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ABSTRACT: Mutating or inhibiting genes encoding starch branching enzymes (SBEs) can increase the amylose content (AC)
of cereals. We analyzed endosperm starches from three rice cultivars with different ACs and from transgenic lines derived from
them. The transgenic lines had simultaneously inhibited SBE I and IIb genes. Compared with the starch from their wild-type
parents, the starch from transgenic lines showed significantly increased apparent ACs and lamella size and decreased relative
crystallinity, double helix content, and lamellar peak scattering intensity, and altered short-range ordered structure in the external
region. These changes were more prominent in the line derived from the high-AC cultivar than in those derived from waxy and
low-AC cultivars. Inhibiting both SBE I and IIb changed the crystalline structure of starch from A-type to CA-type in lines derived
from waxy and low-AC cultivars, and from A-type to C-type in that derived from the high-AC cultivar.
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■ INTRODUCTION

Starch consists of two main components, linear amylose and
highly branched amylopectin, and is stored as discrete granules
with alternating semicrystalline and amorphous growth rings.
The semicrystalline ring is formed by the lamellar structure of
alternating crystalline and amorphous regions.1 The semi-
crystalline structure of native starch has been well-studied, and
its polymorphisms have been revealed by X-ray powder
diffraction (XRD) analyses. Typically, there are three types of
starch crystallinity, known as A-, B-, and C-types.2,3 The A-type
starch is present in cereal endosperm, and its crystalline
structure is formed by amylopectin with short lateral chains and
closed branching points. The crystalline structure of B-type
starch, contrary to that of A-type, is usually formed by
amylopectin with long side chains and distant branching points.
B-type starch is found in tuber crops such as potato.2,3 The C-
type starch is a mixture of both A- and B-type allomorphs,
rather than a third distinct type of the double helical
arrangement. It is usually present in legumes and rhizomes,
and it is characterized by central B-type and peripheral A-type
allomorphs in its granules.4,5

In general, waxy and normal cereal starches show A-type
crystallinity, and high-amylose cereal starches show B-type
crystallinity.2,3 For example, Yano et al.6 reported that several
rice mutants with high amylose content (AC) contained
starches with B-type XRD patterns. The high-amylose rice
mutant Goami 2 (also known as Suweon 464) contained a B-
type starch.7 In maize, high-amylose varieties were also reported
to contain B-type starch.2 However, not all of the high-amylose
cereal starches show B-type crystallinity. Some high-amylose
rice and barley mutants contain starches with A-type
crystallinity.8,9 Some C-type starches have also been reported

in cereals, although only rarely. For example, maize starch with
40% AC was identified as having C-type crystallinity,2 rice hp-
SBE IIb starch showed C-type crystallinity,10 and starch from
the high-amylose rice TRS line also showed C-type
crystallinity.11

Starch biosynthesis is a complex system comprising four
classes of enzymes: ADP-glucose pyrophosphorylase, starch
synthase, starch branching enzyme (SBE), and starch
debranching enzyme. Each of these enzymes consists of
multiple subunits and has several isoforms. Each enzyme
plays a distinct role but presumably functions as part of a
network. As a part of this complex synthesis pathway, genes
controlling amylose synthesis also affect amylopectin formation,
and amylopectin can give rise to amylose.12 Granule-bound
starch synthase, encoded by the Waxy (Wx) gene, is essential
for amylose biosynthesis, while amylopectin is synthesized by
the combined actions of several isoforms of starch synthase,
SBE, and starch debranching enzyme. High-amylose cereals are
attracting considerable attention because of their potential
health benefits and their wide applications.10 An increased
proportion of amylose in cereals is usually related to increased
starch synthase activity or the loss of starch branching enzyme
activity.13 One can overexpress a suitable Wx allele, but the
more common method is to down-regulate the expressions of
genes encoding enzymes involved in amylopectin biosynthesis
to direct starch synthesis toward amylose production.10
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The SBEs play a pivotal role in amylopectin biosynthesis by
catalyzing chain transfer by cleavage of an α-1,4 linkage
following the condensation of an α-1,6 linkage. In cereals such
as rice, maize, barley, and wheat, there are three classes of SBEs:
SBE I, IIa, and IIb.14 In rice, SBE I plays a role in the formation
of long chains of amylopectin, SBE IIb generates short chains,
and SBE IIa partially, but not fully, supports the functions of
SBE I and IIb.15 Cereals have been genetically transformed to
increase the AC by blocking amylopectin biosynthesis through
mutation or inhibition of the expression of SBE genes.14 The
maize ae mutant is deficient in SBE IIb, which resulted in starch
with higher AC.16 In wheat endosperm, suppression of SBE IIa
expression resulted in very high AC (>70%).17 In barley, there
was a dramatic increase in AC in endosperm starch when both
SBE IIa and IIb were reduced; there was 65.8% AC in the SBE
IIa−/IIb↓ line, in which SBE IIa was suppressed with a
concomitant reduction in SBE IIb. There was an even higher
proportion of AC (89.3%) in the SBE IIa−/IIb− line, in which
both SBE IIa and SBE IIb isoforms were simultaneously
suppressed.18 Amylose-only barley was produced by simulta-
neously repressing all three SBEs (SBE I, IIa and IIb) by RNA
interference.14 In rice endosperm, the amylose extender mutant
IR36ae showed increased AC,13 the inactivation of SBE IIb by
RNA silencing increased AC,10 and simultaneous inhibition of
SBE I and IIb by antisense RNA significantly increased AC.15

In normal cereal cultivars, the endosperm starch can be waxy,
low-, normal-, or high-AC. Cereal mutants and transgenic lines
with elevated AC are usually developed from high-AC cereal
cultivars, and the structural properties of starches in such lines
have been investigated.13−18 However, there are few reports of
mutants and transgenic lines developed from waxy and low-AC
cereal cultivars. In general, an increase in AC is accompanied by
a change in the crystalline structure of starch from A-type to C-
or B-type.2,6,7,10,11,14,19 The crystalline structure affects the
functional properties of starch, especially its thermal properties,
digestion, and hydrolysis rates by acid or amylolytic enzymes.
A-type starch is more susceptible than C- and B-type starches
to digestion and hydrolysis.11,19−22 It is very important to
investigate the crystalline structure of starch for use in food and
nonfood industries. However, there is little information on the
crystalline structure of starches with elevated AC in mutants
and transgenic lines derived from waxy and low-AC cereal
cultivars.
Recently, researchers in our laboratory developed several

transgenic rice lines with increased AC from three rice cultivars
with waxy, low-, and high-AC, by antisense RNA inhibition of
both SBE I and IIb.15,23 In this study, we isolated starches from
mature grains of these transgenic lines and their wild-type
parents and investigated the AC and morphology of starches.
The crystalline structure of the starches was characterized using
XRD, attenuated total reflectance-Fourier transforms infrared
(ATR-FTIR), solid-state 13C cross-polarization magic-angle
spinning nuclear magnetic resonance (13C CP/MAS NMR),
and small-angle X-ray scattering (SAXS) analyses. The
objective of this study was to increase our understanding of
the role of SBEs in determining the crystalline structure of
cereal starches with different ACs.

■ MATERIALS AND METHODS
Plant Materials. The mature grains of two japonica rice cultivars

Guang-ling-xiang-nuo (GLXN) and Wu-xiang-9915 (WX), an indica
rice cultivar Te-qing (TQ), and their transgenic lines were used in this
study. The cultivars GLXN, WX, and TQ carry the wx, Wxb, and Wxa

alleles at the Wx locus, which are responsible for waxy, low-, and high-
AC in rice endosperm, respectively.15,24 The 1.3-kb rice glutelin GluA-
3 (Gt1) promoter, the 103-bp of intron 2 of rice Gt1 gene, and the
NOS terminator were inserted into the multiple cloning sites of the T-
DNA region of the binary vector pCAMBIA1300, which resulted in
the intermediate vector p1011. The 680-bp Xba I-BamHI fragment at
the 5′-end of cloned SBEI cDNA and the 997-bp Sac I-KpnI fragment
at the 5′-end of cloned SBEIIb cDNA, at an antisense orientation, were
inserted into p1011 between the rice Gt1 promoter and intron 2 and
between the intron 2 and NOS terminator, respectively. Transgenic
lines were homozygous for the transgene. Protein blotting analyses
showed that both SBE I and IIb proteins were nearly completely
inhibited in transgenic lines.15,23 Rice materials were cultivated in the
transgenic close experiment field of Yangzhou University, Yangzhou,
China, in the 2010 and 2011 crop years.

Isolation of Starches. Starches were isolated from mature grains
according to the method of Wei et al.25 with some modifications.
Brown rice seeds were steeped in distilled water at 4 °C overnight and
homogenized with ice-cold water in a home blender. The homogenate
was squeezed through five layers of cotton cloth. The residue was
homogenized and squeezed twice more in a mortar with a pestle to
facilitate the release of starch granules. The combined extract was
filtered with 100-, 200-, and 400-mesh sieves and centrifuged at 3000g
for 10 min. The yellow gel-like layer on top of the packed white starch
granule pellet was carefully scraped off and discarded. The process of
centrifugation separation was repeated several times until no dirty
material existed. The precipitated starch was further washed with
anhydrous ethanol two times, dried at 40 °C, ground into powder, and
passed through a 100-mesh sieve.

Apparent Amylose Content Measurement. Apparent AC of
starches was determined following a modified method20 according to
the iodine adsorption method of Konik-Rose et al.26 The experiments
were performed in triplicate.

Scanning Electron Microscope (SEM) Observation. The starch
granules were suspended in anhydrous ethanol. One drop of the
starch−ethanol suspension was applied to an aluminum stub using
double-sided adhesive tape, and the starch was coated with gold before
viewing with an environmental SEM (Philips XL-30).

XRD Analysis. XRD analyses of starches were carried out on an
XRD (D8, Bruker, Germany), and the relative crystallinity (%) was
measured following the method described by Wei et al.21 The relative
crystallinity was quantitatively determined three times.

ATR-FTIR Analysis. ATR-FTIR analyses of starches were carried
out on a Varian 7000 FTIR spectrometer with a DTGS detector
equipped with a ATR single-reflectance cell containing a germanium
crystal (45° incidence angle) (PIKE Technologies, USA) as previously
described.21 Spectra were corrected by a baseline in the region from
1200 to 800 cm−1 before deconvolution was applied using Resolutions
Pro. The assumed line shape was Lorentzian with a half-width of 19
cm−1 and a resolution enhancement factor of 1.9. The experiments
were performed two times.

Solid-State 13C CP/MAS NMR Analysis and Peak-Fitting
Procedure. High-resolution solid-state 13C CP/MAS NMR analyses
of starches were carried out at B0 = 9.4T on a Bruker AVANCE III
400 WB spectrometer as described previously.21 Amorphous starch
was prepared by gelatinizing native starch following the method of Wei
et al.21 The 13C CP/MAS NMR spectra were peak fitted by using
PeakFit version 4.12. The relative crystallinity was calculated as the
proportion of the fitting peak areas of the triplet relative to the total
area of the spectrum at the C1 region according to the method
described by Paris et al.27 The quantitative analyses of double-helix,
single-helix, and amorphous conformational features within starch
were carried out according to the method described by Tan et al.28

The analyses of the NMR spectra involved the decomposition of the
spectra into amorphous and ordered subspectra. The spectrum of
amorphous starch was matched to the intensity of native starches at 84
ppm and was subtracted to produce the ordered subspectrum. The
areas of the amorphous and ordered subspectra relative to the total
area of the spectrum at the C1 region yielded the percentage of
amorphous and ordered components, respectively. The computer peak
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fitting of the ordered subspectrum at the C1 region yielded four
individual peaks at about 99.5, 100.5, 101.5, and 103 ppm. The peak at
103 ppm was coincident with the C1 chemical shifts of the single-
helical V-type conformation, and the peaks at 99.5, 100.5, and 101.5
ppm were double-helix components. By comparison of the areas of
single-helix and double-helix peaks at the C1 region in the ordered
subspectrum, the relative proportions of single-helical and double-
helical features within the starches were obtained.28 The 13C CP/MAS
NMR spectra were quantitatively analyzed three times.
SAXS Analysis. SAXS measurements of starches were performed

according to the method of Yuryev et al.29 with some modifications.
Powders of starches were dispersed in an excess of distilled water to
form slurries. SAXS measurement was obtained using a Bruker
NanoStar SAXS instrument equipped with a Vantec 2000 detector and
pinhole collimation for point focus geometry. The X-ray source was a
copper rotating anode (0.1 mm filament) operating at 50 kV and 30
W, fitted with cross-coupled Göbel mirrors, resulting in a Cu Kα
radiation wavelength of 1.5418 Å. The optics and sample chamber
were under vacuum to minimize air scattering. During X-ray exposure,
the starch slurries were kept in sealed cells to prevent dehydration.
SAXS data sets were analyzed using DIFFRACplus NanoFit software.
The Bragg spacing d was calculated from the position of the peak (qo)
according to d = 2π/qo. The experiments were performed two times.
Statistical Analysis. The data reported in all of the tables were

mean values and standard deviation. Analysis of variance (ANOVA) by
Tukey’s test (p < 0.05) was evaluated using the SPSS 16.0 Statistical
Software Program.

■ RESULTS AND DISCUSSION

Amylose Contents of Starches. To test the effects of
inhibiting SBE I and IIb on the amylose level, we developed
transgenic rice lines from three rice cultivars with different
apparent ACs after simultaneous inhibition of both SBE I and
IIb using the antisense RNA technique. Three stable transgenic
rice lines with significantly increased ACs were chosen and
designated as GLXN-SBE I/IIb−, WX-SBE I/IIb−, and TQ-SBE
I/IIb−, according to their wild-type parents (GLXN, WX, and
TQ, respectively). In all of these lines, both SBE I and IIb were
simultaneously inhibited. Table 1 shows the apparent ACs of
starches isolated from mature grains harvested in 2010 and
2011. The apparent ACs of starches in the three transgenic
lines were all significantly higher than those of starch in the
wild-type parents. Although there were slight differences in the
apparent ACs for the same rice material between the two crop
years, there was no significant effect of year on apparent AC.
Rice varieties can be classified into waxy (0−2%), very low (3−
9%)-, low (10−19%)-, intermediate (20−25%)-, or high
(>25%)-amylose classes.30 The results of the present study
showed that GLXN, GLXN-SBE I/IIb−, WX, and WX-SBE I/
IIb− were waxy, very low-, low-, and intermediate-amylose
varieties, respectively, and that TQ and TQ-SBE I/IIb− were
high-amylose varieties. As determined by the ConA precip-

itation method, the TQ-SBE I/IIb− line grains had 55.4% AC,
but TQ seeds had only 22.5% AC.31 The AC estimated from
gel permeation chromatography was 44.5% for the TQ-SBE I/
IIb− line but only 20.2% for TQ.15 The results of gel
permeation chromatography indicated that the starch in
GLXN-SBE I/IIb− and WX-SBE I/IIb− lines had significantly
higher ACs than those of the starches in their wild-type parents
(data not shown). These results were similar to those reported
previously,10,13 indicating that simultaneous inhibition of SBE I
and IIb could dramatically increase the AC of rice grains. The
apparent AC increase was more dramatic in TQ-SBE I/IIb−

than in GLXN-SBE I/IIb− and WX-SBE I/IIb−, probably
because TQ is an indica rice and has the Wxa allele at the Wx
locus and hence has a more active GBSS I.13,15

Morphology of Starch Granules. Figure 1 shows
scanning electron microscopy (SEM) images of starch granules

isolated from mature grains harvested in 2011. Starch samples
from grains harvested in 2010 and 2011 were observed by SEM
and were similar in both years (data from 2010 not shown).
Starches from three rice cultivars consisted mainly of similar-
sized polygonal granules with sharp angles and edges (Figure
1A,C,E). Although the morphologies of starch granules in
GLXN-SBE I/IIb− and WX-SBE I/IIb− lines were similar to
those of starch granules in their wild-type parents, the granules
were slightly smaller in the transgenic lines (Figure 1B,D). In
terms of morphology and size, the starch granules from the
TQ-SBE I/IIb− line clearly differed from those from the
GLXN-SBE I/IIb− and WX-SBE I/IIb− lines. Starches from the
TQ-SBE I/IIb− line showed significant heterogeneity. Some
starch granules were large, nonangular, and rounded, some
were elongated, and some were small and polygonal (Figure
1F). The morphology of starch from the TQ-SBE I/IIb− line
was consistent with that determined in our previous report.25

Table 1. Apparent AC and Relative Crystallinity of Starches in the 2010 and 2011 Crop Yearsa

apparent amylose content (%) relative crystallinity (%)b

sample 2010 crop year 2011 crop year 2010 crop year 2011 crop year

GLXN 0.1 ± 0.2 a 0.2 ± 0.3 a 33.5 ± 0.3 a 35.7 ± 0.3 a
GLXN-SBE I/IIb− 6.5 ± 0.4 b 7.2 ± 1.2 b 31.6 ± 0.4 b 32.9 ± 0.2 b
WX 15.2 ± 0.4 c 16.8 ± 1.0 c 29.2 ± 0.3 c 29.6 ± 0.4 c
WX-SBE I/IIb− 23.6 ± 0.6 d 24.6 ± 0.3 d 23.9 ± 0.3 d 24.0 ± 0.7 d
TQ 28.1 ± 0.3 e 26.1 ± 0.2 e 25.9 ± 0.1 e 26.1 ± 0.4 e
TQ-SBE I/IIb− 58.1 ± 0.3 f 57.3 ± 0.5 f 18.5 ± 0.1 f 18.2 ± 1.1 f

aData (mean ± SD) in the same column with different letters were significantly different (p < 0.05). bRelative crystallinities were obtained from
XRD patterns.

Figure 1. SEM photographs of starch granules in the 2011 crop year.
(A) GLXN; (B) GLXN-SBE I/IIb−; (C) WX; (D) WX-SBE I/IIb−;
(E) TQ; (F) TQ-SBE I/IIb−. Scale bar = 10 μm.
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Starch from the high-amylose rice mutant Goami 2 also showed
morphology similar to that of starch from the TQ-SBE I/IIb−

line.7 Butardo et al.10 reported that the starch granules isolated
from hp-SBE IIb and ami-SBE IIb lines with down-regulated
SBE IIb were not significantly different from that isolated from
their wild-type parent. Elongated starch granules were observed
in high-amylose maize ae mutants.19 The different morpholo-
gies of starch granules among lines with inhibited SBE I and IIb
might be because of the different backgrounds of the wild-type
parents. GLXN and WX carry the wx and Wxb alleles at the Wx
locus and are japonica rices with waxy and low-ACs. TQ has
Wxa allele at the Wx locus and is an indica rice with high
AC.15,24 Alternatively, differences in the apparent AC among
the lines could explain the different morphologies of their
starch granules (Table 1).
XRD Spectra of Starches. Starches can be classified into

A-, B- and C-type crystallinity based on their XRD spectra. C-
type starch is a mixture of both A- and B-type polymorphs and
can be further classified to CA-type (closer to A-type), C-type,
and CB-type (closer to B-type) according to the proportion of
A-type and B-type polymorphs.2 The XRD patterns of starches
isolated from mature grains harvested in 2011 are shown in
Figure 2. Starch samples from rice grains harvested in 2010

showed similar results (data not shown). These XRD patterns
were carefully compared with known diffraction patterns of A-,
B-, and C-type starches.2 The starches from three rice cultivars
all showed strong reflection at about 15° and 23° 2θ, and an
unresolved doublet at 17° and 18° 2θ, which resembled the
typical A-type XRD pattern of most ordinary cereal starches.2

Starches from the GLXN-SBE I/IIb− and WX-SBE I/IIb− lines
showed strong reflection at about 15°, 17°, and 23° 2θ, a small
peak at about 5.6° 2θ, and a shoulder peak at about 18° 2θ. The
peak at 5.6° 2θ was characteristic of B-type crystallinity, and the
shoulder peak of 18° 2θ° was indicative of the A-type
polymorph, which suggested that these starches consisted of
A- and B-type polymorphs, with the A-type polymorph being
the main component. Therefore, these were CA-type starches.
Starches from the TQ-SBE I/IIb− line showed strong reflection
at about 17° and 5.6° 2θ, a weak reflectant peak at 15° 2θ, and a
wide and weak reflectant peak at 23° 2θ. These characters
showed that it was a typical C-type starch. The peak at 20° 2θ is

indicative of crystalline amylose−lipid complexes.2 The starch
XRD patterns of three rice cultivars showed that WX and TQ
starches had amylose−lipid complexes but that GLXN starch
did not. The inhibition of both SBE I and IIb significantly
increased the intensity of the peak at 20° 2θ, especially in the
TQ-SBE I/IIb− line, which indicated that more crystalline
amylose−lipid complexes were generated (Figure 2).
Cereal starches often show A-type crystallinity, but mutations

in SBE IIb often result in starches with B-type crystallinity.
Butardo et al.10 reported that starches in all ami-SBE IIb lines
showed full B-type crystallinity. In contrast, some hp-SBE IIb
lines retained the A-type starch crystalline polymorph, while
others had starch with C-type crystallinity. Tanaka et al.32

reported that the absence of SBE IIb in the mutant EM10
resulted in starch with B-type crystallinity; however, when the
mutation was complemented by introducing an SBE IIb
transgene, the starch crystallinity changed from B-type to A-
type via C-type, depending on the strength of transgene
expression. Qin et al.33 reported that starch crystallinity from
high-amylose rice changed from A- to C-type via CA-type
during endosperm development. The results of the present
study showed that mature rice grains of GLXN-SBE I/IIb− and
WX-SBE I/IIb− lines contained CA-type starch, and those of
the TQ-SBE I/IIb− line contained C-type starch. These results
indicated that starch with B-type crystallinity accumulated at
the middle and/or late stages of endosperm development and
that the proportion of the B-type polymorph in starch was
lower in the GLXN-SBE I/IIb− and WX-SBE I/IIb− lines than
in the TQ-SBE I/IIb− line.
Table 1 shows the relative crystallinities of starches, which

were calculated from the XRD patterns. For the three rice
cultivars, the crystallinities decreased with the increase in
apparent AC. This result was consistent with the findings of
Cheetham and Tao,2 who reported that crystallinity was
negatively correlated with AC. The SBE I/IIb− lines had
significantly lower crystallinities than those of their wild-type
parents, consistent with the increase in apparent AC resulting
from the inhibition of both SBE I and IIb. There was no
significant effect of year on the relative crystallinities of the
same rice material.

ATR-FTIR Spectra of Starches. The development of
sampling devices like ATR-FTIR combined with procedures for
spectrum deconvolution provides opportunities to study starch
structure.34 The infrared spectrum of starch is sensitive to the
short-range ordered structure, defined as the double helical
order, as opposed to the long-range ordered structure related to
the packing of double helices.35 Although it has been proposed
that FTIR is not related to XRD, and it cannot be used to
differentiate starches in terms of long-range ordered character-
istics and polymorphisms, the variations in spectra among
different starches can be interpreted in terms of the short-range
ordered structure present in the external region.34 The intensity
of absorbance at 1045, 1022, and 995 cm−1 is sensitive to
changes in starch conformation. The bands at 1047 (or 1045)
and 1022 cm−1 are associated with ordered/crystalline and
amorphous regions in starch, respectively.34

We analyzed starches isolated from mature grains harvested
in 2011. The original and deconvoluted ATR-FTIR spectra in
the 1200−900 cm−1 region are shown in Figure 3. Analyses of
starch samples from grains harvested in 2010 showed similar
results (data not shown). The spectra of starches from the SBE
I/IIb− lines significantly differed from those of starches from
their wild-type parent, especially that of starch from the TQ-

Figure 2. XRD patterns of starches in the 2011 crop year.
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SBE I/IIb− line. These results indicated that simultaneous
inhibition of both SBE I and IIb significantly affected the short-
range ordered structure in the external region and that the
effect was more prominent in the line derived from the high-
AC cultivar than in those derived from waxy and low-AC
cultivars.

13C CP/MAS NMR Spectra of Starches. The solid-state
13C CP/MAS NMR patterns for starches isolated from mature
grains harvested in 2011 are shown in Figure 4. The resonances
at different ppm were assigned according to data reported in
the literature.36,37 The C1 resonance, which gives information
about both the crystalline nature as well as the noncrystalline
(but rigid) chains, has been used to examine the structure of
different types of starches. The multiplicity of the C1 resonance
corresponds to the packing type of the starch granule. A-type
starch, which has three nonidentical sugar residues, shows a
triplet at the C1 region, while B-type starch, which has two
nonidentical sugar residues, shows a doublet.38 In general,
typical C-type starch has an inconspicuous triplet or doublet at
the C1 region. However, CA-type starch (in which the A-type
crystalline structure is predominant) shows a triplet at the C1
region, and CB-type starch (in which the B-type crystalline
structure is predominant) shows a doublet at the C1 region.36

The C1 resonances of starches from GLXN, WX, TQ, and
the WX-SBE I/IIb− line occurred as triplets at about 99.5,
100.5, and 101.5 ppm, that of starch from the GLXN-SBE I/
IIb− line showed an inconspicuous triplet, and that of starch
from the TQ-SBE I/IIb− line showed an inconspicuous doublet
(Figure 4A). These results, combined with the results from the
XRD analysis, further confirmed that the starches from the
three rice cultivars were A-type, that from the TQ-SBE I/IIb−

line was C-type, and those from the GLXN-SBE I/IIb− and
WX-SBE I/IIb− lines were CA-type, although the C1
resonances of WX-SBE I/IIb− line starches showed a triplet.
The peak at 103 ppm arises from the amorphous domain for
C1, and its peak intensity is positively associated with the AC.28

The peak at 103 ppm was inconspicuous for starches from
GLXN and the GLXN-SBE I/IIb− line appeared only as a
shoulder for starches from WX, TQ, and the WX-SBE I/IIb−

line, and was strong for starch from the TQ-SBE I/IIb− line
(Figure 4A). The changes in the intensity of the peak at 103
ppm were consistent with the apparent AC determined by the
iodine adsorption method (Table 1).
Figure 4B shows the ordered subspectra of starches. In this

analysis, the standard amorphous starch spectrum was
subtracted from the test spectrum until there was no residual
intensity at 84 ppm (a region of the spectrum with intensity
due solely to amorphous conformations).28 The ordered
subspectra were similar to the origin spectra, but they had
clearer crystalline peaks of C1 resonances than those in the
origin spectra.
The origin and ordered 13C CP/MAS NMR spectra of

starches were peak-fitted. A combination (50/50) of Lorentzian
and Gaussian profiles gave an acceptable fit (data not shown).
The percentage of relative crystallinity and the proportions of
single helixes, double helixes, and amorphous components are
listed in Table 2. The estimate of crystallinity obtained from
13C CP/MAS NMR was significantly higher than that obtained
from XRD analysis. The molecular order in the starch granule
reflects two types of helices formed by amylopectin side chains.
Helices packed in regular arrays (in the long-range distance) to
form crystals can be measured by both XRD and 13C CP/MAS

Figure 3. ATR-FTIR spectra of starches in the 2011 crop year. (A)
Original spectra; (B) deconvoluted spectra.

Figure 4. 13C CP/MAS NMR spectra of starches in the 2011 crop
year. (A) Original spectra; (B) ordered subspectra.
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NMR, whereas those that are not packed in regular form or are
packed in the short-range distance can be detected by 13C CP/
MAS NMR but not XRD.38 Therefore, it was not surprising
that the estimates of relative crystallinity obtained by 13C CP/
MAS NMR were considerably higher than those obtained by
XRD analysis. Inhibition of both SBE I and IIb significantly
decreased the relative crystallinity and the amount of double
helixes. The decrease was more prominent in the line derived
from the high-AC cultivar than in those derived from waxy and
low-AC cultivars.
SAXS Spectra of Starches. A comparison of the SAXS

patterns of the starches is shown in Figure 5. The well-resolved

main scattering peak around the scattering vector (qo) of about
0.06 Å−1 is thought to arise from the periodic arrangement of
alternating crystalline and amorphous lamellae of amylopectin
and corresponds to the lamellar repeat distance or Bragg
spacing. The location of the peak depends on the size of lamella
and may differ among starches from different plants, while the
peak area or intensity depends mainly on the degree of order in
semicrystalline regions.39,40 As shown in Figure 5, all starches
were scaled to equal intensity at high q (q = 0.2 Å−1) to account
for variations in sample concentrations, according to the
method of Sanderson et al.41 The SAXS patterns were at the
same relative scale and, therefore, were directly comparable.
GLXN starch showed the most defined lamellar peak centered
at 0.067 Å−1, which corresponded to a lamellar repeat distance
of 9.37 nm. Starches from WX and TQ showed less defined
lamellar peaks, especially TQ starch, but the center of their
peaks was the same as that of GLXN starch. Compared with the
starch from their wild-type parents, those from SBE I/IIb− lines
showed a reduced lamellar peak intensity, especially that from

the TQ-SBE I/IIb− line, with the peak center shifted toward a
lower qo (0.064 Å

−1), corresponding to a longer lamellar repeat
distance (9.81 nm). The extremely poorly defined peak for
starch from the TQ-SBE I/IIb− line likely indicated a severely
disrupted and/or nonexistent lamellar structure compared to
that of starch from its wild-type parent.
Yuryev et al.29 reported that an increase in AC in native

wheat starches was accompanied by decreased peak scattering
intensity, which resulted from accumulation of amylose tie-
chains with increasing AC in the granules. Compared with the
starch from their wild-type parents, the starches from these
transgenic rice lines showed significantly lower peak intensities,
which might result from the elevated apparent AC. Previously,
it was reported that B-type starches have longer average chain-
lengths than those of A- and C-type starches, while A-type
starches have shorter average chain-lengths than those of C-
type starches.41 The transgenic starches showed CA- or C-type
crystallinity, and the starch from the wild-type parents showed
A-type crystallinity (Figures 2 and 4). The SAXS patterns
showed that the starches from the transgenic lines had longer
Bragg spacing than that of the starches from their wild-type
parents, consistent with their crystalline structure. These results
showed that simultaneous inhibition of both SBE I and IIb
could increase the lamella size of starch.
In conclusion, the inhibition of both SBE I and IIb resulted in

a significant increase in apparent AC. The increase in apparent
AC was more dramatic in the indica rice cultivar TQ, which has
high-AC starch, than in japonica cultivars GLXN and WX,
which have waxy and low-AC starches. Inhibition of SBE I and
IIb decreased the size of starch granules in the lines derived
from waxy and low-AC rice cultivars, and resulted in the
formation of heterogeneous starch granules in lines derived
from the high-AC cultivar. The crystalline structure changed
from A-type to CA-type in transgenic rice lines produced from
waxy and low-AC cultivars, and to C-type in the transgenic line
derived from the high-AC cultivar. Compared with the starches
from their wild-type parents, the starches from transgenic rice
lines showed significant decreases in relative crystallinity and in
the amount of double helixes. The decrease was more
prominent in the high-AC cultivar than in the waxy and low-
AC cultivars. The inhibition of both SBE I and IIb significantly
affected the short-range ordered structure in the external
region, decreased the lamellar peak scattering intensity, and
increased the lamella size of starches. The results of this study
increased our understanding of the roles of SBE I and IIb in
determining the crystalline structure of cereal starches. This will
be useful for exploring the applications of transgenic rice in
food and nonfood industries.

Table 2. Relative Crystallinities and Proportions of Single-Helix, Double-Helix, and Amorphous Conformations Obtained from
13C CP/MAS NMR Spectra of Starches in the 2011 Crop Yeara

relative proportion (%)

sample relative crystallinity (%) single helix double helix amorphous

GLXN 58.9 ± 0.8 a 1.0 ± 0.5 a 61.8 ± 0.5 a 37.2 ± 2.3 a
GLXN-SBE I/IIb− 53.4 ± 0.2 b 1.1 ± 0.6 a 55.5 ± 0.6 b 43.4 ± 2.4 b
WX 51.2 ± 0.4 c 2.4 ± 0.4 b 53.3 ± 0.4 c 44.3 ± 2.6 b
WX-SBE I/IIb− 48.4 ± 1.1 d 3.7 ± 0.5 c 49.4 ± 0.5 d 46.9 ± 2.9 bc
TQ 47.1 ± 1.3 d 3.3 ± 0.4 bc 50.0 ± 0.4 d 46.7 ± 2.6 bc
TQ-SBE I/IIb− 37.2 ± 1.0 e 7.9 ± 0.7 d 39.6 ± 0.7 e 52.5 ± 2.8 c

aData (means ± SD) in the same column with different letters were significantly different (p < 0.05).

Figure 5. SAXS patterns of starches in the 2011 crop year.
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