
Journal of Experimental Botany, Vol. 66, No. 15 pp. 4469–4482, 2015
doi:10.1093/jxb/erv212 Advance Access publication 15 May 2015
This paper is available online free of all access charges (see http://jxb.oxfordjournals.org/open_access.html for further details)

RESEARCH PAPER

Amylopectin biosynthetic enzymes from developing rice seed 
form enzymatically active protein complexes

Naoko Crofts1, Natsuko Abe1, Naoko F. Oitome1, Ryo Matsushima2, Mari Hayashi1, Ian J. Tetlow3,  

Michael J. Emes3, Yasunori Nakamura1 and Naoko Fujita1,*

1 Department of Biological Production, Akita Prefectural University, 241–438 Kaidobata-Nishi, Shimoshinjo-Nakano, Akita city, Akita 010-
0195, Japan
2 Institute of Plant Sciences and Resources, Okayama University, Chuo 2–20–1, Kurashiki city, Okayama 710-0046, Japan
3 Department of Molecular and Cellular Biology, College of Biological Science, University of Guelph, Guelph, Ontario, N1G 2W1, Canada

*To whom correspondence should be addressed. E-mail: naokof@akita-pu.ac.jp

Received 10 February 2015; Revised 30 March 2015; Accepted 1 April 2015

Abstract

Amylopectin is a highly branched, organized cluster of glucose polymers, and the major component of rice starch. 

Synthesis of amylopectin requires fine co-ordination between elongation of glucose polymers by soluble starch syn-

thases (SSs), generation of branches by branching enzymes (BEs), and removal of misplaced branches by debranch-

ing enzymes (DBEs). Among the various isozymes having a role in amylopectin biosynthesis, limited numbers of SS 

and BE isozymes have been demonstrated to interact via protein–protein interactions in maize and wheat amyloplasts. 

This study investigated whether protein–protein interactions are also found in rice endosperm, as well as exploring 

differences between species. Gel permeation chromatography of developing rice endosperm extracts revealed that 

all 10 starch biosynthetic enzymes analysed were present at larger molecular weights than their respective mono-

meric sizes. SSIIa, SSIIIa, SSIVb, BEI, BEIIb, and PUL co-eluted at mass sizes >700 kDa, and SSI, SSIIa, BEIIb, ISA1, 

PUL, and Pho1 co-eluted at 200–400 kDa. Zymogram analyses showed that SSI, SSIIIa, BEI, BEIIa, BEIIb, ISA1, PUL, 

and Pho1 eluted in high molecular weight fractions were active. Comprehensive co-immunoprecipitation analyses 

revealed associations of SSs–BEs, and, among BE isozymes, BEIIa–Pho1, and pullulanase-type DBE–BEI interac-

tions. Blue-native-PAGE zymogram analyses confirmed the glucan-synthesizing activity of protein complexes. These 

results suggest that some rice starch biosynthetic isozymes are physically associated with each other and form active 

protein complexes. Detailed analyses of these complexes will shed light on the mechanisms controlling the unique 

branch and cluster structure of amylopectin, and the physicochemical properties of starch.
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Introduction

Rice is one of  the most important crops grown in Asian and 

African countries as it feeds more than half  of  the world 

population (Fairhurst and Dobermann, 2002; Awika, 2011). 

The applications of  rice starch are varied, and usage has 

been determined by the unique physicochemical properties 

found in different cultivars of  rice which are predominantly 

affected by starch structure (Burrell, 2003; Singh et  al., 

2006).

Starch is composed of glucose polymers of linear amyl-

ose and frequently branched semi-crystalline amylopectin. 

Amylopectin is the major component of rice starch, account-

ing for >80% (Juliano et al., 1981; Vandepute and Delcour, 
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chromatography; ISA; isoamylase; KLH, keyhole limpet haemocyanin; Pho, phosphorylase; PUL, pullulanase; PVDF, polyvinylidene fluoride; SS, starch synthase.
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2004; Pandey et al., 2012). The chain-length and positioning 

of glucan branches in amylopectin directly in�uence the phys-

icochemical properties such as gelatinization and pasting tem-

peratures, stickiness, and ease of retrogradation (Jane et al., 

1999; Han and Hamaker, 2001; Lii et  al., 2004). Therefore, 

understanding the mechanisms which control amylopectin 

branch structure is important for a number of applications.

Amylopectin is synthesized by the orchestrated roles of 

at least four distinct classes of starch biosynthetic enzymes, 

each of which is composed of multiple isozymes (Nakamura, 

2002; Tian et al., 2009; Jeon et al., 2010; Fujita, 2014). Starch 

synthases (SSs; EC 2.4.1.21) elongate α-1,4-linked linear 

glucan polymers using ADP-glucose as a substrate. Starch 

branching enzymes (BEs; EC 2.4.1.18) produce α-1,6-linked 

branches and are crucial in amylopectin formation as they 

are the sole enzymes forming branches in amylopectin. Starch 

debranching enzymes (DBEs) such as isoamylase (ISA; EC 

3.2.1.68) and pullulanase (PUL; EC 3.2.1.41) hydrolyse 

and remove α-1,6-linked branches to give water-insoluble 

properties of organized amylopectin structure (reviewed by 

Nakamura, 2002; Jeon et al., 2010; Hennen-Bierwagen et al., 

2012). In addition to these three classes of enzymes, starch 

phosphorylase (Pho; EC 2.4.1.1) is thought to be involved in 

the initiation steps of starch biosynthesis, elongating α-1,4-

linked glucan polymers using glucose 1-phosphate (G1P) as a 

substrate (Satoh et al., 2008; Jeon et al., 2010). Temporal and 

spatial co-ordination of these four classes of enzymes (SSs, 

BEs, DBEs, and Pho) during amylopectin synthesis must be 

critical in order to convert large amounts of photosynthetic 

products to form the organized cluster structure of insoluble 

amylopectin, and to store them as starch granules in amy-

loplasts of rice endosperm. Understanding the interaction 

among the starch biosynthetic enzymes in rice may provide 

new targets for improving the quality and yield of rice grains.

The rice genome encodes 11 isozymes of SSs, three 

isozymes of BEs, four isozymes of DBEs, and two isozymes 

of Pho (Ohdan et  al., 2005). Each isozyme exhibits some 

glucan substrate speci�city, but functional redundancy has 

also been observed through the analyses of mutants lacking 

speci�c starch biosynthetic enzymes(s) (reviewed by Fujita, 

2014). SSI elongates short chains of amylopectin gener-

ated by BEIIb (Fujita et  al., 2006, 2008; Abe et  al., 2014; 

Nakamura et al., 2014). The product is further extended by 

SSIIa and/or SSIIIa, although SSIIa is catalytically inactive 

in typical japonica rice (Umemoto et  al., 2002; Nakamura 

et al., 2005; Bao et al., 2006; Yu et al., 2011). SSIIIa gener-

ates long chains connecting multiple clusters of amylopectin 

(Fujita et al., 2007, 2011; Ryoo et al., 2007; Hanashiro et al., 

2011). Granule bound starch synthase I (GBSSI) is primar-

ily involved in amylose biosynthesis (Wang et al., 1995; Cai 

et  al., 1998; Terada et  al., 2000; Itoh et  al., 2003), but it is 

also involved in elongation of extra long chains of amy-

lopectin (Takeda et  al., 1987; Hanashiro et  al., 2008). BE 

isozymes (BEI, BEIIa, and BEIIb) are highly expressed in 

rice, but only BEIIb is endosperm speci�c (Mizuno et  al., 

1993; Ohdan et al., 2005). BEIIb-de�cient rice lines show an 

opaque seed phenotype, a substantial decrease in the num-

ber of short glucan chains, and an increase in long chains of 

amylopectin, resulting in altered physicochemical properties 

and a change in crystallinity from A  type to B type (Nishi 

et  al., 2001; Tanaka et al., 2004; Butardo et  al., 2011; Abe 

et al., 2013). In contrast, loss of either BEI or BEIIa does not 

alter seed morphology, although loss of BEI affects amylo-

pectin branch structure, and BEI is suggested to form longer 

branches within amylopectin (Satoh et al., 2003; Nakamura 

et al., 2002, 2010).

DBE isozymes including ISA1, ISA2, and PUL, but not 

ISA3, are expressed in developing rice endosperm (Ohdan 

et al., 2005), ISA1 being particularly important for amy-

lopectin formation (kubo et al., 1999; Utsumi et al., 2011). 

ISA1-de�cient mutants have sugary seed phenotypes which 

accumulate randomly branched water-soluble phytoglycogen, 

instead of amylopectin (Wong et al., 2003; Kubo et al., 2005).

There are two isoforms of Pho in the rice genome. Pho1 

(or PhoL) is the plant-speci�c isozyme which is involved in 

starch synthesis, and is localized to the plastid of the devel-

oping endosperm in rice (Satoh et al., 2008), whereas Pho2 is 

localized in the cytosol and is probably involved in α-glucan 

metabolism (Hwang et  al., 2010). Functional and mutually 

synergistic relationships between BEs and Pho1, and BEs and 

SSI, have been observed in vitro using recombinant rice starch 

biosynthetic enzymes (Nakamura et al., 2012, 2014).

Protein–protein interactions among certain SS and BE 

isozymes have been shown using amyloplasts isolated from 

developing seeds of wheat (Tetlow et al., 2004, 2008), maize 

(Hennen-Bierwagen et  al., 2008; Liu et  al., 2009a, 2012a, 

b), and barley (Ahmed et  al., 2015). The phosphorylation-

dependent, trimeric complex formed between SSI, SSIIa, 

and BEIIb in maize is one of the best studied and character-

ized protein complexes among starch biosynthetic enzymes 

to date (Liu et  al., 2009a, 2012a, b; Makhmoudova et  al., 

2014). Interactions between BEI and BEIIb, and associa-

tion of SSIII with several other proteins including pyruvate 

orthophosphate dikinase (PPDK), BEIIb, and AGPase, have 

also been demonstrated (Hennen-Bierwagen et al., 2009; Liu 

et al., 2009a). In addition, interaction of ISA with a carbohy-

drate-binding module (CBM)-containing FLO6 protein was 

recently shown (Peng et al., 2014).

Given current understanding, this study investigated 

whether protein–protein interactions are also found in rice 

endosperm, as well as investigating differences between spe-

cies. The aims of this study were therefore to investigate the 

formation of starch biosynthetic isozyme complexes using 

wild-type japonica rice, which possesses inactive SSIIa and 

lower GBSSI expression levels compared with indica rice, and 

to determine the glucan-synthesizing ability of enzyme com-

plexes of speci�c molecular weight.

Materials and methods

Plant material

Oryza sativa L. japonica, cv. Nipponbare plants were grown in the 
experimental �eld of Akita Prefectural University during the sum-
mer months under natural light conditions. Developing seeds from 
10–14 days after �owering (DAF) were stored at –30 °C. Husks and 
seed coats were removed before use.
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Preparation of total, soluble, and insoluble protein extracts from 

developing rice endosperm

Eight endosperms, weighing ~13 mg per grain and a total of 100 mg, 
were used for each extraction. Total protein was extracted with 9 vols 
(w/v) of denaturing buffer containing 0.125 M TRIS-HCl, pH 6.8, 8 M 
urea, 4% SDS, and 5% β-mercaptoethanol. Samples were extracted 
overnight at room temperature, centrifuged at 20 000 g to remove gelat-
inized starch and other particulate matter, and supernatants were used 
for SDS–PAGE and western blotting. Soluble proteins were extracted 
on ice with 9 vols (w/v) (three repeats with 3 vols) of extraction buffer, 
containing 10 mM HEPES-KOH, pH 7.5, 100 mM NaCl. After extrac-
tion, samples were centrifuged at 20 000 g at 4  °C for 10 min. The 
residual pellet was extracted with 9 vols (w/v) of denaturing buffer as 
mentioned above and, following centrifugation, the supernatant was 
used to represent insoluble, starch granule-associated proteins.

Generation of SSIIa and ISA1 peptide-specific antibodies, and 

SSIVb and BEIIa anti-bodies

Chemically synthesized, high-performance liquid chromatography 
(HPLC)-puri�ed peptides conjugated with a keyhole limpet haemo-
cyanin (KLH) tag were prepared by Funakoshi Co. Ltd. Amino acid 
sequence used for antigens were as follows. LLSGRDDDTPASRN 
corresponding to residues 154–168 of OsSSIIa (GenBank acces-
sion no. AF419099) and EPLVDTGKPAPYD corresponding to 
residues 750–762 of OsISA1 (GenBank accession no. AB093426). 
Each peptide was injected weekly into a rabbit until the titre has 
reached the optimum for experiments. The full-length cDNA of 
OsSSIVb (GenBank accession no. AK067577) was ampli�ed by 
PCR with the primers 5′-CAGCCTCCGCATCCGATTCC-3′ and 
5′-TGTGGCATCAGCGGCCGCGTCAGAGAAAG-3′. The PCR 
product was cloned into NcoI and NotI sites of pET30c to add an 
N-terminal histidine tag. Plasmid was then digested with SalI and 
XhoI and self-ligated remove the catalytic domain. The partial cDNA 
of OsBEIIa (GenBank accession no. AB023498) was ampli�ed with 
primers 5′TATTATGAATTCGGTGCTCCTGGGAAGGTGCTG 
3′ and 5′TATTATCTCGAGCTCCACAGTTGGTTCATCAGC 3′. 
The PCR product was cloned into EcoRI and XhoI sites of pET30a.
These plasmids were expressed in E. coli BL21 (DE3) containing 
the pKJE7 chaperone plasmid. Expressed proteins were separately 
puri�ed by Ni-NTA resin (Qiagen) and run on SDS-PAGE. The 
Coomassie brilliant blue (CBB) stained proteins was excised and 
electro-eluted (Bio-Rad). The eluted proteins were injected to a rab-
bit for antibody generation.

Gel permeation chromatography

A 700 mg aliquot of endosperm was extracted in 1 ml of gel �ltra-
tion buffer containing 10 mM HEPES-KOH, pH 7.5, 100 mM NaCl, 
10 μl ml–1 plant protease inhibitor cocktail (Sigma) and centrifuged 
at 20 000 g for 10 min. The supernatant was �ltered through 0.45 μm 
cellulose acetate to remove large particles and injected into a 500 μl 
sample loop, prior to fractionation by gel permeation chromatog-
raphy (GPC) using Superdex 200 resin packed in a 10/300 column 
connected to an AKTAprime plus chromatography system (GE 
Healthcare) at 4  °C. The column was equilibrated with 10 mM 
HEPES-KOH, pH 7.5, 100 mM NaCl, and fractions eluted at 1 ml 
min–1. Fractions of 2 ml were collected and concentrated 25-fold 
using an Amicon Ultra 50K centrifugal �lter unit (Merck Millipore) 
following the manufacturer’s instructions. Concentrated samples 
were mixed with one-third volume of native-PAGE sample buffer 
(0.625 M TRIS-HCl, pH 7.0, 50% glycerol, 0.2% bromophenol 
blue). A 7.5 μl aliquot was applied per lane to the native (non-dena-
turing) PAGE (see next section). The residual samples were further 
supplemented with one-third volume of SDS–PAGE sample buffer 
(0.1 M TRIS-HCl, pH 6.8, 10% SDS, 12% β-mercaptoethanol, 20% 
glycerol, 0.2% bromophenol blue), boiled, and 5  μl per lane sub-
jected to 7.5% acrylamide SDS–PAGE (height 6 cm, width 8.5 cm, 
and thickness 1 mm) at 25 mA, and western blotting.

Native gel activity staining

SS-native-PAGE/activity staining was performed as described in 
Nishi et al. (2001) and Fujita et al. (2006). DBE native-PAGE/activ-
ity staining was performed as described in Fujita et al. (1999), and 
BE native-PAGE/activity staining was performed as described in 
Yamanouchi and Nakamura (1992).

Immunoprecipitation

A 3 g aliquot of endosperm was extracted with 9 ml of 10 mM HEPES-
KOH, pH 7.5, 100 mM NaCl, 1 mM dithiothreitol (DTT), and 10 μl 
ml–1 plant protease inhibitor cocktail (Sigma). The extract was sieved 
through Miracloth. The residual materials were extracted again with 
3 ml of buffer (above) and sieved through the Miracloth. The pooled 
�ltrates were centrifuged at 20 000 g, and 800 μl of each supernatant 
was mixed with 100 μl of isozyme-speci�c antibodies, or pre-immune 
serum as a control, for 1.5 h at 4 °C. A 1000 μl aliquot of reconstituted 
50% protein A–Sepharose resin (Sigma) was added and incubated for 
1 h at 4 °C. The resin was washed eight times with 10 mM HEPES-
KOH, pH 7.5, 100 mM NaCl, 1 mM DTT. Bound proteins were 
released by boiling for 10 min in 150 μl of 1× SDS sample buffer con-
taining 33 mM TRIS-HCl, pH 6.8, 3.3% SDS, 4% β-mercaptoethanol, 
6.6% (v/v) glycerol, 50 mM DTT. After centrifugation at 12 000 rpm 
for 2 min, 10 μl of each supernatant was analysed by western blotting.

Blue native (BN) PAGE

Endosperms were extracted with 3 vols (w/v) of 50 mM BIS-TRIS, 
6 N HCl, 50 mM NaCl, 10% glycerol, 0.001% Ponceau S, and cen-
trifuged at 20 000 g for 10 min. The supernatant was supplemented 
with 4× extraction buffer to give a �nal concentration of 2×. Samples 
were subjected to 3–12% acrylamide BIS-TRIS native-PAGE (Life 
Technologies) and electrophoresed with anode buffer containing 
50 mM BIS-TRIS, 50 mM tricine, and cathode buffer containing 
50 mM Bis-Tris, 50 mM tricine, 0.004% CBB G-250 stain at 80 V for 
an initial 1 h and at 120 V for the remaining time.

The BN-PAGE gels were directly incubated with 50 mM HEPES-
KOH, pH 7.5, 50 mM G1P (Wako), 25 mM AMP with or without 
Pho a (Sigma) at 30 °C for 16 h with gentle shaking. The generated 
glucans were then stained with 1% iodine, 0.1% potassium iodine.

Western blotting

Proteins were transferred to polyvinylidene �uoride (PVDF) mem-
branes after SDS–PAGE, native-PAGE, or BN-PAGE. Membranes 
were treated as follows prior to blocking. (i) SDS–PAGE blots pro-
ceeded directly to the blocking step after transfer. (ii) Native-PAGE 
blots were �xed with 8% acetic acid for 10 min and washed three 
times with water prior to the blocking procedure. (iii) BN-PAGE 
blots were washed with methanol prior to �xation with acetic acid 
and washing with water. The rest of the western blotting proce-
dure was performed essentially as described by Crofts et al. (2012). 
Primary antibodies were used at the following dilutions: anti-SSI 
(Fujita et al., 2006) at 1:1000, anti-SSIIa at 1:1000, anti-SSIIIa 
(Crofts et al., 2012) at 1:1000, anti-SSIVb at 1:1000, anti-GBSSI 
(Fujita et al., 2006) at 1:5000, anti-BEI (Nakamura et al., 1992) at 
1:2000, anti-BEIIa at 1:3000, anti-BEIIb (Nakamura et al., 1992) at 
1:3000, anti-PUL (Nakamura et al., 1996) at 1:1000, anti-ISA1 at 
1:1000, and anti-Pho1 (Satoh et al., 2008) at 1:1000.

Results

Attempts to purify reproducible quantities of amyloplasts 

from rice endosperm proved unsuccessful due to the large 

compound granules contained within the endosperm, and 

consequently whole-cell extracts were used as the starting 

material for all experiments.
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Expression and solubility of starch biosynthetic 
enzymes in developing rice endosperm

The expression and solubility of starch biosynthetic enzymes 

from rice developing endosperm (10–12 DAF) were analysed 

by western blotting (Fig.  1). Proteins were extracted using 

a denaturing buffer (see the Materials and methods) which 

also gelatinizes the starch to enable extraction of granule-

bound proteins. Starch biosynthetic isozymes in developing 

rice endosperm (SSI, SSIIa, SSIIIa, SSIVb, GBSSI, BEI, 

BEIIa, BEIIb, ISA1, PUL, and Pho1; Hirose and Terao, 

2004; Ohdan et al., 2005) were analysed by western blotting 

(Fig.  1). The antibodies used for western blots were highly 

speci�c and were visualized as single bands, except for the 

anti-SSIIIa antibody which recognized multiple bands. 

However, the ss3a null mutants did not show any of the addi-

tional bands, suggesting that they represent truncated forms 

of SSIIIa (Supplementary Fig. S1 available at JXB online). 

Signi�cant proportions of all the starch biosynthetic enzymes 

analysed here, except for GBSSI, were present in the solu-

ble fraction. Currently it is unknown whether starch biosyn-

thetic enzymes bound to the starch granule maintain their 

catalytic activities, except for GBSSI (Liu et al., 2009b). The 

solubility of the starch biosynthetic enzymes was consist-

ent among the different extraction buffers used for the study 

(Supplementary Fig. S2) and were used for analyses of pro-

tein–protein interactions.

Elution of rice endosperm starch biosynthetic enzymes 
following gel permeation chromatography

Soluble extracts from developing seeds were fractionated 

using a Superdex 200 gel �ltration column. Native molecu-

lar weight standards were clearly separated by GPC (Fig. 2, 

black bars). Figure 2 shows that while some proteins could 

be detected at their expected monomeric size, all starch bio-

synthetic proteins analysed were eluted at higher molecular 

weights, consistent with the possibility that they may form 

higher order complexes.

Following GPC, SSI was eluted in higher molecular 

weight fractions (200–600 kDa; fractions 5–9), in addition 

to its expected monomeric size (65 kDa; fractions 10–13). 

SSIIa was eluted as two distinct peaks; between 150 kDa 

and 400 kDa (fractions 6–10) and also at >700 kDa (frac-

tions 2–5), but not at its expected monomeric size (87 kDa). 

The majority of  SSIIIa was eluted at >700 kDa (fractions 

1–5). In addition to its monomeric size of  ~100 kDa (frac-

tions 10–12), SSIVb eluted between 200 kDa and >700 kDa 

(fractions 2–9). The majority of  BEIIa eluted in fractions 

predicted to be <300 kDa (fractions 7–11), whereas BEI 

and BEIIb showed a broad elution pattern ranging from 

>700 kDa to their respective monomeric sizes (89 kDa and 

87 kDa, respectively). ISA1 eluted between 200 kDa and 

400 kDa (fractions 5-9), which was consistent with ear-

lier observations that ISA1 forms homo-oligomers and 

kDa M  T S P        T  S  P    T  S  P    T  S  P      T  S P    T  S  P

kDa M  T  S  P     T  S  P     T  S  P     T  S  P      T  S P    T  S  P

250

150

100

75

50

250

150

100

75

50

CBB SSI SSIIa SSIIIa SSIVb GBSSI

BEI BEIIa BEIIb ISA1 PUL Pho1

Fig. 1. Expression and solubility of starch biosynthetic enzymes in rice endosperm, and confirmation of antibody specificity. Total (T), soluble (S), and 
insoluble, starch granule-associated (P) proteins were fractionated from rice developing endosperm and separated by SDS–PAGE. The gels were stained 
with Coomassie brilliant blue (CBB) or blotted onto membranes for western blotting using the antibodies indicated.
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hetero-oligomers with ISA2 (Utsumi et  al., 2006, 2011). 

PUL showed a similar broad distribution pattern (frac-

tions 2–9) to BEI and BEIIb, in addition to eluting at 

its corresponding monomeric size of  102 kDa (fractions 

10–13). Pho1 was eluted between 100 kDa and 700 kDa 

(fractions 5–10) although recombinant rice Pho1 forms a 

dimer (Hwang et al., 2010).

The same GPC fractions were analysed by native-PAGE/

activity staining (Fig.  3A–C). The fractions with the high-

est enzymatic activity (Fig.  3) generally correlated with the 

strongest signals obtained by SDS–PAGE and western blot-

ting (Fig. 2).

The activities of SSIIa and SSIVb could not be detected 

by non-denaturing, native-PAGE since japonica rice pos-

sesses inactive SSIIa (Nakamura et al., 2005) and the activ-

ity of SSIVb was not high enough to detect with this assay 

(Y. Toyosawa et al., unpublished). SSI and SSIIIa activities 

were visualized using non-denaturing gels containing oyster 

glycogen as a primer, and incubated with 1 mM ADP-glucose 

(Fig.  3A). SSI activity was found in high molecular weight 

fractions (fractions 5–9) as well as at its monomeric size (frac-

tions 10–13). In contrast to SSI, the majority of SSIIIa activ-

ity was found in high molecular weight protein complexes 

>700 kDa (peak activities were in fractions 2–5). The ‘starch 

synthase’ bands indicated in Fig.  3A with grey arrowheads 

are likely to be the outcome of either glycosyl hydrolase or 

glucan transferase activities since those bands were present 

in the absence of ADP-glucose (result not shown). Removal 

of short branches by these enzymes probably resulted in the 

production of linear chains which can bind to iodine.

Corresponding SS-native-PAGE gels were prepared and 

analysed by western blotting (Fig. 3D–G). The results sug-

gested that the faint SS activity below the SSI was SSIVb 

since the immune-detected protein was coincident with SS 

activity (Fig. 3A). Furthermore, western blotting of native-

PAGE gels revealed that SSIIa and SSIVb in fractions 2 and 3 

were present near the top of the gels, possibly as components 

of protein complexes, given that they were detected in frac-

tions corresponding to molecular weight  >700 kDa.

The activities of BE isozymes were visualized by zymogram 

analysis in the presence of G1P as a substrate based on the Pho 

a stimulation assay (Fig. 3B). The strongest BEI activity was 

found in fractions 10–12 which contained the largest amounts 

of BEI protein (Figs 2, 3H). BEI activity was also observed 

in fractions 2–9, corresponding to BEI protein between 200 

kDa and >700 kDa (Figs 2, 3H). BEIIb and Pho1 co-migrate 

on native-PAGE as described by Yamanouchi and Nakamura 

(1992). It was also con�rmed, by western blotting of the cor-

responding native-PAGE, that BEIIb and Pho1 migrated to 

the same position (Fig. 3J, K). BEIIb activities were detected 

in fractions 2–13 and the highest activities were found in frac-

tions 8–12 (purple). The fractions with high Pho1 protein con-

tent exhibited blue activity bands (fractions 5–7) indicative of 

glucan elongation. BEIIa peak activities were found in frac-

tions 6–13, and the molecular weight distribution of BEIIa 

was narrower than that or BEIIb or BEI (Figs 2, 3B, I). DBE 

and Pho1 activity bands were visualized by native-PAGE 

which contains potato amylopectin as a substrate (Fig. 3C). 

There were at least three ISA activity bands which peaked in 

fractions 6–8 corresponding to ISA1/ISA2 hetero-oligomers 

and ISA1 homo-oligomers (Fig. 3C) as previously described 

by Utsumi et  al. (2011). Hydrolytic activity of PUL found 

in fractions 2–13 (Fig.  3C) correlated with the amount of 

PUL protein (Fig. 2). In addition, western blotting of identi-

cal native-PAGE gels with anti-PUL revealed that signi�cant 

amounts of PUL in fractions 2–4 were present near the top 

of the gel in high molecular weight fractions (Fig. 3L). Strong 

Pho1 activity was seen in fractions 5–9. A hydrolytic activity 

(marked ‘unknown’) in fractions 6–8 was not recognized by 

ISA, PUL, or Pho1 antibodies (data not shown).

Analyses of starch biosynthetic protein complexes in 
rice endosperm by immunoprecipitation

In order to investigate possible interacting partners among 

starch biosynthetic isozymes, immunoprecipitation was car-

ried out using soluble rice endosperm extract and isozyme-

speci�c antibodies or a pre-immune serum control (Fig.  4, 

and summarized in Table 2). Each antibody recognized and 

could immunoprecipitate its respective antigen, except for 

anti-ISA1 antibodies which could not immunoprecipitate the 

native protein (results not shown).

Strong, pairwise, associations obtained by reciprocal 

co-immunoprecipitation were observed for SSI–BEIIb, 

SSIIa–BEIIb, BEI–BEIIb, BEI–PUL, and BEIIa–BEIIb. 

Clear, but less intense signals were obtained from reciprocal 

SSI (65 kDa)

SSIIa (87 kDa)

SSIIIa (250 kDa)

SSIVb (104 kDa)

BEI (89 kDa)

BEIIa (90 kDa)

BEIIb (87 kDa)

Pho1 (106 kDa)

PUL (102 kDa)

ISA1 (83 kDa)

669 440       232 67 kDa

  1  2  3 4  5   6   7  8  9 10 11 12 13

Fig. 2. Molecular weight distributions of starch biosynthetic enzymes 
from developing rice endosperm determined by gel permeation 
chromatography. Soluble proteins from rice endosperm were separated 
on Superdex 200 and fractions analysed by western blotting using the 
antibodies indicated. The molecular weight of protein standards is shown 
at the top (black bars). Monomeric molecular weights of each isozyme are 
indicated on the right.
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co-immunoprecipitation experiments for the pairwise interac-

tions SSI–BEI, SSIIa–SSIIIa, SSIIIa–BEI, and SSIVb–BEIIa.

In some instances, clear western blot signals were obtained 

from only one side of the co-immunoprecipitation, includ-

ing SSIIa–BEI, BEIIa–BEI, BEIIa–Pho1, and PUL–BEIIb 

(�rst acronym, antibody used for immunoprecipitation; 

second acronym, isozyme detected by western blotting), 

whereas the reciprocal co-immunoprecipitation did not show 

the same interaction. Similarly, relatively weaker (but clear) 

immunodetection of co-precipitated protein was observed 

for SSIIa–SSI, BEIIa–SSI, SSIIa–BEI, BEIIa–SSIIa, BEIIa–

SSIIIa, and BEIIa–BEI, but not in the reciprocal direction.

Activity analyses of branching enzyme complexes from 
rice endosperm using BN-PAGE

Individual activities of  most starch biosynthetic enzymes 

were observed in the GPC high molecular weight fractions 

SSIIIa 

SSI
SSIVb

BEI

BEIIb/Pho1
BEIIa

PUL

Pho1

ISA1/ISA2 hetero oligomer
ISA1 homo oligomer

Unknown

A B

T         1   2 3   4   5  6   7   8   9 10 111213

669 440    232     67 kDa

T         1   2 3   4   5   6  7  8   9 10 11 12 13

669 440    232     67 kDa

669 440    232     67 kDa

T         1   2 3  4   5   6   7  8   9 10 111213

C

D

SSI SSIIa

1   2 3   4    5   6   7   8    9  10 11 12 13

SSIIIa SSIVb

1    2   3   4    5    6   7   8    9 10 11 12 131   2 3   4   5    6   7   8    9  10 11 12 131   2 3   4   5    6   7   8    9  10 11 12 13

E F G

H I J K
1   2 3   4   5    6   7   8    9  10 11 12 13 1   2 3   4    5    6   7   8    9  10 11 12 131   2 3   4   5    6   7   8    9  10 11 12 131   2 3   4   5    6   7   8    9  10 11 12 13

BEI BEIIa BEIIb Pho1

L
1   2 3   4   5    6   7   8    9  10 11 12 13

PUL

Fig. 3. Starch biosynthetic enzyme activities analysed on non-denaturing zymograms and by western blotting following GPC of rice developing 
endosperm. Numbers at the top indicate the molecular weight of protein standards in kiloDaltons. (A) SS activity. (B) BE activity. (C) DBE activity. (D–G) 
Western blots of identical native-PAGE used for (A) were probed with SSI, SSIIa, SSIIIa, and SSIVb antibodies, respectively. (H–K) Western blots of 
identical native-PAGE used for (B) were probed with BEI, BEIIa, BEIIb, and Pho1 antibodies, respectively. (L) Western blots of identical native-PAGE used 
for (C) were probed with PUL antibody. Black arrowheads in (A–C) indicate activities of isozymes. Grey arrowheads in (A) indicate glycosyl hydrolase or 
glucan transferase activities. Arrowheads in (D–L) indicate polypeptides recognized by the antibody.
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by native-PAGE as shown in Fig. 3. However, whether the 

starch biosynthetic protein complexes possess catalytic activ-

ity cannot be presumed. BN-PAGE was therefore performed 

since this technique maintains the interactions of  protein 

complexes, re�ects the molecular weight of  the protein com-

plexes, and the in�uence of  differences in isoelectric point 

of  individual isozymes is minimal (Eubel et al., 2005). The 

use of  gradient gels for BN-PAGE also gave better resolution 

of  high molecular weight protein complexes compared 

with GPC.

The presence of starch biosynthetic enzymes in high 

molecular weight complexes was con�rmed by western blot-

ting of a BN-PAGE gel (Fig.  5) and two-dimensional gels 

in which BN-PAGE and SDS–PAGE were used for the �rst 

and second dimension, respectively (Supplementary Fig. 

S3 at JXB online). Western blotting of BN-PAGE (Fig.  5) 

was performed using slices of lanes from a single gel so the 

molecular weight of proteins is directly comparable. Western 

blotting of two dimensional gels (Supplementary Fig. S3) 

showed that the enzymes present at high molecular weight on 

BN-PAGE (Fig. 5) were present as protein complexes since 

they migrated to their expected monomeric molecular weight 

in two-dimensional gels.

SSI, BEIIb, and Pho1 co-migrated to a position below 

the 232 kDa molecular weight standard in addition to their 

respective monomeric protein sizes. SSIIa, SSIIIa, and SSIVb 

migrated to positions corresponding to multiple, differ-

ent, molecular weights, and signi�cant proportions of these 

enzymes were found in complexes >700 kDa. While most of 

the BEIIa was present at its monomeric molecular weight, 

BEI was present over a broad range of molecular sizes. BEI, 

BEIIb, and PUL were also present over a broad range of 

molecular sizes (Fig. 5, longer exposure). The data are con-

sistent with the molecular weight distributions of starch bio-

synthetic isozymes observed by GPC (Fig. 2).

Incubation of the BN-PAGE gel (Fig.  6A; CBB stained) 

with G1P followed by iodine staining demonstrated α-glucan 

synthesis in a wide molecular weight range of protein com-

plexes, at ~100, 200, 440, 500, and 1000 kDa (Fig. 6B). The 

100 kDa glucan band was likely to be generated by co-migra-

tion of monomeric Pho1 and BEs (BEIIa and BEIIb) as 

observed by western blotting of the BN-PAGE gel (Fig.  5; 

Supplementary Fig. S4 at JXB online). Addition of exog-

enous Pho a to the G1P-containing reaction mixture led to 

a signi�cant increase in amounts of generated α-glucans at 

~400–600 kDa and ~1000 kDa. A very discrete brown band at 

~670 kDa and the two, nearby, lower bands became apparent 

Antibodies used for IP

*

*

*

*

*

*

*

*

*

*

SSI

SSIIa

SSIIIa

SSIVb

BEI

BEIIb

ISA1

PUL

Pho1

A
n
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o
d
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e
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 b

lo
t

BEIIa

Fig. 4. Analyses of protein–protein interaction between rice starch 
biosynthetic isozymes by co-immunoprecipitation (IP). Soluble proteins 
from rice developing endosperm were immunoprecipitated using 
antibodies as described. Pre-immune serum was used as a control. The 
antibodies used for western blots are indicated on the right. Asterisks 
indicate the interactions confirmed by reciprocal IP.

MkDa

67

134

232

440

669

CBB     SSI  SSIIa  SSIIIa SSIVb   BEI   BEIIa BEIIb   ISA1  PUL   Pho1      BEI   BEIIb PUL

Longer exposure

Fig. 5. Western blots of BN-PAGE shows the formation of starch biosynthetic enzyme complexes from developing rice endosperm. Arrowheads and 
brackets indicate the presence of polypeptides recognized by antibodies. Double asterisks indicate the co-migrating enzymes. (This figure is available in 
colour at JXB online.)
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(Fig. 6C), indicating the presence of BE activities which are 

able to interact with the exogenous Pho a.

The colour difference of iodine staining generally re�ects 

the structure of α-glucan (Bailey and Whelan, 1961). The 

α-glucans stained in brown contain more branched and 

shorter glucans, while those stained in dark blue have less 

branched and longer glucan structures (Guan and Preiss, 

1993). The 400–700 kDa glucan bands were brown while two 

bands at ~1000 kDa were dark blue. This indicates that the 

activities of BE isozymes are relatively higher in 400–700 kDa 

bands than in the ~1000 kDa bands (Fig. 6C).

It is possible that short and undetectable amounts of α-glucan 

were present within the starch biosynthetic enzyme complexes 

analysed in Fig. 6. However, incubation of the BN-PAGE with 

G1P did not show any iodine-stained glucans (result not shown). 

Therefore, the generated α-glucans in Fig. 6 are proposed to be 

generated by the co-ordinated actions of Pho1 and BEs.

Discussion

Interactions between starch biosynthetic isozymes have 

been demonstrated previously in wheat, maize, and barley 

developing endosperm (Tetlow et  al., 2004, 2008; Hennen-

Bierwagen et al., 2008, 2009, Liu et al., 2009a; Ahmed et al., 

2015). Since the gene structures and functions of starch bio-

synthetic enzymes are well conserved among cereals (Fujita 

and Nakamura, 2012), it was hypothesized that starch biosyn-

thetic isozymes from rice endosperm interact with each other 

to form functional protein complexes. The present study is the 

�rst demonstration of active, high molecular weight, starch 

biosynthetic enzyme complexes in rice endosperm. These dis-

coveries were made possible with the use of a comprehen-

sive collection of isozyme-speci�c antibodies. The similarities 

and differences in protein complex formation among wild-

type wheat (Tetlow et al., 2008), maize (Tetlow et al., 2004; 

Hennen-Bierwagen et al., 2008, 2009; Liu et al., 2009a), and 

rice are summarized in Tables 1 and 2, although the possibil-

ity remains that the differences may arise not only from each 

plant-speci�c unique function, but also from the difference 

in experimental approaches such as choice of endosperm 

developmental stage and whether amyloplasts or whole-cell 

extracts are used as the starting material.

Comparisons of molecular weight distribution patterns 
of protein complexes among wheat, maize, and 
rice starch biosynthetic enzymes by gel filtration 
chromatography

The elution patterns of rice starch biosynthetic enzymes were 

classi�ed into two major groups (Fig. 2). The enzymes eluted 

in a broad molecular weight range, and those speculated to 

form multiple, differently sized, protein complexes were SSI, 

SSIIa, SSIVb, BEI, BEIIb, and PUL (Fig. 2). The enzymes 

which eluted in narrow molecular weight ranges were SSIIIa, 

BEIIa, ISA1, and Pho1 (Fig. 2).

The monomeric sizes of starch biosynthetic isozymes are 

similar among the monocot species studied to date. In wheat, 

SSI, SSIIa, and BEIIb were present at their monomeric size 

in early stages of seed development, while the formation of 

the heterotrimer was more pronounced at mid-development 

(Tetlow et al., 2008). GPC elution patterns of maize SSI (Liu 

et  al., 2009a) and SSIIa (Hennen-Bierwagen et  al., 2008, 

2009; Liu et  al., 2009a) were similar to those described for 

wheat, suggesting that they are also part of a trimer with 

SBEIIb, as well as higher order multimers involving SSIII 

which were eluted at ~670 kDa (Hennen-Bierwagen et  al., 

2008, 2009). In wild-type maize, BEI was detected only as a 

monomer although in ae– mutants, lacking BEIIb, BEI was 

shown to interact with SSI, SSII, and starch phosphorylase 

(Hennen-Bierwagen et al., 2008; Liu et al., 2009a). In wheat, 

BEI interacts with BEIIb and starch phosphorylase (Tetlow 

et al., 2004). In rice, the majority of BEIIa appeared to be 

monomeric, whereas BEIIb was eluted in a broad range of 

fractions from the monomeric size to >700 kDa, similar to 

maize BEIIb (Hennen-Bierwagen et al., 2008, 2009). The elu-

tion pattern of rice Pho1 was similar to that of maize, which 

is predicted to form homotetramers and hetero-oligomers 

(Ahmed et al., 2015)

Following GPC, most starch biosynthetic isozymes from 

rice endosperm were at least partially eluted in the high 

67

134

232

440

669

kDa M

CBB - Pho a + Pho a

* 
* 

A B C

** ** 

Fig. 6. BN-PAGE activity staining shows the glucan synthesis activities of 
starch biosynthetic enzyme complexes from developing rice endosperm. (A) 
CBB-stained BN-PAGE gel showing separation of protein complexes. (B) 
Synthesis of glucan by endogenous BE–Pho1 interaction. The BN-PAGE gel 
was incubated with 50 mM G1P, and the generated glucans were visualized 
by iodine staining. (C) Stimulation of glucan synthesis by exogenous 
phosphorylase a (Pho a). The BN-PAGE gel was incubated with 50 mM G1P 
and rabbit Pho a, and stained with iodine. Black arrowheads indicate glucan 
synthesis activity by interaction of endogenous BEs and Pho1. The white 
arrowhead indicates glucan synthesis arising from co-migration of BEs and 
Pho1 due to their similar monomeric sizes. Arrows and the bracket indicate 
the stimulation of glucan synthesis by addition of exogenous Pho a. Single 
asterisks indicate residual CBB from the BN-PAGE running buffer (not 
glucans stained by iodine). The activity band indicated with double asterisks 
corresponds to SSI, BEI, BEIIb, and Pho1as indicated in Fig. 5
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molecular weight fraction. SSIIa, SSIIIa, SSIVb, BEI, BEIIb, 

and PUL were co-eluted in fractions corresponding to a mass 

>700 kDa (Fig.  2), consistent with the hypothesis that they 

are components of one or more multienzyme complexes. The 

elution pattern of rice SSIIa was distinct from that observed 

in maize and wheat in that it was not found in its monomeric 

size at all. This is interesting because SSIIa is known to be 

inactive in japonica rice varieties (Nakamura et  al., 2005), 

but may still be of importance for formation of protein com-

plexes, since evidence from maize demonstrated that it forms 

the core of a trimeric complex with SSI and BEIIb (Liu et al., 

2012b).

Comparison of protein–protein interactions among 
wheat, maize, and rice starch biosynthetic enzymes

The results of co-immunoprecipitation experiments indi-

cate that the pairwise interactions SSI–SSIIa, SSI–BEIIa, 

SSI–BEIIb, SSIIa–BEIIb, and BEI–BEIIb are common 

among wheat, maize, and rice (Table 2). Further interacting 

isozymes found in common between maize and rice, but not 

investigated in wheat, were SSIIa–SSIIIa, SSIIIa–BEII, and 

SSIIIa–BEIIb.

The �nding of an interaction between branching and de-

branching enzymes (BEI–PUL) in rice by immunoprecipita-

tion was unexpected, but is supported by the similar elution 

Table 1. Molecular weight distribution patterns for starch biosynthetic enzymes determined by GPC in wheat, maize, and rice

Isozyme Species Molecular weight (kDa)

<700 400–600 200–400 100–200 >100

SSI Wheata ND – + * +* +++*

Maizeb – + ++ ++ +

Rice c – + + + +++

SSIIa Wheata ND – + * + * ++*

Maizeb, d, e – – +++ + ++

Ricec ++ + +++ – –

SSIIIa Wheat ND ND ND ND ND

Maized, e ++ + – – –

Rice c +++ ++ + – –

SSIVb Wheat ND ND ND ND ND

Maize ND ND ND ND ND

Ricec ++ ++ ++ + –

BEI Wheata ND – – – –

Maizeb, d, e – – – – +++

Ricec + + + ++ +++

BEIIa Wheata ND +** ++** +** ++**

Maized, e + + + ++ +++

Ricec – – + +++ +++

BEIIb Wheata ND – ++ ** – ++ **

Maized, e + + ++ +++ +++

Ricec + + ++ ++ ++

ISA1 Wheat ND ND ND ND ND

Maizef – – +++ + –

Ricec – – +++ ++ –

PUL Wheat ND ND ND ND ND

Maize ND ND ND ND ND

Ricec + + ++ ++ +++

Pho1 Wheat ND ND ND ND ND

Maizeb – – +++ + –

Ricec – + +++ + –

-, No western blot signals; +, less than 20% of total western blot signal; ++, 20–50% of total western blot signal; +++, more than 50% of total 
western blot signal. Bold character indicates that the isozymes in those fractions were active. ND, not determined.
*Sum of SS isozyme activities including SSI and/or SSIIa; **sum of BE isozyme activities including BEIIa and/or BEIIb.
a Tetlow et al. (2008).
b Hennen-Bierwagen et al. (2008).
c Derived from Figs 2 and 3 of this study.
d Liu et al. (2009a).
e Hennen-Bierwagen et al. (2009).
f Kubo et al. (2010).
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patterns shown by GPC (Fig. 2). Although there is no other 

evidence showing interaction of PUL and BEs, it is worth 

noting that the pul– null mutant in maize (zpu1-204) showed 

a reduction in BEI activity during germination, and BEIIa 

activity in leaf and developing seeds (Dinges et  al., 2003), 

and rice pul– mutants exhibited a slight decrease in BEIIb 

activity (Fujita et al., 2009) suggesting some functional and/

or physical interaction between these two classes of enzyme. 

A detailed analysis of the relationship between PUL and BEs 

in starch synthesis and degradation will be the subject of 

future investigations.

Based on GPC, co-immunoprecipitation, and BN-PAGE, 

possible combinations of protein–protein interactions in devel-

oping rice endosperm are postulated in Fig. 7. All of these pro-

tein complexes, in addition to the monomeric isozymes, may 

co-exist within the same cell in developing rice endosperm. The 

various dimeric interactions estimated at ~200 kDa may be con-

stituents of the larger protein complexes observed at 700 kDa 

estimated to consist of SSIIa–SSIIIa–SSIVb–BEI, SSIIa–

SSIIIa–BEIIb, SSIIa–SSIIIa–BEI–BEIIb–PUL, and SSI–

SSIIa–SSIIIa–BEI–BEIIb–PUL. SSIIIa and BEIIa showed 

some interaction based on co-immunoprecipitation analyses, 

but the interaction was not detectable by western blotting after 

GPC or BN-PAGE. This suggests that the relative amounts of 

SSIIIa and BEIIb in this complex were low or possibly that 

the complex turns over very quickly and is lost during further 

electrophoretic and chromatographic separation.

The stoichiometry of  each isozyme present in such com-

plexes is currently under investigation. The protein–protein 

interactions involving SSIII in maize endosperm were pro-

posed to be involved in co-ordination of  the interactions 

among plastidal starch biosynthetic enzymes including 

SSIIa, BEIIa, and BEIIb, suggesting a regulatory function 

for SSIII in carbon partitioning (Hennen-Bierwagen et al., 

2009).

The formation of homo-oligomers by both Pho1 and ISA1 

con�rms previous studies (Hwang et al., 2010; Utsumi et al., 

2011). ISA1 was previously determined to form homohex-

amers (~530 kDa) and hetero-oligomers with �ve ISA1 and 

one ISA2 (~450 kDa) (Utsumi et al., 2006); however, a recent 

crystal structure analysis of Chlamydomonas ISA1 revealed 

that ISA1 has an elongated structure and forms an end-to-

end dimer (Sim et al., 2014). Therefore, the actual molecular 

weight of rice ISA1 oligomer may be smaller than its appar-

ent molecular weight as determined by GPC.

The possibility that SSs, BEs, and DBEs also form oli-

gomers cannot be ruled out. Interactions between Pho1 and 

BEI or BEIIb were not observed by co-immunoprecipitation 

(Fig.  4), but their interactions were strongly suggested by 

BN-PAGE (Figs 5, 6). One of the reasons for this may be due 

to the low abundance of speci�c complexes or the weakness 

of the interactions. Further approaches, including chemical 

cross-linking and/or enrichment of target complexes, will be 

required to resolve such questions.

Table 2. Comparison of protein–protein interactions among starch biosynthetic isozymes in wheat, maize, and rice determined by 

co-immunoprecipitation

Reciprocal One sided

Strong signal Weak signal Strong signal Weak signal

Wheat BEI-BEIIba Pho1–BEIa

SSI-BEIIbb Pho1–BEIIba

SSII-BEIIbb BEIIa-SSIb

**BEIIa-SSIIb

Maize *SSI-SSIIac, e, f, g SSIII–PPDKd BEI-BEIIbe

SSI-BEIIac *SSIII-SSIIad

SSI-BEIIbc, f, g *SSIII-BEIIad

SSIIa-BEIIbc, e, f, g SSIII–BEIIbd

Riceh SSI-BEIIb SSI–BEI SSIIa–BEI *SSIIa-SSI

SSIIa-BEIIb *SSIIa-SSIIIa BEIIa–BEI BEIIa-SSI

BEI-BEIIb SSIIIa–BEI BEIIa–Pho1 SSIIa–BEI

BEI–PUL SSIVb–BEIIa PUL–BEIIb **BEIIa-SSIIa

BEIIa–BEIIb BEIIa–SSIIIa

BEIIa–BEI

The column heading ‘one sided’ indicates the antibody used for immunoprecipitation on the left and the co-precipitated isozymes detected by 
western blotting on the right.
The interactions common among wheat, maize, and rice are indicated in bold. The interactions common between maize and rice are indicated 
in with *. The interactions common between wheat and rice are indicated in with **.
a Tetlow et al. (2004).
b Tetlow et al. (2008).
c Hennen-Bierwagen et al. (2008).
d Hennen-Bierwagen et al. (2009).
e Liu et al. (2009).
f Liu et al. (2012a).
g Liu et al. (2012b).
h Figure 4 of this study.
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Significance of physical interactions between SSI and 
BEIIb in rice endosperm

The interaction of  rice SSI and BEIIb was demonstrated by 

GPC (Figs 2, 3), co-immunoprecipitation, and BN-PAGE 

(Fig.  5). Consistent with this, functional interactions 

between recombinant rice SSI and BEI, BEIIa, or BEIIb 

were shown, and citrate-dependent SSI ef�ciently synthe-

sizes glucans in the presence of  any one of  the BE isozymes 

even in the absence of  glucan primers (Nakamura et  al., 

2014).

The current consensus is that SSI primarily elongates 

the glucan branches with degree of  polymerization (DP) 

6–7 which are generated by BEIIb (Nakamura et al., 2010, 

2014; Abe et  al., 2014). Rice plants lacking both SSI and 

BEIIb were sterile, whereas rice plants lacking SSI and 

BEI remain fertile (Abe et al., 2014). This suggests that the 

presence of  both SSI and BEIIb is crucial in formation of 

amylopectin and cannot be totally compensated by BEI or 

BEIIa isozymes. However, the interaction between SSI and 

BEI is likely to be complemented/compensated by other BE 

isozymes such as BEIIa and/or BEIIb. In fact, mutant rice 

which lacks BEIIb exhibited reduced SSI activity associated 

with less soluble SSI protein, although the total amount of 

SSI was similar to that of  the wild type (Nishi et al., 2001; 

Abe et al., 2014). Overexpression of  BEIIb in rice resulted 

in the accumulation of  water-soluble phytoglycogen (Tanaka 

et  al., 2004), indicating that the ratio of  BEIIb and other 

starch biosynthetic enzymes such as SSI and DBEs may also 

be important.

Issues and prospects in analysis of starch biosynthetic 
isozyme complexes in developing rice endosperm

The present study has shown that the soluble starch bio-

synthetic enzymes in developing rice endosperm form enzy-

matically active multiprotein complexes, several of which are 

common to wheat and maize. At the same time, signi�cant dif-

ferences in the combinations of isozyme interactions among 

cereals were also revealed, although there are some gaps in 

information among the species mainly due to the availability 

of speci�c antibodies.

Previous studies on wheat and maize have demonstrated 

that the formation of such complexes is catalysed as a result 

of post-translational phosphorylation of some enzymes. 

Investigation of this in rice could not be pursued as large 

amounts of intact amyloplasts could not be puri�ed, due to 

the presence of multiple, compound starch granules in amy-

loplasts (Matsushima et  al., 2010), and whole-cell extracts 

would contain too many non-speci�c phosphatases as well 

as protein kinases from different subcellular compartments. 

Establishing a new method which facilitates isolation of 

intact amyloplasts from rice endosperm will require alterna-

tive approaches to those currently employed in other cereals.

The use of BN-PAGE for the analyses of starch biosyn-

thetic enzyme complexes provided a new and useful perspec-

tive to the analysis of protein complex activities. The present 

study has shown that rice starch biosynthetic protein com-

plexes generated glucans in the absence of any added prim-

ers in the BN-PAGE gels. Addition of glucan primers or 

substrates into BN-PAGE gels might facilitate detection of 

Fig. 7. Possible protein–protein interactions in rice developing endosperm. Potential protein–protein interactions among starch biosynthetic enzymes of 
developing rice endosperm were deduced from western blotting (Fig. 2) and native-PAGE zymograms (Fig. 3) following GPC, co-immunoprecipitation 
experiments (Fig. 4), and BN-PAGE (Figs 5, 6) performed in this study. SS isozymes are in red, BE isozymes are in blue, DBE isozymes are in green, 
and Pho1 is in yellow. SSIIa is inactive in japonica rice (therefore not detected in Fig. 3) and indicated with white font. Single and double asterisks 
indicate formation of Pho1 dimers and ISA homo-oligomers confirmed in this study, previously reported by Hwang et al. (2010) and Utsumi et al. (2006), 
respectively. Other SS, BE, and DBE oligomers may occur, but are not included in this figure. The stoichiometric relationships between isozymes in high 
molecular weight complexes are unknown.
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the synthesis and/or degradation of starch by protein com-

plexes, separated according to their native molecular weight. 

In addition, western blot analysis of BN-PAGE gels (Fig. 5) 

showed that this technique can resolve the components of 

protein complexes of similar molecular weight. For example, 

SSI and BEIIb co-migrated to ~230 kDa, and were clearly 

separated from the corresponding monomers on BN-PAGE 

(Fig. 5), while 230 kDa complexes and monomeric proteins 

were eluted as a broad peak following GPC (Fig. 2). Speci�c 

areas of the BN-PAGE gel with starch synthesis activity will 

be excised and analysed by mass spectrometry in order to 

identify other components of the protein complex.

More detailed analysis of the glucan products generated 

by complexes, coupled with the use of rice mutants lacking 

speci�c starch biosynthetic isozyme(s), will facilitate a clearer 

understanding of the properties of these protein complexes. 

To date, demonstration of protein–protein interactions 

between starch biosynthetic enzymes has been con�ned to 

endosperm of cereal species. It will be important to deter-

mine whether these interactions are tissue speci�c or also 

occur in different organs such as leaves or roots. In order to 

understand whether protein complex formation was acquired 

through evolution to produce and store starch ef�ciently, it 

will also be of interest to examine species such as microalgae.

Supplementary data

Supplementary data are available at JXB online.

Supplementary Materials and methods.

Figure S1. Speci�city of SSIIIa antibody.

Figure S2. Comparison of starch biosynthetic enzymes 

extracted in different buffer solutions.

Figure S3. BN/SDS 2D-PAGE showing molecular weight 

distribution of native starch biosynthetic enzymes.

Acknowledgements
The authors thank Ms Yuko Nakaizumi for taking care of rice plants. This 
work was supported by the Research Project Fund of the APU President (to 
NF and NC) and the Natural Sciences and Engineering Research Council of 
Canada (Team Discovery Grant, no. 435781; to MJE and IJT).

References
Abe N, Asai H, Yago H, Oitome NF, Itoh R, Crofts N, Nakamura Y, 
Fujita N. 2014. Relationships between starch synthase I and branching 
enzyme isozymes determined using double mutant rice lines. BMC Plant 
Biology 14, 80.

Abe N, Nakamura Y, Fujita N. 2013. Thermal properties, morphology 
of starch granules and crystallinity of endosperm starch in SSI and BE 
isozymes double mutant lines. Journal of Applied Glycoscience 60, 
171–176.

Ahmed Z, Tetlow IJ, Ahmed R, Morell MK, Emes MJ. 2015. Protein–
protein interactions among enzymes of starch biosynthesis in high-
amylose barley genotypes reveals differential roles of heteromeric enzyme 
complexes in the synthesis of A and B granules. Plant Science 233, 
95–106.

Awika JM. 2011. Major cereal grains production and use around the 
world. In: Awika, JM, Piironen V, Bean S, eds. Advances in cereal science: 
implications to food processing and health promotion . Washington, DC: 
American Chemical Society, 1–13.

Bailey JM, Whelan WJ. 1961. Physical properties of starch: 
I. Relationship between iodine stain and chain length. Journal of Biological 
Chemistry 236, 969–973.

Bao JS, Corke H, Sun M. 2006. Nucleotide diversity in starch 
synthase IIa and validation of single nucleotide polymorphisms in 
relation to starch gelatinization temperature and other physicochemical 
properties in rice (Oryza sativa L.). Theoretical and Applied Genetics 
113, 1171–1183.

Burrell MM. 2003. Starch: the need for improved quality or quantity—an 
over view. Journal of Experimental Botany 54, 451–456.

Butardo VM, Fitzgerald MA, Bird AR, et al. 2011. Impact of down-
regulation of starch branching enzyme IIb in rice by artificial microRNA- 
and hairpin RNA-mediated RNA silencing. Journal of Experimental Botany 
62, 4927–4941.

Cai XL, Wang ZY, Xing YY, Zhang JL, Hong MM. 1998. Aberrant 
splicing of intron 1 leads to the heterogeneous 5’ UTR and decreased 
expression of waxy gene in rice cultivars of intermediate amylose content. 
The Plant Journal 14, 459–465.

Crofts N, Abe K, Aihara S, Itoh R, Nakamura Y, Itoh K, Fujita N. 
2012. Lack of starch synthase IIIa and high expression of granule-bound 
starch synthase I synergistically increase the apparent amylose content in 
rice endosperm. Plant Science 193–194, 62–69.

Dinges JR, Colleoni C, James MG, Myers AM. 2003. Mutational 
analysis of the pullulanase-type debranching enzyme of maize indicates 
multiple functions in starch metabolism. The Plant Cell 15, 666–680.

Eubel H, Braun HP, Millar AH. 2005. Blue-native PAGE in plants: a tool 
in analysis of protein–protein interactions. Plant Methods 16, 11.

Fairhurst TH, Dobermann A. 2002. Rice in the global food supply. Better 
Crops International 16, 3–6.

Fujita N. 2014. Starch biosynthesis in rice endosperm. AGri-Bioscience 
Monographs 4, 1–18.

Fujita N, Goto S, Yoshida M, Suzuki E, Nakamura Y. 2008. The 
function of rice starch synthase I expressed in Escherichia coli. Journal of 
Applied Glycoscience 55, 167–172.

Fujita N, Kubo A, Francisco PB Jr, Nakakita M, Harada K, Minaka N, 
Nakamura Y. 1999. Purification, characterization, and cDNA structure of 
isoamylase from developing endosperm of rice. Planta 208, 283–293.

Fujita N, Nakamura Y. 2012. Distinct and overlapping functions of starch 
synthase isoforms. In: Tetlow IJ, ed. Essential reviews in experimental 
biology Vol. 5: the synthesis and breakdown of starch . London: Society 
for Experimental Biology, 115–140.

Fujita N, Satoh R, Hayashi A, Kodama M, Itoh R, Aihara S, 
Nakamura Y. 2011. Starch biosynthesis in rice endosperm requires the 
presence of either starch synthase I or IIIa. Journal of Experimental Botany 
62, 4819–4831.

Fujita N, Toyosawa Y, Utsumi Y, et al. 2009. Characterization of 
pullulanase (PUL)-deficient mutants of rice (Oryza sativa L.) and the 
function of PUL on starch biosynthesis in the developing rice endosperm. 
Journal of Experimental Botany 60, 1009–1023.

Fujita N, Yoshida M, Asakura N, Ohdan T, Miyao A, Hirochika H, 
Nakamura Y. 2006. Function and characterization of starch synthase 
I using mutants in rice. Plant Physiology 140, 1070–1084.

Fujita N, Yoshida M, Kondo T, et al. 2007. Characterization of 
SSIIIa-deficient mutants of rice: the function of SSIIIa and pleiotropic 
effects by SSIIIa deficiency in the rice endosperm. Plant Physiology 144, 
2009–2023.

Guan HP, Preiss J. 1993. Differentiation of the properties of the branching 
isozymes from maize (Zea mays). Plant Physiology 102, 1269–1273.

Han XZ, Hamaker BR. 2001. Amylopectin fine structure and rice starch 
paste breakdown. Journal of Cereal Science 34, 279–284.

Hanashiro I, Higuchi T, Aihara S, Nakamura Y, Fujita N. 2011. 
Structures of starches from rice mutants deficient in the starch synthase 
isozyme SSI or SSIIIa. Biomacromolecules 12, 1621–1628.

Hanashiro I, Itoh K, Kuratomi Y, Yamazaki M, Igarashi T, 
Matsugasako J, Takeda Y. 2008. Granule-bound starch synthase I is 
responsible for biosynthesis of extra-long unit chains of amylopectin in rice. 
Plant and Cell Physiology 49, 925–933.

Hennen-Bierwagen TA, Lin Q, Grimaud F, Planchot V, Keeling 
PL, James MG, Myers AM. 2009. Proteins from multiple metabolic 
pathways associate with starch biosynthetic enzymes in high molecular 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
6
/1

5
/4

4
6
9
/4

8
1
3
6
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv212/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv212/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/erv212/-/DC1


Rice starch biosynthetic enzyme complexes | 4481

weight complexes: a model for regulation of carbon allocation in maize 
amyloplasts. Plant Physiology 149, 1541–1559.

Hennen-Bierwagen TA, Liu F, Marsh RS, Kim S, Gan Q, Tetlow IJ, 
Emes MJ, James MG, Myers AM. 2008. Starch biosynthetic enzymes 
from developing maize endosperm associate in multisubunit complexes. 
Plant Physiology 146, 1892–1908.

Hennen-Bierwagen TA, James MG, Myers AM. Involvement of 
debranching enzyme in starch synthesis. In: Tetlow IJ, ed. Essential 
reviews in experimental biology Vol. 5: the synthesis and breakdown of 
starch. London: Society for Experimental Biology, 179–216.

Hirose T, Terao T. 2004. A comprehensive expression analysis of the 
starch synthase gene family in rice (Oryza sativa L.). Planta 220, 9–16.

Hwang SK, Nishi A, Satoh H, Okita TW. 2010. Rice endosperm-specific 
plastidial alpha-glucan phosphorylase is important for synthesis of short-
chain malto-oligosaccharides. Archives of Biochemistry and Biophysics 
495, 82–92.

Itoh K, Ozaki H, Okada K, Hori H, Takeda Y, Mitsui T. 2003. 
Introduction of Wx transgene into rice wx mutants leads to both high- and 
low-amylose rice. Plant and Cell Physiology 44, 473–480.

Jane J, Chen Y, Lee LF, McPherson AE, Wong KS, Radosavljevic M, 
Kasemsuwan T. 1999. Effects of amylopectin branch chain length and 
amylose content on the gelatinization and pasting properties of starch. 
Cereal Chemistry 76, 629–637.

Jeon JS, Ryoo N, Hahn TR, Walia H, Nakamura Y. 2010. Starch 
biosynthesis in cereal endosperm. Plant Physiology and Biochemistry 48, 
383–392.

Juliano BO, Perez CM, Blakeney AB, Castillo DT, Kongseee N, 
Laigneket B, Lapis ET, Murty VVS, Paule CM, Webb BD. 1981. 
International cooperative testing on the amylose content of milled rice. 
Starch 33, 157–162.

Kubo A, Colleoni C, Dinges et al. 2010. Functions of heteromeric and 
homomeric isoamylase-type starch-debranching enzymes in developing 
maize endosperm. Plant Physiology 153, 956–969.

Kubo A, Fujita N, Harada K, Matsuda T, Satoh H, Nakamura Y. 1999. 
The starch-debranching enzymes isoamylase and pullulanase are both 
involved in amylopectin biosynthesis in rice endosperm Plant Physiology 
121, 399–410.

Kubo A, Rahman S, Utsumi Y, et al. 2005. Complementation of 
sugary-1 phenotype in rice endosperm with the wheat isoamylase1 gene 
supports a direct role for isoamylase1 in amylopectin biosynthesis. Plant 
Physiology 137, 43–56.

Lii C, Lai VMF, Shen MC. 2004. Changes in retrogradation properties 
of rice starches with amylose content and molecular properties. Cereal 
Chemistry 81, 392–398.

Liu F, Ahmed Z, Lee EA, Donner E, Liu Q, Ahmed R, Morell 
MK, Emes MJ, Tetlow IJ. 2012a. Allelic variants of the amylose 
extender mutation of maize demonstrate phenotypic variation in starch 
structure resulting from modified protein–protein interactions. Journal of 
Experimental Botany 63, 1167–1183.

Liu F, Makhmoudova A, Lee EA, Wait R, Emes MJ, Tetlow IJ. 2009a. 
The amylose extender mutant of maize conditions novel protein–protein 
interactions between starch biosynthetic enzymes in amyloplasts. Journal 
of Experimental Botany 60, 4423–4440.

Liu F, Romanova N, Lee EA, Ahmed R, Evans M, Gilbert EP, Morell 
MK, Emes MJ, Tetlow IJ. 2012b. Glucan affinity of starch synthase IIa 
determines binding of starch synthase I and starch-branching enzyme IIb 
to starch granules. Biochemical Journal 448, 373–387.

Liu L, Ma X, Liu S, et al. 2009b. Identification and characterization of a 
novel Waxy allele from a Yunnan rice landrace. Plant Molecular Biology 71, 
609–626.

Makhmoudova A, Williams D, Brewer D, et al. 2014. Identification 
of multiple phosphorylation sites on maize endosperm starch branching 
enzyme IIb, a key enzyme in amylopectin biosynthesis. Journal of 
Biological Chemistry 289, 9233–9246.

Matsushima R, Maekawa M, Fujita N, Sakamoto W. 2010. A rapid, 
direct observation method to isolate mutants with defects in starch grain 
morphology in rice. Plant and Cell Physiology 51, 728–741.

Mizuno K, Kawasaki T, Shimada H, Satoh H, Kobayashi E, Okumura 
S, Arai Y, Baba T. 1993. Alteration of the structural properties of starch 
components by the lack of an isoform of starch branching enzyme in rice 
seeds. Journal of Biological Chemistry 268, 19084–19091.

Nakamura Y. 2002. Towards a better understanding of the metabolic 
system for amylopectin biosynthesis in plants: rice endosperm as a model 
tissue. Plant and Cell Physiology 43, 718–725.

Nakamura Y, Aihara S, Crofts N, Sawada T, Fujita N. 2014. In vitro 
studies of enzymatic properties of starch synthases and interactions 
between starch synthase I and starch branching enzymes from rice. Plant 
Science 224, 1–8.

Nakamura Y, Francisco PB Jr, Hosaka Y, Sato A, Sawada T, Kubo A, 
Fujita N. 2005. Essential amino acids of starch synthase IIa differentiate 
amylopectin structure and starch quality between japonica and indica rice 
varieties. Plant Molecular Biology 58, 213–227.

Nakamura Y, Ono M, Utsumi C, Steup M. 2012. Functional interaction 
between plastidial starch phosphorylase and starch branching enzymes 
from rice during the synthesis of branched maltodextrins. Plant and Cell 
Physiology 53, 869–878.

Nakamura Y, Takeichi T, Kawaguchi K, Yamanouchi H. 1992. 
Purification of two forms of starch branching enzyme (Q-enzyme) from 
developing rice endosperm. Physiologia Plantarum 84, 329–335.

Nakamura Y, Umemoto T, Ogata N, Kuboki Y, Yano M, Sasaki 
T. 1996. Starch debranching enzyme (R-enzyme or pullulanase) from 
developing rice endosperm: purification, cDNA and chromosomal 
localization of the gene. Planta 199, 209–218.

Nakamura Y, Utsumi Y, Sawada T, Aihara S, Utsumi C, Yoshida M, 
Kitamura S. 2010. Characterization of the reactions of starch branching 
enzymes from rice endosperm. Plant and Cell Physiology 51, 776–794.

Nishi A, Nakamura Y, Tanaka N, Satoh H. 2001. Biochemical and 
genetic analysis of the effects of amylose-extender mutation in rice 
endosperm. Plant Physiology 127, 459–472.

Ohdan T, Francisco PB Jr, Sawada T, Hirose T, Terao T, Satoh H, 
Nakamura Y. 2005. Expression profiling of genes involved in starch 
synthesis in sink and source organs of rice. Journal of Experimental Botany 
56, 3229–3244.

Pandey MK, Rani NS, Madhav MS, Sundaram RM, Varaprasad GS, 
Sivaranjani AK, Bohra A, Kumar GR, Kumar A. 2012. Different isoforms 
of starch-synthesizing enzymes controlling amylose and amylopectin content 
in rice (Oryza sativa L.). Biotechnology Advances 30, 1697–1706.

Peng C, Wang Y, Liu F, et al. 2014. FLOURY ENDOSPERM6 encodes 
a CBM48 domain-containing protein involved in compound granule 
formation and starch synthesis in rice endosperm. The Plant Journal 77, 
917–930.

Ryoo N, Yu C, Park CS, Baik MY, Park IM, Cho MH, Bhoo SH, An G, 
Hahn TR, Jeon JS. 2007. Knockout of a starch synthase gene OsSSIIIa/
Flo5 causes white-core floury endosperm in rice (Oryza sativa L.). Plant 
Cell Reports 26, 1083–1095.

Satoh H, Nishi A, Yamashita K, Takemoto Y, Tanaka Y, Hosaka Y, 
Sakurai A, Fujita N, Nakamura Y. 2003. Starch-branching enzyme 
I-deficient mutation specifically affects the structure and properties of 
starch in rice endosperm. Plant Physiology 133, 1111–1121.

Satoh H, Shibahara K, Tokunaga T, et al. 2008. Mutation of 
the plastidial alpha-glucan phosphorylase gene in rice affects the 
synthesis and structure of starch in the endosperm. The Plant Cell 20, 
1833–1849.

Sim L, Beeren SR, Findinier J, Dauvillée D, Ball SG, Henriksen 
A, Palcic MM. 2014 Crystal structure of the Chlamydomonas starch 
debranching enzyme isoamylase ISA1 reveals insights into the mechanism 
of branch trimming and complex assembly. Journal of Biological Chemistry 
289, 22991–3003.

Singh N, Kaur L, Sandhu KS, Kaur J, Nishinari K. 2006. Relationships 
between physicochemical, morphological, thermal, rheological properties 
of rice starches. Food Hydrocolloids 20, 532–542.

Takeda Y, Hizukuri S, Juliano BO. 1987. Structures of rice 
amylopectins with low and high affinity for iodine. Carbohydrate Research 
168, 79–88.

Tanaka N, Fujita N, Nishi A, Satoh H, Hosaka Y, Ugaki M, Kawasaki 
S, Nakamura Y. 2004. The structure of starch can be manipulated by 
changing the expression levels of starch branching enzyme IIb in rice 
endosperm. Plant Biotechnology Journal 2, 507–516.

Terada R, Nakajima M, Isshiki M, Okagaki RJ, Wessler SR, 
Shimamoto K. 2000. Antisense waxy genes with highly active promoters 
effectively suppress waxy gene expression in transgenic rice. Plant and 
Cell Physiology 41, 881–888.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
6
/1

5
/4

4
6
9
/4

8
1
3
6
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



4482 | Crofts et al.

Tetlow IJ, Beisel KG, Cameron S, Makhmoudova A, Liu F, 
Bresolin NS, Wait R, Morell MK, Emes MJ. 2008. Analysis of 
protein complexes in wheat amyloplasts reveals functional interactions 
among starch biosynthetic enzymes. Plant Physiology 146, 
1878–1891.

Tetlow IJ, Wait R, Lu Z, Akkasaeng R, Bowsher CG, Esposito 
S, Kosar-Hashemi B, Morell MK, Emes MJ. 2004. Protein 
phosphorylation in amyloplasts regulates starch branching enzyme activity 
and protein–protein interactions. The Plant Cell 16, 694–708.

Tian Z, Qian Q, Liu Q, et al. 2009. Allelic diversities in rice starch 
biosynthesis lead to a diverse array of rice eating and cooking qualities. 
Proceeding s of the National Academy of Sciences, USA 106, 
21760–21765.

Umemoto T, Yano M, Satoh H, Shomura A, Nakamura Y. 2002. 
Mapping of a gene responsible for the difference in amylopectin structure 
between japonica-type and indica-type rice varieties. Theoretical and 
Applied Genetics 104, 1–8.

Utsumi Y, Nakamura Y. 2006. Structural and enzymatic characterization 
of the isoamylase1 homo-oligomer and the isoamylase1-isoamylase2 
hetero-oligomer from rice endosperm. Planta 225, 75–87.

Utsumi Y, Utsumi C, Sawada T, Fujita N, Nakamura Y. 2011. 
Functional diversity of isoamylase oligomers: the ISA1 homo-oligomer is 

essential for amylopectin biosynthesis in rice endosperm. Plant Physiology 
156, 61–77.

Vandepute GE, Delcour JA. 2004. From sucrose to starch granule to 
starch physical behaviour: a focus on rice starch. Carbohydrate Polymers 
58, 245–266.

Wang ZY, Zheng FQ, Shen GZ, Gao JP, Snustad DP, Li MG, Zhang 
JL, Hong MM. 1995. The amylose content in rice endosperm is related to 
the post-transcriptional regulation of the waxy gene. The Plant Journal 7, 
613–622.

Wong KS, Kubo A, Jane JL, Harada K, Satoh H, Nakamura Y. 
2003. Structures and properties of amylopectin and phytoglycogen in the 
endosperm of sugary-1 mutants of rice. Journal of Cereal Science 37, 
139–149.

Yamanouchi H, Nakamura Y. 1992. Organ specificity of isoforms of 
starch branching enzyme (Q-enzyme) in rice. Plant and Cell Physiology 33, 
985–991.

Yu G, Olsen KM, Schaal BA. 2011. Association between 
nonsynonymous mutations of starch synthase IIa and starch quality in rice 
(Oryza sativa). New Phytologist 189, 593–601.

Yun MS, Umemoto T, Kawagoe Y. 2011. Rice debranching 
enzyme isoamylase3 facilitates starch metabolism and affects plastid 
morphogenesis. Plant and Cell Physiology 52, 1068–1082.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
6
/1

5
/4

4
6
9
/4

8
1
3
6
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2


