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ack  of  starch  synthase  IIIa  and  high  expression  of  granule-bound  starch  synthase  I
ynergistically  increase  the  apparent  amylose  content  in  rice  endosperm
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a  b  s  t  r  a  c  t

Rice  endosperm  starch  is composed  of  0–30%  linear  amylose,  which  is  entirely  synthesized  by  granule-
bound  starch  synthase  I  (GBSSI:  encoded  by  Waxy,  Wx).  The  remainder  consists  of  branched  amylopectin
and  is  elongated  by  multiple  starch  synthases  (SS)  including  SSI,  IIa  and  IIIa. Typical  japonica  rice  lacks
active  SSIIa  and  contains  a low  expressing  Wxb causing  a  low  amylose  content  (ca.  20%).

WAB2-3  (SS3a/Wxa) lines generated  by the  introduction  of a  dominant  indica  Wxa into  a  japonica
waxy  mutant  (SS3a/wx)  exhibit  elevated  GBSSI  and  amylose  content  (ca. 25%).  The  japonica  ss3a  mutant
(ss3a/Wxb)  shows  a high  amylose  content  (ca.  30%),  decreased  long  chains  of  amylopectin  and  increased
GBSSI  levels.  To investigate  the  functional  relationship  between  the  ss3a  and  Wxa genes,  the  ss3a/Wxa line

b a

ndosperm
ice
tarch synthase

was generated  by crossing  ss3a/Wx with SS3a/Wx , and  the  starch  properties  of this  line were  examined.
The  results  show  that  the  apparent  amylose  content  of  the  ss3a/Wxa line  was  increased  (41.3%)  compared
to  the  parental  lines.  However,  the GBSSI  quantity  did  not  increase  compared  to the  SS3a/Wxa line.  The
amylopectin  branch  structures  were  similar  to  the ss3a/Wxb mutant.  Therefore,  Wxa and  ss3a  synergisti-
cally  increase  the  apparent  amylose  content  in rice  endosperm,  and  the  possible  reasons  for  this  increase
are discussed.

© 2012 Elsevier Ireland Ltd. All rights reserved.
. Introduction

Plants store large amounts of photosynthetic products as insol-
ble starch. This starch is initially formed as transient starch in the
hloroplasts of source tissues such as leaves and stems during the
ay. Following degradation and translocation, the majority of the
ransient starch is used to form storage starch in the amyloplasts of
ink tissues such as seeds and tubers [1].  The stored starch can be
tilized as a carbon source for germination [2]. The stored starch
n rice seeds makes up the majority of the seed weight and pro-
ides an efficient source of carbohydrates for humans all over the
orld [3].

Abbreviations: GBSS I, granule-bound starch synthase I; Wx, Waxy; SS, starch
ynthase; AGPase, ADP-glucose pyrophosphorylase; DP, degree of polymerization;
DS, sodium dodecyl sulfate; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
lectrophoresis; Fr, fraction; ELC, extra-long chain.
∗ Corresponding author. Tel.: +81 18 872 1650; fax: +81 18 872 1681.

E-mail addresses: ncrofts@akita-pu.ac.jp (N. Crofts), f09c001b@gmail.com
K. Abe), sound-of-iberty.smash@docomo.ne.jp (S. Aihara),
—love–strawberry 8.3@docomo.ne.jp (R. Itoh), nakayn@akita-pu.ac.jp
Y. Nakamura), kimi@agr.niigata-u.ac.jp (K. Itoh), naokof@akita-pu.ac.jp (N. Fujita).
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Rice endosperm starch is comprised of 0–30% linear amylose [4].
The remainder is branched and highly organized clusters, which
form amylopectin [5].  The ratio of amylose to amylopectin is an
important factor in determining the properties of starch [6].  Starch
with high amylose content has many unique characteristics such
as high gelling strength, excellent film-forming ability [7,8] and
ease of retrogradation [9].  These features are particularly attractive
in food and non-food industrial applications; for examples, mak-
ing sweets, coating for the fried food, producing adhesives, paper
[7,8] and biodegradable plastics [10]. High amylose starch can also
be a resistant starch which is not easily digested by humans. It
provides the public with a health benefit by lowering glycemic
index [11] and promoting colon health by serving as a prebiotic
[12].

Extremely high amylose content (50–90%) cultivars have been
identified in plants including wheat [13,14],  barley [15,16], maize
[17] and potato [18]. On the other hand, the maximum percentage
of rice amylose content reported was  33% using the gel filtra-

tion method [5,6,19,20].  This reported percentage of total starch
is lower than other analyzed crops. Therefore, possible factors for
the enhancing the amylose content in rice endosperm are analyzed
in this study.

dx.doi.org/10.1016/j.plantsci.2012.05.006
http://www.sciencedirect.com/science/journal/01689452
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The amylose in rice endosperm can only be synthesized by
BSSI which is tightly bound to starch granules and elongates
-1,4 linkages of glucose polymers using ADP-glucose gener-
ted by ADP-glucose pyrophosphorylase (AGPase) [21–23].  Rice
utants lacking GBSSI activity, waxy (wx), produce amylose free

ice [4,24] known as glutinous rice. By contrast, the synthesis of
mylopectin occurs via multiple isoforms of starch biosynthetic
nzymes. Three isozymes of starch synthase (SSI, SSIIa and SSIIIa)
re highly expressed in rice endosperm [25,26],  and these isozymes
longate glucose polymers using ADP-glucose as a substrate [23].
n addition, branching enzymes, which form �-1,6 linkages, and
ebranching enzymes, which remove improper branches, are also
ecessary for the formation of amylopectin cluster structures
21,27]. Among the many SS isozymes, each SS enzyme has a dis-
inct specificity in terms of the preferred glucan length, although
ome redundancy has been observed from single and/or double
utants [19,20,28,29].
In general, rice cultivars can be divided into two groups, japon-

ca (SS1/ss2a/SS3a/Wxb genotype) and indica (SS1/SS2a/SS3a/Wxa

enotype) rice. Typical japonica rice is oval-shaped and exhibits
oderate stickiness when cooked. By contrast, typical indica rice

as a more narrow and longer grain and is less sticky when cooked
30]. This textural difference results from the specific alleles of
BSSI [31,32] and SSIIa [33,34]. Japonica rice contains Wxb which
as a mutation at the 5′ end of intron one. This causes reduced
RNA and GBSSI protein levels, leading to reduced amylose content

ca. 20%) [24,31,35–37] as compared to indica rice (ca. 25%). Indica
ice contains the highly expressed Wxa allele [38]. Most japonica
ice lacks active SSIIa enzyme due to two amino acid substitutions
34]. These substitutions result in reduction of short glucose chains
ith a degree of polymerization (DP) less than 12 in amylopectin

34,39,40].
An increase in amylose content can be accomplished by abolish-

ng enzymes involved in amylopectin synthesis [19,20,29,41,42] or
y raising the expression levels of GBSSI [19,42,43].  For example,
nhanced levels of GBSSI by introduction of the Wxa gene into a
aponica wx mutant resulted in elevated amylose content (ca. 25%)
s compared to SS3a/Wxb (ca. 20%) or SS3a/wx (0%) [43]. In addi-
ion, lack of SSIIIa expression in ss3a/Wxb genotype also promotes
n increase in amylose content (up to ca. 30%) accompanied by
n increase in the levels of both GBSS I protein and AGPase activi-
ies [19,20,41].  The elevated amylose content along with decreased
mylopectin content via mutation of SSIIIa homologs has also been
bserved in Chlamydomonas [44], barley [45] and maize [46,47].
vidence suggests that SSIII is not only involved in the elongation
f long chain of amylopectin, but also in regulating the activities and
xpression levels of other SS isozymes. For example, SSIII absence
esults in an increase in SSI activities in rice [19] and maize [48].

bsence of SSIII leads to an increase in the total starch content in
rabidopsis [49].

Previous efforts have been directed towards understanding
he function of individual SS isozymes by analyzing the unique

able 1
ummary of SS expression levels and starch properties for the rice lines used in this study

Line Genotype SS levelsa

SSI SSIIIa G

Nipponbare SS3a/Wxb + + +
ss3a  ss3a/Wxb + − +
Musashimochi SS3a/wx + + −
WAB2-3 SS3a/Wxa + + +
ss3a/Wxa ss3a/Wxa + − +

a Protein expression levels for SSI, IIIa and GBSSI were estimated by western blot as sho
b Amylose contents estimated from gel filtration chromatography and their details are
c The results from amylopectin structure analyses are shown in Fig. 4.
3– 194 (2012) 62– 69 63

characteristics of the starch from single and/or double mutants
with Wxb background [19,20]. These studies provided evidence for a
relationship between SSIIIa and Wxb gene expression [19,20].  How-
ever, rice lines lacking SSIIIa but containing the Wxa gene were
not available. Therefore, to provide insight into the relationship
between SSIIIa and Wxa and to investigate whether a new rice
line will show any change in its endosperm starch properties, the
ss3a/Wxb mutant [19] was  crossed with a WAB2-3 (SS3a/Wxa) line
[43,50]. After screening the offspring with ss3a/Wxa genotypes, the
starch properties including amylose content, amylopectin structure
and the expression levels of starch synthases of the F3 progeny were
examined in this study.

2. Materials and method

2.1. Plant materials

The rice lines used in this study are as follows and their
genotypes are summarized in Table 1; Oryza sativa L. Japon-
ica, cv. Nipponbare (SS3a/Wxb), cv. Musashimochi (SS3a/wx),
WAB2-3 (SS3a/Wxa) [43], and an ss3a which is a retrotranspo-
son Tos17 insertion mutant (ss3a/Wxb) [19]. The ss3a/Wxb and
SS3a/Wxa plants were crossed. The resulting F1 seedlings were
grown and self-pollinated to obtain F2 progeny. The ss3a/Wxa

lines were screened from F2 seedlings as described in Section
2.2. The ss3a/Wxa lines were selected and a possible homozy-
gous line was used in this study. All rice lines were grown in
a closed green houses at either Akita Prefectural University or
Niigata University during the summer months under natural light
conditions.

2.2. Screening methods for the presence of Wxa and absence of
SSIIIa

To select the ss3a/Wxa lines, the Tos17 insertion into SSIIIa
was PCR-screened using genomic DNA obtained from young F2
seedlings and pairs of Tos17 and SSIIIa gene-specific primers as
described [19]. After confirmation of the absence of SSIIIa, the
seedlings were grown and genomic DNA was  isolated from leaf
samples. The presence of the Wxa transgene and the transgene copy
number were analyzed using leaf genomic DNA via Southern blot-
ting as described [50]. Upon confirming the presence of the Wxa

gene and the insertion of Tos17 into SSIIIa, the selected rice plants
with ss3a/Wxa were further grown and the resulting seeds were
used for study.

2.3. Extraction of total proteins from mature endosperm
For use in western blotting and protein quantification, total
proteins were extracted. Mature rice seeds were cut in half
and crushed into a powder using pliers. Then, 10 �L/mg of
denaturing extraction buffer (0.125 M Tris–HCl, pH 6.8, 8 M

.

Amylose contentb Amylopectin structurec

BSSI

 20% Wild type
+ 30% Reduction in B2–3 chains

 0% Similar pattern as Nipponbare
++ 25% Similar pattern as Nipponbare
++ 41% Similar pattern as ss3a

wn in Fig. 2B.
 described in Fig. 3.
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rea, 4% sodium dodecyl sulfate (SDS), 5% �-mercaptoethanol)
as added and incubated at room temperature for 2 h with

otation. After centrifugation, the supernatants were either
irectly used for western blotting or further diluted with
X SDS sample buffer (0.03 M Tris–HCl, pH 6.8, 3.3% SDS,
% �-mercaptoethanol, 6.7% glycerol) for use in quantification
f GBSSI.

.4. Generation of anti-SSIIIa and anti-AGPase anti-serum

Anti-SSIIIa anti-serum generation was done as following. Full-
ength rice SSIIIa cDNA was amplified by reverse transcriptase
olymerase chain reaction using a pair of gene-specific primers and
RNAs isolated from developing rice seeds. The amplified prod-

ct was cloned into pET28b (+), sequenced and over-expressed in
scherichia coli.  The resulting soluble proteins were purified using
ickel affinity chromatography and eluted by digestion with throm-
in. The N-terminal amino acid sequences of the eluted proteins
ere confirmed using Edman degradation. Eluted proteins were

urther purified by excision of the SSIIIa band from large scale
DS polyacrylamide gels (SDS-PAGE). Purified SSIIIa protein (50 �g)
as injected into a rabbit five times (total of 250 �g) to obtain a

ufficient titer.
Anti-AGPase peptide anti-serum was custom ordered using pep-

ide ‘QPPKFEFYDPKTP’ of large subunit shared among OsAGPL1 and
sAGPL2 genes [25].

.5. Western blot analysis and quantification of GBSSI

Total protein extracts were applied to a 7.5% SDS-PAGE gel. Fol-
owing separation, the proteins were blotted onto PVDF membrane
nd blocked with 4% skimmed milk in TBS (10 mM Tris–HCl, pH 7.5,
.5 M NaCl). Series of anti-serums were used as primary antibodies
hich were diluted with blocking buffer at the following concen-

rations: anti-SSI [28] 1/2000, anti-SS IIIa 1/500, anti-GBSSI [29]
/5000 and anti-AGPase 1/100. The blots were incubated overnight
t 4 ◦C with rotation. The membranes were rinsed three times with
istilled water, washed once with TBST (10 mM Tris–HCl, pH 7.5,
.5 M NaCl, 0.02% Tween 20) for 5 min  and rinsed three times with
BS. Membranes were then incubated with goat anti-rabbit-HRP
Bio-rad) at 1/5000 for 4 h at room temperature with rotation.
he membranes were washed as described above and finally incu-
ated with west pico ECL chemiluminescence reagent (Pierce). The
ignals were detected using an LAS4000 (Fuji Film) and were ana-

yzed using MultiGauge software (Fuji Film). Blank lanes were used
o control for background signal intensity. Signals detected from
hree independent seed samples were statistically analyzed for
uantification.

ig. 1. Seed morphology of the ss3a/Wxa line and the controls. Pictures of dehulled matu
ow  shows cross-sections.
3– 194 (2012) 62– 69

2.6. Size fractionation of debranched starch and the amylose
content analysis

To analyze the ratio of amylose and amylopectin present in
rice mature endosperm, solubilized starch samples from each
grain were prepared as follows. The embryo was  removed from a
dehulled mature seed, then the remaining endosperm was crushed
to powder and incubated with 0.1% NaOH to remove proteins.
The slurry was  ground using a mortar and pestle, and sieved by
a 100 �m mesh to remove large insoluble materials. Filtrates were
incubated on a rotating platform at 4 ◦C for 3 h and left to stand
overnight. After centrifugation, the starch pellet was neutralized
with HCl, washed five times with water by repeated resuspen-
sion and centrifugation, and then dried. Ten milligrams of starch
were digested with 737.5 units of isoamylase (Pseudomonas ori-
gin, Hayashibara, Japan) in 30 mM acetate buffer, pH 3.5 at 40 ◦C
for 24 h in order to debranch. Debranched glucans were resolved
by their molecular mass using consecutively connected gel filtra-
tion columns, one 300 mm × 20 mm of Toyopearl HW55S followed
by three 300 mm × 20 mm of Toyopearl HW50S, under the condi-
tions described [19,20]. Following separation, the amylose content
of each fraction was analyzed by measuring the absorbance of the
�max value generated from amylose-iodine complexes [51].

2.7. Analysis of branch structure in amylopectin

To analyze the chain length distribution of amylopectin, starch
from the remaining half of the seeds used for the protein extractions
was solubilized as described [52]. Samples were debranched using
isoamylase, labeled with 1-aminopyrine-3,6,8-trisulfonic acid, and
analyzed by capillary electrophoresis (P/ACE MDQ  carbohydrate
system) according to the methods described [52,53].

3. Results and discussion

3.1. Generation of the ss3a/Wxa lines

To investigate the relationship between SSIIIa and Wxa and to
examine whether high expression levels of GBSSI in the absence
of SSIIIa will affect the starch properties, the ss3a/Wxb [19] and
SS3a/Wxa plants [43,50] were crossed. The genotypes of the lines
used in this study are summarized in Table 1. Note that all of the
lines used in this study lack active SSIIa [34,39].  SS3a/Wxb shows
reduced expression levels of both mRNA and GBSSI protein due to
Wxb, a mutation located at the first intron [24,31]. The ss3a/Wxb

mutant lacks SSIIIa, but consequently shows an increase in SSI,
GBSSI and AGPase levels [19,20]. SS3a/wx is lacking GBSSI expres-

sion, while the SS3a/Wxa line shows high GBSSI expression due to
two copies of Wxa transgenes introduced into SS3a/wx [43,50]. Seed
phenotypes of the lines used are shown in Fig. 1. The SS3a/Wxb line
is translucent. The ss3a/Wxb line has a white core. The SS3a/wx line

re seeds are shown as indicated. The upper row shows whole seeds and the lower
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Fig. 2. The ss3a/Wxa line carries the Wxa gene and lacks SSIIIa. (A) Southern blot analysis confirming the presence of the Wxa gene. Genomic DNA isolated from leaves
was  digested with HindIII and probed with the promoter region of the Waxy gene. (B) Western blot analysis of crude extract from mature seeds confirming the absence of
SSIIIa  expression and high expression levels of GBSSI. Three individual grains were extracted from the following lines. Lane 1–3: SS3a/Wxb , 4–6: ss3a/Wxb , 7–9: SS3a/wx,
10–12:  SS3a/Wxa , 13–15: ss3a/Wxa . Membranes were probed with anti-SSIIIa, anti-GBSSI, anti-SSI or anti-AGPase as indicated. (C) GBSSI protein levels were compared among
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S3a/Wxb , ss3a/Wxb , SS3a/Wxa and ss3a/Wxa . Average signals from three individual s
 Indicates that the GBSSI content of these lines is significantly greater than the oth

s opaque. The SS3a/Wxa line was segregated into translucent and
hite core; however there was no difference in protein expres-

ions of starch synthase and starch properties. Therefore, the data
btained from translucent seeds are included in this manuscript.
he ss3a/Wxa line contains small white area, whose position was
ot at the center of the endosperm.

Primary screening to select for the absence of SSIIIa was  con-
ucted by PCR using Tos17 and SSIIIa gene-specific primers as
escribed in Fujita et al. [19] with genomic DNA isolated from the
eedlings as a template (primary screening data is not shown). The
resence of the Wxa genes were confirmed by Southern blot analy-
is using the genomic DNA obtained from the leaf samples (shown
n Fig. 2A). F2 lines carrying the ss3a/Wxa genotype were analyzed.
nly results from lines carrying a possible homozygous ss3a/Wxa

enotype are shown in this report. Two copies of the Wxa gene
ere present in ss3a/Wxa and detected at approximately 12.2 and

0.2 kb (Fig. 2A). This result is the same as reported with the WAB2-
 (SS3a/Wxa) line [50]. The probe also recognized DNA fragments
ontaining wx and Wxb at 11.2 kb since the mutation sites are not
n the promoter region.

To observe the absence of SSIIIa and the expression levels of
BSSI, western blot analyses were performed (Fig. 2B). Total pro-
eins were extracted in the presence of urea and SDS to extract all
f the proteins including those tightly bound to the starch granules.
ue to the gelatinous starch property, protein extraction from the
S3a/wx line was not very efficient, although a sufficient quantity
re shown with the value of SS3a/Wxb set to one. Error bars represent the mean ± SE.
s under p < 0.01.

of proteins was obtained. The results of the western blot analyses
confirmed that SSIIIa was  not expressed in ss3a/Wxb and ss3a/Wxa

as might have been expected (Fig. 2B). Wx  protein levels were ana-
lyzed and that GBSSI expression levels in the ss3a/Wxa line were as
high as the SS3a/Wxa parental line. This indicated that the expres-
sion levels of GBSSI were enhanced due to the Wxa transgenes
(Fig. 2B). SS3a/wx was included as a negative control (Fig. 2B). SSI
protein levels were analyzed as a control. The results showed that
SSI is expressed in all of the lines used in this study (Fig. 2B). Finally,
the effect of SSIIIa absence on AGPase protein expression levels was
analyzed. The ss3a/Wxb line showed the higher protein expression
levels of AGPase compared to SS3a/Wxb which supports the previ-
ous report [19]. The AGPase western blot signals of ss3a/Wxa were
stronger than those of SS3a/Wxa. Since AGPase runs right below the
GBSSI on SDS-PAGE, the western blot signals observed in the Wxa

lines were compressed compared to the Wxb and wx lines.

3.2. Quantification of GBSSI shows no further increase in GBSSI
expression levels

Since GBSSI is thought to be the only SS isozyme involved in
amylose synthesis in endosperm, GBSSI protein expression lev-

els in the ss3a/Wxa line were quantified by anti-GBSSI western
blotting to determine whether the degree of increase in GBSSI con-
tent correlated with the amylose content (Fig. 2C). Total protein
extracts originating from the same extract used in Fig. 2B were
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iluted and the amounts equivalent to 50 �g of rice powder was
pplied per lane, to prevent saturation of signals. The chemilumi-
escence signal intensity values were statistically analyzed. The
verage signal intensity detected from SS3a/Wxb was  designated
ne. The fold ratio of the GBSSI levels from other lines was  then
alculated. Results from three individual seeds were used for sta-
istical analysis. Note that the chemiluminescence method used in
his study provides a wider dynamic range than the colorimetric
etection method. This resulted in greater differences than previ-
usly reported [19,20,43].  The ss3a/Wxb mutant showed fivefold
ncreases in GBSSI content compared to SS3a/Wxb (Fig. 2C). This
esult confirms the previous studies [19,20] in which the ss3a/Wxb

utant exhibited higher GBSSI expression levels than SS3a/Wxb and
ad an increased amylose content. While no expression of GBSSI
as detected in the SS3a/wx mutant, an approximate 10-fold GBSSI

xpression was seen in SS3a/Wxa compared to SS3a/Wxb. This was
ue to the presence of the highly expressing Wxa. The ss3a/Wxa line
lso showed high GBSSI expression levels of 9.2-fold compared to
S3a/Wxb line (Fig. 2C). However, no significant difference in GBSSI
xpression levels was observed between SS3a/Wxa and ss3a/Wxa.
his indicates that the expression levels of GBSSI could not be fur-
her enhanced by the effects of ss3a. Thus, GBSSI may  already be
xpressed at maximum levels.

.3. Analysis of amylose and amylopectin content by separation
f debranched starch using gel filtration chromatography reveals
s3a and Wxa synergistically increase amylose content

The endosperm starch composition was analyzed by separating
soamylase-debranched glucans using Toyopearl HW55S-HW50S
el filtration columns as shown in Fig. 3. The content of the
luted materials was analyzed by measuring the �max values of
-glucan-iodine complexes to examine the presence of amylose

�max: greater than 620 nm), long chain of amylopectin (�max:
40–620 nm), and short chain of amylopectin (�max: less than
40 nm). The valleys of refractive index were divided as fraction
Fr.) I, II and III and their ratio was labeled within Fig. 3.

As confirmed by the �max value, most, if not all, of the amylose
as eluted as Fr. I at a retention volume of approximately 160 mL.

ince shorter glucans offer less binding with iodine, the �max value
eclined in Fr. II and III. Fraction II, with the peak retention vol-

me  of approximately 230 mL,  was enriched with long chain of
mylopectin. Fraction III eluted last and contained short chain of
mylopectin. While the amylose contents (Fr. I) were 0% in the
S3a/wx line and 25.5% in the SS3a/Wxa parental line, the ss3a/Wxa

0.35
SS3a/wx SS3a/W

on
se

(V
) 0.35

0.3

0.25

0 2
Fr. ΙΙ

29 7 % Fr ΙΙΙ

Fr. Ι
25.5 %

R
I r

es
po 0.2

0.15

0.1

29.7 % Fr. ΙΙΙ
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Fr Ι

Fr. ΙΙ
20.9 %

0.05

0
150  200   25150   200  250  300   350 

Fr. Ι
0 % I II II II I

Retention vo

ig. 3. Molecular size separation of debranched starch by gel filtration chromatography all
tarch  from mature seeds was size-fractionated using Toyopearl H55S-HW50S column
ndividual seeds of separate runs since the results were highly reproducible. Fractions wer
s  shown as the �max value (indicated with white circles) obtained from the measurement
nriched with amylopectin. X-axis is retention volume (mL), Y-axis on the left is response
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line significantly increased its amylose content to 41.3%. The amy-
lose content of the ss3a/Wxb mutant has previously been reported
as ca. 30% using the same gel filtration column [20]. This confirms
that the ss3a/Wxa line has higher amylose content compared to the
parental lines. An amylose content of 41.3% is one of the highest
levels reported to date for varieties of rice cultivars, their mutants
and transgenic rice [5,6,20,54,55].  If the colorimetric method is uti-
lized to analyze the amylose content using total starch, it would
provide an even higher amylose content value since long chain of
amylopectin would be included in the value in addition to amylose
[56].

Extra-long chain (ELC) amylopectin [57,58] with DP greater than
500 might also be included in Fr. I. To determine the actual amount
of ELC, it is necessary to purify amylopectin from the total starch
and analyze the amylopectin by gel filtration chromatography. The
elution patterns obtained from amylopectin should be compared
to the patterns obtained from total starch. Unfortunately, due to
a limitation in the quantity of rice seed to purify amylopectin, the
actual amount of ELC was not analyzed in this study.

Both Fr. II and III in the ss3a/Wxa line decreased compared to
the SS3a/Wxa line. The Fr. III/II values indicate that the ratio of the
short chains of amylopectin to the long chains of amylopectin was
increased from 2.6 of SS3a/Wxa to 3.9 of ss3a/Wxa. The decrease in
long chain of amylopectin is likely due to a lack of SSIIIa, which is
primarily involved in elongation of longer chains DP > 30 [19].

3.4. Chain length distribution analyses show that the
amylopectin structure of ss3a/Wxa resembles ss3a/Wxb

By determining starch composition using gel filtration, a reduc-
tion in long chains of amylopectin was  observed in ss3a/Wxa (Fig. 3).
To analyze the fine structural change in endosperm amylopectin,
isoamylase-debranched glucans obtained from four individual
seeds were analyzed by capillary electrophoresis. This included
seeds corresponding to Fig. 2B: SS3a/Wxb (#1–3), ss3a/Wxb (#4–6),
SS3a/Wxa (#10–12), and ss3a/Wxa (#13–15) and is shown in Fig. 4.
DP 5–70 was detected by this method. The molar percentage of
each length of glucans was  calculated (Fig. 4A) and compared to
the SS3a/Wxb or SS3a/Wxa lines (Fig. 4B and C). The typical chain
length distribution patterns from SS3a/Wxb, ss3a/Wxb, SS3a/Wxa,

and ss3a/Wxa are shown in Fig. 4A. While the chain length dis-
tribution pattern of SS3a/Wxa is essentially the same pattern as
SS3a/Wxb, the pattern of ss3a/Wxb and ss3a/Wxa greatly differ from
SS3a/Wxb, though they are similar to each other (Fig. 4A).
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s. Typical chromatogram patterns were chosen from the analysis of at least two
e divided at the valley of refractive index (RI). The presence of long polysaccharides
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 of refractive index (V), and Y-axis on the right is �max (nm).
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Fig. 4. Chain length distributions of amylopectin from the ss3a/Wxa line are similar
to  the pattern of ss3a/Wxb . Total starch obtained from mature seeds was  debranched
by isoamylase and the chain length distributions were analyzed by capillary elec-
trophoresis. Degree of polymerization (DP) between 5 and 70 were calculated. One
typical pattern per line was chosen from four individual seeds analyzed in two
separate experiments. (A) Chain length distribution patterns of SS3a/Wxb (black),
ss3a/Wxb (green), SS3a/Wxa (pink), and ss3a/Wxa (blue). (B) Differences in chain
length distribution patterns compared to SS3a/Wxb . �Molar% of ss3a/Wxb (green),
SS3a/Wxa (pink), and ss3a/Wxa (blue) were calculated by subtracting SS3a/Wxb using
values obtained in Fig. 4A. (C) Effect of the Wxa or Wxb gene on chain distribution
patterns shown by subtraction of SS3a/Wxa or SS3a/Wxb shown as �Molar%. The
a
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Table 2
Dehulled grain weight of ss3a/Wxa and controls.

Line Genotype Seed weighta (mg) % Nipponbare

Nipponbare SS3a/Wxb 20.8 ± 0.4 100
ss3a ss3a/Wxb 20.5 ± 0.5 98
Musashimochi SS3a/wx 18.6 ± 0.2 89
WAB2-3 SS3a/Wxa 22.4 ± 0.3b 108
ss3a/Wxa ss3a/Wxa 16.6 ± 0.3b,c 80

a Dehulled grain weight was measured from 10 individual mature seeds per line.
Error bars represent the mean ± SE.

b Statistically significant differences in grain weights compared to SS3a/Wxb were
seen under p < 0.01.

ent from SS3a/Wx . However, SS3a/Wx was heavier than SS3a/Wx ,
rrow indicates the peak at DP 6 is minimized compared to Fig. 4B.

To observe detailed changes in the chain length distribution pat-
ern, the each data from Fig. 4A was subtracted by that of SS3a/Wxb.
he results are shown as �Molar% in Fig. 4B. The ss3a/Wxb mutant
howed a reduction in DP 6–8, DP 17–19 and DP 30–60 and an
ncrease in DP 10–15 and DP 20–29 with a lesser increase in DP
3 (Fig. 4B). These trends are all similar to a previous report [19].
S3a/Wxa showed an increase in DP 6–9 and a small decrease in DP
1–13 and DP 17–30 (Fig. 4B). The ss3a/Wxa line presented a trend
imilar to ss3a/Wxb with greater differences; precisely, a reduction
n DP 16–23 and DP 35–60, and an increase in DP 8–12, DP 14 and
5–31. The pronounced difference between the ss3a/Wxb and the
s3a/Wxa lines is the increase in DP 6 observed in the ss3a/Wxa

ine. By contrast, the decrease in DP 35–60 is conserved among
s3a/Wxb and ss3a/Wxa. The change in the pattern of short chains
f amylopectin with DP < 30 may  be a consequence of ss3a/Wxb

ltering the activity of SSI [19]. The decrease in long chains of
mylopectin with DP > 30 may  directly influenced by lack of SSIIIa

ue to inability to elongate short chain of amylopectin. This corre-

ates with the reduction in Fr. II in Fig. 3. The function of SSI has
een demonstrated using the ss1/ss2a/SS3a/Wxb mutant [28]. This
c Statistically significant difference in grain weights compared to SS3a/Wxa were
seen  under p < 0.01.

mutant shows an increase in DP 6–7 and a decrease in DP 8–15. It
is interpreted that SSI acts on DP 6–7 and elongates these chains to
DP 8–15 [28]. Therefore, if the activity of SSI is elevated, then the
chain length distribution pattern may  be expected to decrease in
DP 6–7 and increase in DP 8–15. The increase in DP 8–12 observed
from (ss3a/Wxb) – (SS3a/Wxb) and (ss3a/Wxa) – (SS3a/Wxb) may
be correlated with the increased levels of SSI as seen in Fig. 2B.
The expression levels of SSI from ss3a/Wxb (#4–6) and ss3a/Wxa

(#13–15) are higher than the levels from SS3a/Wxb (#1–3) and
SS3a/Wxa (#10–12), respectively. The actual enzyme activity of SS
isozymes from developing ss3a/Wxa seeds have yet to be deter-
mined. However, SSI activity in ss3a/Wxb developing rice seeds is
known to be increased compared to SS3a/Wxb [19]. Therefore, it is
speculated that the ss3a/Wxa line has higher SSI activity than the
SS3a/Wxa line.

To determine whether expression of Wxa influenced the chain
length distribution pattern of the ss3a/Wxa line, the molar percent-
age obtained by ss3a/Wxa was  subtracted with the one by SS3a/Wxa

(Fig. 4C). As indicated with an arrow, the peak of molar% differ-
ences seen at DP 6 is less significant in the ss3a/Wxa line in Fig. 4C,
as compared to the peak subtracted with SS3a/Wxb in Fig. 4B.
It is similar to the pattern of ss3a/Wxb subtracted by SS3a/Wxb.
The increase seen at DP 6 in both the SS3a/Wxa and ss3a/Wxa

lines is prominent compared to SS3a/Wxb or SS3a/wx (results not
shown). This indicates that expression of Wxa may also influ-
ence the activity of enzymes involved in starch biosynthesis such
as SSI.

Amylose may  contain small amounts of short branches [59] and
the branched amylose in the ss3a/Wxa lines is likely increased con-
sidering that the ss3a/Wxb line showed an increase in branched
amylose [29]. However, it is unlikely that the branches derived from
increased branched amylose content affected the chain length dis-
tribution pattern since the amount of molar difference is too small
to be detected.

From these results, it is clear that the branch structures of the
ss3a/Wxa line are greatly affected by a lack of SSIIIa, and Wxa is
providing a minor contribution to the chain length distribution pat-
terns of amylopectin. Therefore, the effect of Wxa on the amylose
content will be further studied.

3.5. Seed weight analyses suggest an additional factor controlling
the gain in amylose content

To determine whether an increase in amylose content influ-
enced the seed weight, 10 individual dehulled grains per line
were weighed. The results were statistically analyzed as shown in
Table 2. The seed weight of ss3a/Wxb was not significantly differ-

b a b
and ss3a/Wxa was significantly lighter than both SS3a/Wxa (approx-
imately 25%) and SS3a/Wxb. If this weight loss is assumed to
be entirely due to the loss of amylopectin originating from a
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ack of SSIIIa, the theoretical apparent amylose content will
e calculated as 33.3%. However, the actual apparent amylose
ontent obtained in Fig. 3 was 41.3%. This suggests that the
ack of SSIIIa and the presence of high GBSSI expression levels
ue to Wxa synergistically contribute to the enhanced amylose
ontent.

A few possible reasons are speculated for this synergetic effect.
irst, it is well known facts that lack of SSIII result in elevated
GPase activity as reported in rice [19,20] and maize [46]. Lack
f SSIIIa stimulates the SSI enzyme activity and enhances GBSSI
rotein levels which lead to higher amylose content (ca. 30%) com-
ared to wild type (ca. 20%) [19,20].  This is perhaps due to the fact
hat the affinity of GBSSI to the substrate ADP-glucose is 5–10-fold
ower (higher Km) than other SS isozymes [60]. Once the lev-
ls of substrate have increased, it is likely to up-regulate starch
iosynthesis, particularly amylose synthesis. The increase in pro-
ein expression levels of GBSSI, SSI and AGPase in the ss3a/Wxb

ine compared to SS3a/Wxb were also confirmed in this study
Fig. 2B and C).

The amylose content of the ss3a/Wxa line (41.3%; Fig. 3) was
ignificantly higher than the reported amylose content of ss3a/Wxb

ine (ca. 30%; [19]). The AGPase protein content in the ss3a/Wxa line
ppeared to be lower than ss3a/Wxb line (Fig. 2B). Therefore, the
ncrease in amylose content in ss3a/Wxa line compared to ss3a/Wxb

ine is likely due to high GBSSI protein levels originated from having
wo copies of Wxa.

The amylose content of the ss3a/Wxa line (41.3%) was  also
ignificantly higher than the SS3a/Wxa line (25.5%) (Fig. 3). The
ack of SSIIIa led to an increase in AGPase protein content in the
s3a/Wxa line compared to the SS3a/Wxa line (Fig. 2B). Therefore,
t is likely that the ss3a/Wxa line had higher total AGPase activ-
ty than the SS3a/Wxa parental line. Since there was  no difference
n GBSSI protein contents between the ss3a/Wxa and SS3a/Wxa

ines, the GBSSI protein expression levels may  be saturated. When
BSSI expression levels or activity are increased, upon reaching a
ertain level, no further increase in amylose content is observed
n rice [61], maize [62], and potato [63]. This is possibly due to
he limited availability of non-reducing ends in amylose as well
s competition for substrates between amylose and amylopectin
ynthesis.

A second possibility is that the function of different enzyme
omplexes enhance the amylose content. For example, SSIIIa
irectly interacts with a number of other enzymes both in vivo
nd in vitro. This includes isozymes of SSs, branching enzymes,
ebranching enzymes and starch phosphorylase [41,64,65].  Phos-
horylation influences SSIII enzymatic activity in maize [66] and
ther phosphorylated starch biosynthetic enzymes have also been
ound [67]. Therefore, SSIIIa possibly functions not only in the elon-
ation of long branched amylopectin but also in the regulation of
tarch biosynthesis in rice endosperm. Post-translational modifi-
ation of SSIIIa, in addition to the formation of a large enzyme
omplex will likely influence a whole cascade of starch biosyn-
hesis and flux between amylose and amylopectin synthesis. A
etailed analysis of the ss3a/Wxa lines will reveal new perspective
n the complex formation and regulation of starch biosynthetic
nzymes.
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