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a  b  s  t  r  a  c  t

In  this  paper,  endosperm  starches  were  isolated  from  a  high-amylose  transgenic  rice  line  (TRS)  and  its
wild type  rice  Teqing  (TQ) kernels  at different  developmental  stages.  TQ  and  TRS  starches  showed  similar
amylose  contents  and  shapes  at early  developmental  stage,  then  the  amylose  content  increased  with
kernel  development.  The  rate  of  increase  in  amylose  content  was  much  faster  in  TRS  starches  than  that
in TQ  starches.  TRS  starches  showed  heterogenous  granules  at  the  middle  and  late developmental  stages.
TQ starch  crystallinity  remained  A-type,  but  TRS  starch  crystallinity  changed  from  A- to  C-  via  CA-type.
eywords:
ice
igh-amylose starch granule
ndosperm starch
ernel development
hysicochemical property

TRS  starches  showed  higher  gelatinization  temperatures,  lower  gelatinization  enthalpies,  lower  swelling
powers,  and  lower  hydrolysis  rates  at middle  and  late  developmental  stages  compared  with  TQ  starches.
The amylose  content  had  a  significantly  negative  correlation  with  crystallinity,  gelatinization  enthalpy,
swelling  power,  enzyme  digestibility,  and  acid  hydrolysis.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Cereal storage starch is a major source of nourishment for
umans. Most of the starch in the diets of humans is ingested in
ooked foods and digested rapidly in the small intestine. However,

 variable proportion is not assimilated in the upper gastrointesti-
al tract. Instead, this fraction, known as resistant starch (RS),
eaches the large intestine where it acts as a substrate for fermen-
ation by the microflora that inhabit that region of the gut (Englyst,
ingman, & Cummings, 1992). Foods high in RS have the potential
o improve human health, prevent pathogen infections or diar-
hea, and may  be of benefit to a variety of pathological processes,
uch as inflammatory bowel disease, colon cancer risk, insulin

Abbreviations: AAG, Aspergillus niger amyloglucosidase; ATR-FTIR, attenuated
otal reflectance-Fourier transform infrared; DAF, day after flowering; DSC, differ-
ntial scanning calorimetry; PPA, porcine pancreatic �-amylase; RS, resistant starch;
Q,  Teqing (wild type rice cultivar); TRS, transgenic RS rice line; XRD, X-ray powder
iffraction.
∗ Corresponding author at: Agricultural College, Yangzhou University, Yangzhou

25009, China. Tel.: +86 514 87996648.
∗∗ Corresponding author at: College of Bioscience and Biotechnology, Yangzhou
niversity, Yangzhou 225009, China. Tel.: +86 514 87997217.

E-mail addresses: qqliu@yzu.edu.cn (Q. Liu), cxwei@yzu.edu.cn (C. Wei).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2012.01.013
resistance and diabetes, and chronic renal or hepatic disease
(Nugent, 2005).

Native starch is a mixture of two polysaccharides, linear amy-
lose and highly branched amylopectin, and contains small amounts
of non-carbohydrate constituents such as lipid, phosphate and pro-
tein. Native starch is stored as discrete semicrystalline granule in
plants. In general, RS content of granular starch is positively cor-
related with the level of amylose (Sang, Bean, Seib, Pedersen, &
Shi, 2008). Many high-amylose crop varieties have been developed
via mutation or transgenic breeding approaches (Jiang, Campbell,
Blanco, & Jane, 2010; Kang, Hwang, Kim, & Choi, 2003; Regina et al.,
2006). Some of these starches have been proven to contain a high-
level of RS and to show potential health benefits. For example,
high amylose wheat grains have a significant potential to improve
health by production of increased large-bowel short-chain fatty
acids (Regina et al., 2006).

Cereal starch granules with high-amylose content always show
markedly different morphology and physicochemical properties
compared with waxy and normal starches (Jiang, Campbell et al.,
2010; Jiang, Horner et al., 2010; Jiang, Lio, Blanco, Campbell, &

Jane, 2010; Kang et al., 2003; Regina et al., 2006). For exam-
ples, the normal maize starch granules are spherical and angular,
whereas high-amylose ae and GENS-0067 mutants consist of about
7% and up to 32% elongated granules, respectively (Jiang, Campbell

dx.doi.org/10.1016/j.carbpol.2012.01.013
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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t al., 2010). High-amylose wheat starches also display signifi-
ant morphological alterations (Regina et al., 2006). Normal cereal
tarches show A-type crystallinity, whereas high-amylose cereal
tarches have B-type crystallinity (Jiang, Lio et al., 2010; Kang et al.,
003). Compared with normal cereal starches, high-amylose cereal
tarches have higher gelatinization temperatures, lower gelatiniza-
ion enthalpies, lower swelling powers, and higher resistances to
cid hydrolysis and enzyme digestion (Jiang, Campbell et al., 2010;
ang et al., 2003). The above morphology and physicochemical
roperties of high-amylose cereal starches are all from mature
ernels. Their physicochemical properties during kernel develop-
ent, however, have been seldom reported in previous research.

ecently, Jiang, Horner et al. (2010) and Jiang, Lio et al. (2010) report
he formations of elongated starch granules and resistant-starch
n high-amylose maize during kernel development. Their results
how that many starch granules, each with hilum and growth rings,
re initiated in the amyloplast and then fuse. These fused starch
ranules result in the continuous outer layer, which prevents amy-
oplast division and forms the elongated starch granules (Jiang,
orner et al., 2010). The increase in the amylose/intermediate com-
onent content of the starch during kernel development leads to
he formation of long-chain double-helical crystallites that have
elatinization temperatures above 95 ◦C and result in the increase
n the intrinsic RS content of the starch. The increase in the lipid
ontent of the starch can also reduce the enzyme digestibility of
he starch (Jiang, Lio et al., 2010).

Rice is the most important cereal crop and the staple food of
ver half the world’s population. Breeding for rice with high amy-
ose and RS contents is of particular interest, as it will be easy to
ncorporate into the dietary-prevention strategy. A high-amylose
ransgenic rice line (TRS) has been developed by antisense RNA
nhibition of the starch branching enzymes in our laboratory (Wei,
in, Zhu et al., 2010; Zhu et al., 2011). TRS kernels are rich in RS
nd have shown significant potential to improve the health of the
arge bowel in rats (Zhu et al., 2011). Morphological and physico-
hemical properties of starch granules isolated from TRS mature
ernels are markedly different from starches from its wild-type
ice Teqing (TQ) mature kernels (Wei, Qin, Zhu et al., 2010; Wei,
u et al., 2010; Wei  et al., 2011). TRS starch is a semicompound
tarch granule, which consists of many subgranules surrounded by

 continuous band, whereas TQ starch is a compound starch granule
Wei, Qin, Zhu et al., 2010). Interestingly, TRS starch is identified as

 C-type crystalline starch, which is markedly different from the B-
ype high-amylose cereal starches (Wei, Xu et al., 2010). TRS starch
lso has a high resistance to acid hydrolysis, enzyme digestion and
eating (Wei, Xu et al., 2010; Wei  et al., 2011). The formation of
emicompound starch granule in TRS has been observed during ker-
el development using light microscopy and electron microscopy
Wei, Qin, Zhou et al., 2010). The physicochemical properties of TRS
tarches during kernel development, however, are not reported.

In this study, endosperm starch granules were isolated from
Q and TRS kernels at different developmental stages. Their crys-
al properties and thermal properties were investigated by X-ray
owder diffraction (XRD), attenuated total reflectance-Fourier
ransform infrared (ATR-FTIR), and differential scanning calorime-
er (DSC). Morphology of starch granule was observed with light

icroscopy. The amylose contents, swelling powers and hydrolysis
roperties of developing starches were also determined.

. Materials and methods
.1. Plant material

A transgenic rice line (TRS) with high amylose and RS contents
nd its wild type rice Teqing (TQ) were used in this study. TRS was
mers 88 (2012) 690– 698 691

generated from the indica rice cultivar TQ after transgenic inhibi-
tion of two  starch branching enzymes (SBEI and SBEIIb) through an
antisense RNA technique, and was homozygous for the transgene
(Zhu et al., 2011). The expression of SBE I and SBEIIb are completely
inhibited in TRS grains (Zhu et al., 2011). The apparent amylose con-
tent is dramatically increased from 22.68% to 49.20% in milled rice
flour (Wei, Qin, Zhu et al., 2010) and 29.98% to 58.32% in isolated
native starch (Wei, Xu et al., 2010), RS content from 1.89% to 14.92%
in milled rice flour (Wei, Qin, Zhu et al., 2010). TQ and TRS were
cultivated in the transgenic close experiment field of Yangzhou Uni-
versity, Yangzhou, China, in 2010. Individual flowers were tagged
at flowering. The kernels were harvested on 3, 5, 7, 10, 13, 16, 20,
25, and 30 day after flowering (DAF) during kernel development
and stored at −20 ◦C.

2.2. Isolation of native starch granule

Endosperm was  dissected from developing kernels. Native
starch granules were isolated from endosperm using the method
reported by Wei, Xu et al. (2010).

2.3. Morphology of starch granule

Starch granule was examined for the presence of birefringence
by using polarized light microscope. A specimen was prepared from
the mixture of 2 mg  of isolated starch and 1 mL  of 50% glycerol solu-
tion. The starch granule shape and maltese cross were viewed under
the Olympus BX53 polarized light microscope equipped with a CCD
camera. Bright field microscope of starch granule was  performed
as previously described (Wei, Qin, Zhu et al., 2010). The starches
were stained with an iodine solution (0.03% I2, 0.09% KI).

2.4. Amylose content of starch

Amylose contents of developing starches were determined
using the Megazyme Amylose/Amylopectin Assay kit, which is
based on the precipitation of amylopectin using concanavalin A.
The analysis was  performed according to the instructions supplied
with the kit. The experiments were performed twice.

2.5. XRD analysis

XRD analyses of developing starches were carried out on an XRD
(D8, Bruker, Germany), and relative crystallinity (%) of the starches
was  measured following the method described by Wei, Qin, Zhou
et al. (2010).  Before measurements, all the specimens were stored
in a desiccator where a saturated solution of NaCl maintained a con-
stant humidity atmosphere (relative humidity = 75%) for 1 week.

2.6. ATR-FTIR analysis

ATR-FTIR analyses of developing 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
(Wei, Xu et al., 2010). The assumed line shape was Lorentzian with
a half-width of 19 cm−1 and a resolution enhancement factor of 1.9.

2.7. Thermal property of starch

Thermal properties of developing starches were analyzed using
a DSC (200-F3, NETZSCH, Germany) as described previously (Wei

et al., 2011). Starch (5 mg,  dry starch basis) was precisely weighed
and mixed with 3 times (by weight) deionized-distilled water
(15 �L). The mixture was  sealed in a aluminum pan overnight at
4 ◦C. After equilibrating for 1 h at room temperature, the starch
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ample was then heated from 25 to 140 ◦C at a rate of 10 ◦C/min.
he experiments were performed twice.

.8. Swelling power of starch

Swelling powers of developing starches were determined by
eating starch–water slurries in a water bath at temperatures of
0 ◦C and 90 ◦C according to the procedures of Wei  et al. (2011).
he experiments were performed in triplicate.

.9. Hydrolysis property of starch

Developing starches were hydrolyzed by porcine pancreatic �-
mylase (PPA) (Sigma–Aldrich), Aspergillus niger amyloglucosidase
AAG) (Sigma–Aldrich), and HCl. The hydrolysis of starches by PPA
nd AAG was analyzed using the method of Li, Vasanthan, Hoover,
nd Rossnage (2004) with some modifications. For PPA hydrolysis,
solated native starch (10 mg)  was suspended in 2 mL  of enzyme
olution (0.1 M phosphate sodium buffer, pH 6.9, 25 mM NaCl, 5 mM
aCl2, 0.02% NaN3, 50 U PPA) and hydrolysis was conducted in a
onstant temperature shaking water bath with continuous shak-
ng (100 rpm) at 37 ◦C for 1 day. For AAG hydrolysis, starch (10 mg)

as suspended in 2 mL  of enzyme solution (0.05 M acetate buffer,
H 4.5, 5 U AAG) and hydrolysis was conducted in a constant tem-
erature shaking water bath with continuous shaking (100 rpm)
t 55 ◦C for 1 day. The hydrolysis of starches by HCl was  analyzed
sing the method of Wei, Xu et al. (2010) with minor modification.
0 mg  starch was suspended in 2 mL  of 2.2 M HCl and hydrolysis
as conducted in a constant temperature shaking water bath with

ontinuous shaking (100 rpm) at 35 ◦C for 4 days. After hydroly-
is, starch slurries were quickly centrifuged (3000 × g) at 4 ◦C for
0 min. The supernatant was used for measurement of the solu-
ilized carbohydrates to quantify the degree of hydrolysis by the
nthrone–H2SO4 method (Viles & Silverman, 1949). The experi-
ents were performed in triplicates.

.10. Correlation analysis

Linear regression and correlation analysis were performed by
PSS 16.0 software. Pearson correlation coefficient and two-tailed
est of significance were evaluated to compare the correlation
etween amylose content and physicochemical properties.

. Results and discussion

.1. Morphology of developing starch granules

Unstained starch granules isolated from mature kernels were
bserved by polarized light microscope with bright light (Fig. 1A
nd a). TQ starch granules showed regular and polyhedral shapes
ith a size of 3–5 �m.  The starch granule shapes of TRS were clearly
ifferent from those of TQ. Some of the TRS starch granules were

arge voluminous, non-angular rounded bodies, which were greatly
arger than TQ starch granules. Some of the TRS starch granules

ere elongated, filamentous structures, and some of the granules
ad similar shapes of TQ starches. Rice starch is a compound starch,
hich is composed of several separate subgranules or granules.

hese subgranules come simultaneously in a single amyloplast, but
ach granule still exhibits a polarizing cross. During starch isolation,
he compound starch can be broken up into separate subgranules
Shannon & Garwood, 1984). The large voluminous starch of TRS is

 semicompound starch and consists of smaller subgranules, some

f which located at the periphery of starch are fused to each other
ith adjacent ones forming a thick band or wall encircling the entire

ircumference of starch. The band may  prevent the release of sub-
ranules during starch isolation (Wei, Qin, Zhu et al., 2010). The
mers 88 (2012) 690– 698

elongated starch granules are also observed in high-amylose maize
starches (Jiang, Lio et al., 2010). Under polarized light microscope
with polarized light, all TQ starch granules showed birefringence
in the form of the typical maltese crosses, indicating a symmetri-
cal radial molecular orientation in the granules (Fig. 1B). The large
voluminous and elongated starch granules of TRS showed many
maltese crosses, which indicated that these starches consisted of
many subgranules (Fig. 1b).

Iodine-stained starches harvested at different kernel develop-
mental stages are shown in Fig. 1. All of TQ starches obtained at
different kernel developmental stages had regular and polyhedral
shapes (Fig. 1C–L). TQ starch harvested on 3 DAF had smaller gran-
ule sizes and was stained more lightly than the starches harvested
on later dates. The sizes and staining intensities of these starch
granules increased from 3 DAF to 10 DAF. After 10 DAF, TQ starches
had similar sizes and staining intensities and were homogeneous.
There were no significant differences in shapes and staining intensi-
ties between TQ and TRS starches harvested on 3 and 5 DAF  (Fig. 1C,
D, c and d). Some large voluminous starch granules, which were
darkly stained, began to be detected in TRS starches harvested on
7 DAF (Fig. 1e). The elongated starch granules were also detected
in TRS starches harvested on 10 DAF (Fig. 1f). After 10 DAF, TRS
starches showed clearly heterogeneities and consisted of mainly
three types of starch granules, large voluminous, elongated and
polyhedral starch granules (Fig. 1g–l). The heterogeneities of TRS
starches were also observed in sections of developing endosperm
cells under light and electron microscopes (Wei, Qin, Zhou et al.,
2010). The elongated and polyhedral starch granules were stained
more lightly than the large voluminous starch granules (Fig. 1f–l).

3.2. Amylose contents of developing starches

The amylose contents of endosperm starches isolated from TQ
and TRS kernels harvested at different developmental stages are
shown in Fig. 2. The amylose contents of the TQ starches increased
from 3.7% on 3 DAF to 14.5% on 10 DAF, 18.0% on 20 DAF and
18.7% on 30 DAF (Fig. 2). This result indicated that the amylose con-
tents in TQ increased during the developmental stage, with the fast
increase before 10 DAF and slow increase from 10 DAF to 20 DAF,
and remained a similar level after 20 DAF. An increase in amylose
content during early developmental stage has also been reported
for the rice (Briones, Magbanua, & Juliano, 1968). Granule bound
starch synthase I (GBSSI) is the primary enzyme for amylose biosyn-
thesis in the storage organ. The mRNA of rice GBSSI increases with
the development of endosperm (Dian, Jiang, & Wu,  2005). Thus, the
increase in GBSSI expression is directly related to the increase in the
amylose content of starch during the rice kernel development.

Like that of TQ starches, the amylose contents of TRS starches
also increased with the kernel development from 5.4% on 3 DAF to
17.0% on 7 DAF, 37.5% on 10 DAF, 49.2% on 20 DAF and 52.6% on 30
DAF (Fig. 2). This result suggested that the amylose contents had
a more rapid increase in TRS than in TQ from 7 DAF  to 10 DAF. As
expected, the amylose content in TRS was considerably higher than
that in TQ. But the amylose contents of TQ and TRS starches did not
show marked difference before 7 DAF, especially on 3 DAF. Starch
branching enzymes play an essential role in starch biosynthesis by
introducing �-1,6-glucosidic linkages into �-1,4-glucosidic chains,
and are therefore crucial in determining the structure and physi-
cal properties of the synthesized starch. The inactivation of starch
branching enzyme IIb in rice is traditionally associated with ele-
vated apparent amylose content (Butardo et al., 2011). In TRS, starch

branching enzymes are inhibited through an antisense RNA tech-
nique during kernel development (Zhu et al., 2011). So, the amylose
contents in TRS starches were significantly higher than that in TQ
starches during kernel development.
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Fig. 1. Light micrographs of endosperm starches isolated from TQ and TRS kernels harvested at different developmental stages. (A–L) TQ starches, (a–l) TRS starches. (A, B,
a  and b) Starches isolated from mature kernels without iodine staining under polarized light microscope for normal light (A and a) and polarized light (B and b). (C–L, c–l)
I DAF (
D bar = 1

3

T
i
c
t
p
t

odine-stained starches isolated from developing endosperm on 3 DAF (C and c), 5 

AF  (I and i), 25 DAF (J and j), 30 DAF (K and k), and mature kernels (L and l). Scale 

.3. XRD spectra of developing starches

The XRD spectra of endosperm starches isolated from TQ and
RS kernels harvested at different developmental stages are shown
n Fig. 3. According to XRD pattern, there are three types of starch

rystallinity reported, known as A-, B-, and C-type. Usually, the C-
ype crystallinity is a mixture of both A- and B-type. So, the C-type
attern is classified as CA- (closer to A-type), C-, and CB-type (closer
o B-type) according to the proportion of A- and B-allomorph in
D and d), 7 DAF (E and e), 10 DAF (F and f), 13 DAF (G and g), 16 DAF (H and h), 20
0 �m.

C-type starch (Cheetham & Tao, 1998). All of TQ starches displayed
an A-type crystalline pattern which was  characterized by peaks at
15◦, 17◦, 18◦ and 23◦ 2� (Fig. 3A). The XRD revealed that the crys-
talline pattern of TQ starch was  not affected by the developmental
stages. In other words, the pattern of double helical packing in crys-

talline lamella of starches from different stages was not different,
which was in agreement with previous report (Briones et al., 1968).

TRS starches also displayed a typical A-type crystalline pattern
on 3 DAF. The patterns of TRS starches on 5 DAF and 7 DAF were the
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Fig. 3. XRD spectra and the crystallinity of endosperm starches isolated from TQ
ig. 2. Amylose contents of endosperm starches isolated from TQ and TRS kernels
arvested at different developmental stages.

ame as A-type crystallinity except for the presence of the medium
eak of 5.6◦ 2�, which indicated the occurrence of B-type allomorph

n starch, and the lower peak of 18◦ 2�. Therefore, TRS starches on
 DAF and 7 DAF showed a CA-type crystallinity. With endosperm
evelopment, the intensity of peak gradually increased at 5.6◦ 2�
nd decreased at 18◦ 2�, the peak at 23◦ 2� became broad, and the
ntensity of peak at 20◦ 2� increased. These were typical charac-
eristics of C-type crystallinity, so TRS starch crystallinity changed
rom A- to C- via CA-type during kernel development (Fig. 3B). This
esult is markedly different from high-amylose maize starch, which
isplays the B-type crystallinity during kernel development (Jiang,
io et al., 2010). The above results indicated that the development
f TRS starches was accompanied by the formation of more B-type
rystallinity during kernel development.

The relative crystallinities of TQ and TRS starches decreased
Fig. 3C) with kernel development and the increase in amylose con-
ent, which agreed with the previous report that the crystallinity
ecreases with the increase in amylose content (Cheetham & Tao,
998). The starches on 3 DAF had the greatest crystallinity, result-

ng from their larger amylopectin content. The crystallinity in TRS
tarches was considerably lower than that in TQ starches, which
as in agreement with the different amylose contents in TQ and

RS starches (Fig. 2).

.4. ATR-FTIR spectra of developing starches

The development of sampling devices like ATR-FTIR combined
ith procedures for spectrum deconvolution provides opportu-
ities for the study of starch structure (Sevenou, Hill, Farhat, &
itchell, 2002). According to the theory of ATR-FTIR, the penetra-

ion depth is related to the wavelength. Polysaccharides, like starch,
bsorb in the region 1200–800 cm−1 i.e. at wavelength between ∼8
nd 12 �m.  In this region, the average penetration depth is ∼2 �m.
herefore, ATR-FTIR is used to study the external regions of starch
ranules. Though FTIR is not able to differentiate between A- and B-
ype crystalline polymorphs, the variation between starch varieties
s interpreted in terms of the level of ordered structure present on
he edge of starch granules (Sevenou et al., 2002).

The deconvoluted ATR-FTIR spectra in the region
200–900 cm−1 of TQ and TRS developing starches are pre-
ented in Fig. 4. TQ starches showed similar ATR-FTIR spectra
uring kernel development (Fig. 4A). The ATR-FTIR spectra of
RS starches had some changes with kernel development. From

 to 7 DAF, the spectra in TRS were similar to that in TQ. After
0 DAF, TRS spectra were different from TQ spectra (Fig. 4B). The
ands at 1045 and 1022 cm−1 are linked with order/crystalline and

morphous regions in starch, respectively. The ratio of absorbance
045/1022 cm−1 is used to quantify the degree of order in starch
amples (Sevenou et al., 2002). Intensity ratios of 1045/1022
nd 1022/995 cm−1 are useful as a convenient index of FTIR

and TRS kernels harvested at different developmental stages. (A) TQ, (B) TRS and (C)
Crystallinity at different days after flowering.
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Fig. 4. ATR-FTIR deconvoluted spectra and the absorbance ratio of endosperm
starches isolated from TQ and TRS kernels harvested at different developmen-
tal  stages. (A) TQ, (B) TRS, (C) The IR ratio of absorbance at 1045/1022 and
1022/995 cm−1.
mers 88 (2012) 690– 698 695

data in comparisons with other measures of starch conformation
(Sevenou et al., 2002). The relative intensities of FTIR bands of
TQ and TRS starches at 1045, 1022, and 995 cm−1 were recorded
from the baseline to peak height, and the ratios for 1045/1022 and
1022/995 cm−1 were calculated as shown in Fig. 4C. On the basis
of both the spectra and calculated data, the TQ and TRS starches
did not show significant differences at early developmental stage
(from 3 to 7 DAF). After 7 DAF, the intensity of the band was
lower at 1022 cm−1 than at 995 cm−1 in TRS starch, which was
significantly different from TQ starch. A-type waxy maize and
normal maize starches show similar intensities of the bands at
1022 and 995 cm−1. However, the intensity of the band was signif-
icantly lower at 1022 cm−1 than at 995 cm−1 in B-type amylomaize
starch (Sevenou et al., 2002). After 7 DAF, B-type crystallinity was
synthesized and deposited in the periphery of TRS starch granules
(Fig. 3; Wei, Qin, Zhou et al., 2010), which resulted in the FTIR
changes after 7 DAF.

3.5. Thermal properties of developing starches

Fig. 5A presents the gelatinization thermograms of endosperm
starches isolated from TQ and TRS kernels harvested on 3 and 30
DAF. DSC thermograms of starches from 5 to 25 DAF were similar to
that of 3 DAF, or 30 DAF, thus, are not shown. TQ and TRS starches
showed one endothermic peak before 20 DAF and 16 DAF respec-
tively. An additional second peak first appeared on 16 DAF in TRS
starches and 20 DAF in TQ starches, became a minor peak with ker-
nel development, and then developed into a significant peak on 30
DAF. The intensity of the second peak is significantly higher in TRS
starches than that in TQ starches (Fig. 5A). The first peak represents
the transition induced by melting of the amylopectin crystallites,
and the second peak represents the transition due to dissociation
of the amylose-lipid complex (Soulaka & Morrison, 1985). Jiang,
Lio et al. (2010) reported that the intensity of second peak coin-
cided with the lipid content of high-amylose maize starch, and the
second peak disappeared after removal of lipids from the starch.
The lipid contents of starches increased with kernel maturation.
They thought that the second peak corresponded to the melting
the amorphous amylose–lipid complex (Jiang, Lio et al., 2010).

The thermal properties of TQ and TRS developing starches
are summarized in Table 1. A similar gelatinization tempera-
ture and enthalpy were observed in TRS and TQ starches on 3
DAF. However, TQ and TRS starches showed significantly differ-
ent trends of changes of gelatinization properties with kernel
development. TQ starches showed a decrease in gelatinization tem-
perature and enthalpy, whereas TRS starches showed an increase
in gelatinization temperature and a fast decrease in gelatinization
enthalpy (Fig. 5A and Table 1). So, significantly different gela-
tinization temperature and enthalpy were observed in TRS and
TQ starches on 30 DAF. TRS starches showed a significantly higher
gelatinization temperature and lower enthalpy compared with TQ
starches. These results were consistent with the thermal prop-
erties of TRS and TQ starches isolated from the mature kernel
(Wei  et al., 2011). Gelatinization enthalpy primarily reflects the
loss of double helical order and decreases with amylose content
increase (Cooke & Gidley, 1992). During kernel development, the
decrease of gelatinization enthalpy was consistent with the obser-
vation that developing starch had a higher amylose content and
lower crystallinity, and required less energy for gelatinization. TRS
starch had a significantly higher amylose content and lower crys-
tallinity than TQ starches did at the middle and late developmental
stages. So, TRS starches required less energy for gelatinization,

and showed a significantly lower gelatinization enthalpy compared
with TQ starches. For normal starch, the gelatinization temper-
ature decreases with an increase in amylose content. But for
high-amylose starch, the B-type crystalline form of amylopectin
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Fig. 5. Representative DSC thermograms (A), swelling powers (B) and hydrolysis
rates (C) of TQ and TRS developing starches.

Table 1
Thermal properties of endosperm starches isolated from TQ and TRS kernels harvested at

Starch TQ 

To (◦C)a Tp (◦C)a Tc (◦C)a �H  (J/g)

3 DAF 72.5 79.7 91.6 21.6 

5  DAF 74.3 79.2 86.7 19.3 

7  DAF 74.0 80.1 87.3 16.5 

10  DAF 74.3 79.2 85.8 15.7 

13  DAF 72.2 78.4 84.8 14.9 

16  DAF 72.5 77.8 84.0 13.1 

16  DAFb ndc ndc ndc ndc

20  DAF 72.8 78.1 84.0 12.9 

20  DAFb 94.3 97.8 103.6 0.3 

25  DAF 72.4 78.1 83.8 12.5 

25  DAFb 92.1 98.4 103.1 0.6 

30  DAF 69.3 77.2 84.4 12.5 

30  DAFb 92.3 101.2 104.8 0.8 

a To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; �H, gelatin
b Thermal parameters of the second peak.
c nd, not detectable.
mers 88 (2012) 690– 698

results in higher gelatinization temperature than normal starch
(Richardson, Jeffcoat, & Shi, 2000), amylose double helices also
require high temperature and energy to disorder and therefore
lead to a high gelatinization temperature (Shi, Capitani, Trzasko,
& Jeffcoat, 1998). Amylose content significantly increased, and B-
type allomorph formed in TRS endosperm starches at middle and
late developmental stages, which resulted in the increase of gela-
tinization temperature in TRS starches.

3.6. Swelling powers of developing starches

According to starch gelatinization temperature (Table 1), we
investigated the swelling powers of TQ and TRS developing starches
at 70 ◦C (before gelatinization) and 90 ◦C (after gelatinization)
(Fig. 5B). Before gelatinization, swelling powers slightly increased
with kernel development before 20 DAF, whereas no difference
was  observed between TQ and TRS starches. After gelatinization,
swelling power decreased with kernal development. At early devel-
opmental stage (on 5 DAF), TRS and TQ had similar swelling powers.
After 10 DAF, TRS starches had significantly lower swelling pow-
ers than TQ did, which was  in agreement with TRS and TQ starches
isolated from mature kernels (Wei  et al., 2011). The high-amylose
rice mutant has also a much lower swelling power compared
with that of its wild type rice (Kang et al., 2003). Swelling power
tests are simple analyses that measure the uptake of water during
the gelatinization of starch. Amylopectin is considered to con-
tribute to water absorption, swelling and pasting of starch granules,
whereas amylose and lipids tend to retard these processes (Tester
& Morrison, 1990). The linear amylose diffuses out of the swollen
granules and makes up the continuous phase outside the gran-
ules as a restraint to swelling. So, an inverse correlation was  found
between amylose content and swelling power (Hermansson &
Svegmark, 1996).

3.7. Hydrolysis properties of developing starches

Developing starches from TQ and TRS were subjected to 1 day of
hydrolysis by PPA and AAG, and 4 days of hydrolysis by HCl (Fig. 5C).
The hydrolysis rates of TQ starches slowly decreased with kernel
development from 82.7% on 5 DAF to 71.3% on 30 DAF for PPA,
from 78.9% on 5 DAF to 67.3% on 30 DAF for AAG, and from 63.9%
on 5 DAF to 56.2% on 30 DAF for HCl. By contrast, the hydrolysis

rates of TRS starches decreased rapidly with kernel development
from 77.1% on 5 DAF to 38.0% on 30 DAF for PPA, from 75.5% on
5 DAF to 56.7% on 30 DAF for AAG, and from 53.4% on 5 DAF to
39.6% on 30 DAF for HCl. The fast decrease of hydrolysis rate of TRS

 different developmental stages.

TRS

a To (◦C)a Tp (◦C)a Tc (◦C)a �H (J/g)a

71.3 79.6 89.9 21.0
72.9 80.6 88.7 16.9
72.7 82.0 89.8 18.4
72.3 81.8 88.9 15.5
73.3 81.8 89.8 13.5
72.0 80.2 89.2 11.8
95.1 100.8 105.6 0.5
72.9 80.0 89.3 10.6
93.6 100.0 106.4 1.1
72.7 81.0 89.8 9.2
93.4 99.7 107.5 1.4
73.4 81.7 89.0 7.6
93.4 99.4 104.3 1.6

ization enthalpy.
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Fig. 6. The correlation between amylose content and crystallinity (A), gelatiniza-
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tarches occurred before 20 DAF, especially from 5 to 10 DAF. TQ
nd TRS starches on 5 DAF had similar hydrolysis rate by PPA and
AG, but TRS starches had higher resistance to enzyme digestion
nd acid hydrolysis than TQ starches did with kernel development
Fig. 5C). TRS starches isolated from mature kernels also show a
igher resistance to Bacillus species �-amylase digestion and acid
ydrolysis than TQ starches do (Wei, Xu et al., 2010).

�-Amylase is an endo-amylase that catalyses the hydrolysis
f internal �-1,4-glycosidic linkages in starch in a random man-
er. Glucoamylase is an exo-amylase that cleaves d-glucose from
he nonreducing ends of starch. Susceptibility of starch to enzyme
ttack is influenced by factors such as amylose to amylopectin ratio,
rystalline structure, particle size and relative surface area, gran-
le integrity, porosity of granules, and structural heterogeneities
Blazek & Copeland, 2010). The A-, B- and C-type starches show
ifferent susceptibilities to �-amylase hydrolysis. Generally, A-
ype starches are more readily hydrolyzed by �-amylase than B-
r C-type starches (You & Izydorczyk, 2007). It is reported that
he amount of native starch hydrolysis by amylase or acid is
nversely related to the amylose content (Li, Vasanthan, Rossnagel,
nd Hoover, 2001; Li et al., 2004). TQ starches are organized as
ompound starches and dissociated to separate individual starch
ubgranules during starch isolation. Whereas TRS starches are orga-
ized as semicompound starches with a thick continuous band
ncircling the entire circumference of starch subgranules. These
ubgranules are not dissociated during starch isolation, therefore,
he sizes of isolated TRS starch granules are larger than that of TQ
tarch subgranule, and the relative surface area of TRS starches is
maller than that of TQ starches (Wei, Qin, Zhu et al., 2010). TRS
tarch is compound starch before 6 DAF, then gradually becomes
emicompound starch from 6 to 10 DAF. During this stage, the amy-
ose content increases, and the B-type allomorph is synthesized
nd deposited in the periphery of TRS starch subgranules (Wei,
in, Zhou et al., 2010). Therefore, we thought that the decrease

n the relative surface area, the increase in amylose content, and
he B-type allomorph deposition of TRS starches resulted in higher
esistance to enzyme digestion and acid hydrolysis.

.8. Correlation analysis between amylose content and
hysicochemical properties of developing starches

Fig. 6 shows plots of amylose content vs. some physicochemical
roperties. The regression lines were made in order to compare
he correlation between amylose content and physicochemical
roperties. The amylose content had a highly significantly nega-
ive correlation with crystallinity, gelatinization enthalpy, swelling
ower at 90 ◦C, and hydrolysis rate by AAG, PPA, and HCl. The cor-
elation coefficients were −0.97, −0.82, −0.97, −0.96, −0.98, and
0.92, respectively (P < 0.001) (Fig. 6). Amylose content is the major

actor controlling almost all physicochemical properties of rice
tarch (Wickramasinghe & Noda, 2008). Cheetham and Tao (1998)
eported that amylose content had a significantly negative correla-
ion with crystallinity. Wickramasinghe and Noda (2008) analyzed
mylose content, swelling power, pasting properties by Rapid Visco
nalyzer, thermal properties by DSC, and enzymatic digestibility
f starches isolated from 19 different Sri Lankan rice varieties.
heir results showed that amylose content correlated negatively
o the peak and breakdown viscosities and enzyme digestibility,
ut positively to the swelling power and enthalpy. Fredriksson,
ilverio, Andersson, Eliasson, and Åman (1998) suggested that amy-

ose restrained the swelling of starch, and decreased gelatinization
nthalpy. Our results suggested that amylose content played a
ignificant role in reducing crystallinity, gelatinization enthalpy,
welling power, enzyme digestibility, and acid hydrolysis.
tion enthalpy (B), swelling power at 90 ◦C (SP90) (C), hydrolysis rate by AAG (D),
hydrolysis rate by PPA (E), and hydrolysis rate by HCl (F). P < 0.001 for (A)–(F).

4. Conclusion

In conclusion, endosperm starches were isolated from TQ and
TRS kernels harvested at different developmental stages. TQ and
TRS starches showed similar amylose contents and shapes on 3
DAF, then the amylose content increased with kernel develop-
ment. The rate of increase in amylose content was extremely
faster in TRS starches than that in TQ starches at early and mid-
dle developmental stages, which resulted in significantly different
physicochemical properties between TQ and TRS starches after
10 DAF. TRS starches showed heterogeneous granules after 10
DAF. TQ starch crystallinity remained A-type, but TRS starch crys-
tallinity changed from A- to C- via CA-type. TRS starches had lower
crystallinity than TQ starches did. TRS starches showed higher gela-
tinization temperature and lower gelatinization enthalpy at middle

and late developmental stages compared with TQ starches. How-
ever, no significant difference in gelatinization temperature and
enthalpy was  observed in TQ and TRS starches on 3 DAF. TRS and
TQ starch had similar swelling power and hydrolysis rate on 5 DAF,
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ut TRS starches showed lower swelling power and hydrolysis rate
y AAG, PPA, and HCl after 10 DAF. The amylose content had a
ignificantly negative correlation with crystallinity, gelatinization
nthalpy, swelling power, enzyme digestibility, and acid hydrolysis.
hese results would be very useful for the understanding of the for-
ation and structure of starch granule during kernel development

nd for breeding of high-amylose cereal crops.
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