelle, Beniroman, BP028, BP003,
and IR36 (Fig. 2, Table 1).

The gelatinization temperature of rice starch is known to
be correlated with the ratio of short and long amylopectin
chains governed by SSIIa.11)12)56)57)58)59)60) Therefore, gelati‐
nization temperatures were compared (Table 1). The peak
gelatinization temperature of lines with S-type15) amylopec‐
tin was low (55-65 °C). In contrast, the peak gelatinization
temperature of rice lines with L-type15) amylopectin, name‐
ly, BP011, BP005, Labelle, Beniroman, BP028, BP003, and
IR36 was high (69-76 °C). These results confirm the rela‐
tionship between length of amylopectin branches and ge‐
latinization temperature. Among the cultivars with L-type
amylopectin, gelatinization temperature of rice cultivars
with no or low amylose lines, such as BP011 and BP005,
was higher (approximately 76 °C) than the lines with high
amylose, such as Labelle, Beniroman, BP028, BP003, and
IR36 (approximately 70 °C).

Some of the cultivars analyzed in this study, such as
BP005 (SSIIa from indica and Wx from japonica cultivars)
and Chugoku 134, Hoshinishiki, Hoshiyutaka, BP037, Yu‐
metoiro, and Guizao 2 (SSIIa from japonica and Wx from
indica cultivars), had atypical combinations of SSIIa and
Wx genes compared with those from the typical japonica
and indica cultivars. This outcome likely resulted from re‐
combination between the SSIIa and Wx genes during a
cross between japonica and indica cultivars, which likely
lead to accumulation of starch with unique properties.
　

Comparisons of predicted three-dimensional structure of
GBSSI between high and low extra-long chain content.

To visualize the effect of polymorphisms in GBSSI on
ELC, the predicted three-dimensional structures of GBSSI
with Tyr224/Ser415 (high ELC) and Ser224/Pro415 (mod‐
erate ELC) were compared. 224th residue Tyr/Ser was loca‐
ted in the N-domain, while 415th residue Pro/Ser was loca‐
ted in at the end of one of the seven alpha helixes present in
C-domain closely located to the possible ligand binding
site.61) The ribbon models of two lines were completely
merged (Fig. 4A), indicating that those polymorphisms at
residues 224th Tyr/Ser and 415th Pro/Ser did not affect the
backbone structure of GBSSI. However, when the surface
models of those two were merged, a difference was ob‐
served at 224th residue Tyr/Ser (Fig. 4B and C), but not at
415th residue Pro/Ser. The surface model of the area near
Tyr224 in Guizao 2 was filled, while that of Ser224 in
Hoshiyutaka was hollow (Fig. 4B and C). Whether this area
is involved in association with any ligand is currently un‐
known.
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DISCUSSION

The present study using seventeen different rice cultivars
with no, low, medium, and high AAC and ELC content lev‐
els indicates that expression levels of GBSSI, as well as
residue 224 in exon 6 and/or residue 415 in exon 10, are re‐
sponsible for ELC content in rice (Table 1), partly confirm‐
ing a previous hypothesis.41) High ELC content cultivars al‐
most always had high levels of GBSSI due to guanine at
the SNP of intron 1 and Tyr224/Ser415 (Table 1). High
ELC rice cultivars also had deletion of (CT)7 repeats in
exon 1 at 102 nucleotides before the start codon. However,
this did not affect the expression levels of GBSSI (Fig. 2).
(CT)7 repeats may serve as a convenient molecular marker
to screen high ELC rice lines. Medium ELC content culti‐
vars had high expression levels of GBSSI due to guanine at
the SNP of intron 1 and Ser224/Pro415, but the proportion
of GBSSI associated with starch granules were less than
that of high ELC content lines (Fig. 2). Low ELC content
cultivars had low GBSSI due to thymine at the SNP of in‐
tron 1 and Tyr224/Pro415.

Tohoku 148 had thymine at the SNP of intron 1 and
Tyr224/Pro415 but with relatively high GBSSI expression
levels (Supplemental Fig. 2) resulting in high AAC
(28.7 %)35) and medium ELC content (6.1 %).35) The reason
why Tohoku 148 had high expression of GBSSI (Supple‐

mental Fig. 2) may be the deletion of CT at 88 nucleotides
prior to the start codon in exon 1, which possibly enabled
the proper splicing of the first intron.

These outcomes indicate that high GBSSI expression and
Tyr224 alone cannot achieve high ELC content and that the
combination of Tyr224/Ser415 may also be important. In
fact, a mutant lacking SSIIIa isolated from Nipponbare has
shown increased expression levels of GBSSI, resulting in
high AAC (24.8–30.7 %) and low to moderate ELC (3.1–
4.8 %), although rate of increase varied depending on
growth condition.6)44) This mutant had an identical Wx gene
to Nipponbare with Tyr224/Pro415. This suggests that
Ser415 is also an important factor for increasing ELC con‐
tent.

Previous study analyzing nucleotide polymorphisms of
Waxy gene in US and European rice lines showed that AAC
and amount GBSSI associated to the starch granules were
correlated with combinations of SNPs.62) Guanine at intron
1 and Tyr224/Ser415 showed high AAC while guanine at
intron 1 and Ser224/Pro415 showed medium AAC.62) The
present study showed that the amount of starch granule as‐
sociated GBSSI was also correlated with ELC content.

To clarify which amino acids are responsible for high
ELC content, one way is to produce and analyze transgenic
glutinous rice lines expressing the Waxy gene which has
modification in one of these residues.

Difference in branch structure of amylopectin compared with Nipponbare having S-type amylopectin.
　Chain-length distribution pattern of mature seeds was analyzed by capillary electrophoresis and subtracted from that of Nipponbare. The Y-
axis is molar %, and the X-axis is degree of polymerization (DP). Note that BP011, BP005, Labelle, Beniroman, BP028, BP003, and IR36 exhib‐
it branch patterns of L-type amylopectin.

Fig. 3.
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Although DNA sequence of BP005 was identical to that
of Kinmaze, Taichung 65, and Nipponbare, the expression
levels of GBSSI were lower, resulting in low AAC and
ELC. This shows that expression level of GBSSI controls
the amount of ELC. The reason for low GBSSI expression
levels in BP005 is yet to be determined. One likely possi‐
bility is the presence of a mutation in a transcription factor
or splicing factor such as MYC protein,63) ethylene-respon‐
sive element-binding protein,63) basic leucine zipper pro‐
tein,64) splicing factor Ser/Arg-rich proteins,65) and pre-
mRNA processing protein.66)

GBSSI is post-translationally regulated, and its activity is
likely to be modulated via redox regulation through the for‐
mation of S-S bridges and via phosphorylation.67)68)69) Al‐
though the effect of post-translational modifications of
GBSSI on ELC remains unknown, the involvement of post-
translational modifications cannot be excluded, since tyro‐
sine and serine can be phosphorylated. Detailed crystallo‐
graphic analyses of GBSSI with mutations at amino acid
residues 224 and 415, as well as identification of carbohy‐
drate binding modules, may provide further insight into the
mechanisms of ELC biosynthesis.

　Predicted structure of GBSSI by Phyre2.
(A) Ribbon models of GBSSI from high extra-long chain content
type (Tyr224/Ser415) and moderate extra-long chain type (Ser224/
Pro415) were merged. KTGGL motif and S-S bridge are as shown.
(B) Surface model of entire GBSSI. Blue is high extra-long chain
content type (Tyr224/Ser415), and green is moderate extra-long chain
type (Ser224/Pro415). The area indicated with a black box is zoomed
as shown in (C). (C) Zoomed surface model of GBSSI. Note that the
black circle indicates the difference near residue 224.

Fig. 4.

Desired physicochemical properties of starch, such as
viscoelasticity and gelatinization temperature, vary depend‐
ing on the products. The gelatinization temperatures of cul‐
tivars with L-type15) amylopectin was generally high (69.0–
76.2 °C) compared with that of S-type15) amylopectin
(55.4–65.9 °C). However, among the lines with L-type15)

amylopectin, the gelatinization temperature was higher for
cultivars with no (76.2 °C, BP011) or low AAC (75.9 °C,
BP005) than with high amylose (69.0–71.1 °C; IR36, Kasa‐
lath, BP003, BP028, Beniroman, and Labelle), confirming
the previous study.70) One of the reasons for higher gelatini‐
zation temperatures in lines with L-type15) amylopectin with
low AAC may be that they can form more uniform double
helices in the absence of amylose and ELC. L-type amylo‐
pectin with low AAC starch may therefore require higher
temperatures to dissociate the helices. Alternatively, GBSSI
may also be involved in synthesis of intermediate chains of
amylopectin,71) although chain-length distribution patterns
of BP005 and BP011 were similar to other L-type amylo‐
pectin lines (IR36, Kasalath, BP003, BP028, Beniroman,
and Labelle). When amylopectin is bound by GBSSI, amy‐
lopectin branches may form slightly looser double helices
compared to amylopectin in the absence of GBSSI. Hence,
the L-type amylopectin branches bound by high levels of
GBSSI may dissociate at lower temperatures. The other
possibility is that GBSSI may affect the function of multi‐
meric starch biosynthetic complexes involved in amylopec‐
tin biosynthesis, although whether GBSSI regulates the
function of the multimeric protein complex is currently un‐
known.72)

Although the effects of ELC on the viscoelasticity of
starch may be minor, high ELC cultivars give high setbacks
of starch gel.35) The combinations of nucleotide polymor‐
phisms found in this study may provide useful information
for screening specific cultivars with different ELC contents.
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