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A new rice mutant Suweon 464 (S-464) derived from a high-quality rice, Ilpumbyeo (IP), revealed a
striking difference in cooking quality from IP. The physicochemical properties of S-464 and IP were
compared. S-464 was unusually high in amylose and fiber contents, had B-type crystallinity of starch,
and had a markedly lower proportion of short chains in the distribution of glucan-chain fractions of
debranched starch as compared with IP. Scanning electron microscopy revealed that starch granules
of S-464 were much smaller in size than those of IP and that many of them were not separated from
amyloplasts. The physicochemical properties of S-464 would contribute to poor gelatinization, lower
swelling power, higher hardness, and less stickiness when cooked. Although S-464 may not be
desirable for cooked rice, the mutant could be an excellent candidate for other processed food products
on the basis of its unusual properties of starch and high fiber, protein, and lipid contents.
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INTRODUCTION

Rice (Oryza satiVaL.) is a staple food for more people than
any other crop species. A major portion of the world population
obtains more than half of their daily dietary calories from rice.
Rice is consumed mostly in the boiled form of whole (milled)
grain. Various factors affecting the quality of rice food products,
including cooked rice, have been studied extensively. Interaction
among starch, protein, and lipid, the main rice grain components,
has been recognized to dictate the quality measures of rice such
as pasting properties, texture, and taste of rice products (1).
Starch structure and protein functionality in rice have been well
documented (2-4).

The per capita consumption of rice has steadily decreased
since the 1980s, presumably due to the increased consumption
of fast food products, which incorporate the use of wheat and
maize. However, the hypoallergenic property of rice and rice
products has received increased interest in Korea. The interest
in rice has led to the development of new rice varieties suitable
for incorporation into various processed “healthy” food products.
A new rice variety, Suweon 464 (S-464), was developed by
mutation breeding viaN-methyl-N-nitrosourea (MNU) treatment
of Ilpumbyeo (IP), a high-quality japonica rice variety (5), at
the National Crop Experiment Station, RDA. However, S-464

has unsuitable properties for traditional cooking due to its high
amylose content and difficulty of gelatinization, but it has
promising qualities from the nutritional point of view such as
a high fiber content.

Recently, a series of studies has been initiated on the com-
parison of various aspects of physicochemical, cytochemical,
and ultrastructural characteristics of IP and S-464 to elucidate
the factors involved in dictating the quality of cooked rice and
to exploit the possible usage of S-464 in other processed food
products. This paper reports significant differences between IP
and S-464 in physicochemical and structural properties of starch
including gelatinization, crystal type, fine structure of starch,
isolated starch granule morphology, and texture of cooked rice.
The detailed information from the new rice mutant should be
useful for various applications of S-464 in the rice food industry.

MATERIALS AND METHODS

Materials. A mutant rice, S-464, and its original variety, IP, were
cultivated in the experiment field of the National Crop Experiment
Station, Suwon, South Korea, in 2001. The milled rice grain was used
to analyze various physicochemical properties of raw and cooked rice.

Starch Isolation. Starch was isolated using a method described by
Hoover and Sosulski (6) involving repeated steeping of rice flour in
0.2% aqueous NaOH. The isolated starch was dried in an oven at room
temperature, ground into powder, and passed through a 100-mesh sieve.

Physicochemical Analyses.Moisture, ash, and crude protein, fat,
and fiber were determined using the standard AOAC methods (7). The
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amylose content was determined using the simplified assay method of
Juliano (8).

X-ray patterns of starch were obtained with copper (nickel foil-
filtered) KR radiation using powder X-ray diffractometry (D 5005,
Germany, Bruker). The operation setting for the diffractometry was
40 kV and 40 mA. The angle of diffraction (2θ) scanned was from 3
to 40°, with 2 s count time. The degree of crystallinity was quantitatively
estimated following the method of Nara and Komiya (9).

The pasting properties of rice flours were measured by AACC
approved method 61-02 (10) with a Rapid Visco-Analyzer (RVA;
Newport Scientific Pty, Ltd., Warriewood, NSW, Australia).

Swelling power and solubility of isolated starches were determined
by heating starch-water slurries in a water bath at temperatures ranging
from 65 to 95°C in 15 °C intervals according to the procedures of
Walter et al. (11). Briefly stated, the 0.5 g starch sample was heated in
30 mL of water at designated temperatures for 30 min. The slurries
were then centrifuged at 8000 rpm for 20 min, and the supernatant
was removed and dried by evaporation at 130°C. The residue obtained
was used for calculating the starch solubility. The swelling power was
determined by measuring the amount of original precipitate from the
centrifugation and calculating the amount of water absorbed by the
starch (percent weight increase) after subtraction of the amount of
solubilized starch (12).

The fine structure of starch, especially amylopectin, was determined
by measuring the length and distribution ofR-1,4-glucan-chain fractions
in debranched starch using a high-performance anion-exchange chro-
matography system equipped with a pulsed amperometric detector
(HPAEC-PAD), a modification of the method described by Nishi et
al. (13). One milliliter of the gelatinized starch was placed in 50µL of
0.6 M sodium acetate (pH 4.4) containing 10µL of 2% NaN3.
Debranching of the starch was achieved by the addition of 0.5µL of
isoamylase fromPseudomonas amyloderamosa(Sigma I2758, 1,250,-
000 units) prior to incubation at 40°C for 24 h. The pH of the hydroxyl
groups was adjusted to 9.0 with an ammonium solution, and 50µL of
sodium borohydride was added to the samples. After standing for 24
h at room temperature, the mixture was freeze-dried, dissolved in 0.05
mL of 1 M NaOH for 1 h, and diluted with 0.45 mL of water. An
aliquot of 25µL of the preparation was injected into a BioLC (system
model DX-300, Dionex, Sunnyvale, CA) equipped with a PAD and
Carbopac PA1 column (Dionex 4× 250 mm, P/N 35391). Eluents A
(0.5 M sodium hydroxide), B (0.5 M sodium acetate), and C (distilled
water) were operated at a flow rate of 1 mL/min. The separation gradient
of eluents was as follows: 0 min, 20% A, 10% B, and 70% C; 0-40
min, linear gradient to 20% A and 80% B.

Scanning Electron Microscopy (SEM).Isolated rice starch powders
were sprayed directly onto aluminum specimen stubs. The specimens
were sputter coated with gold and viewed with a JSM 5410LV (JEOL)
scanning electron microscope at 15 kV.

Granule size distribution of starch was evaluated by a Camscope
video microscope IT system equipped with Kan Scope 3.0 image
acquisition software (Sometech, Korea). Fifty starch granules on each
SEM image were measured per sample, and granule size was expressed
in terms of the diameter of image surface. Diameters of irregular
polygons were averaged.

Texture Analysis of Cooked Rice.Thirty grams of milled rice was
placed into a stainless steel cup (60 mm diameter and 70 mm deep),
and water was added to give a weight ratio of 1:1.25. After 20 min of
soaking at room temperature, containers with water and rice were placed
in an electronic rice cooker (LG Co.) holding∼200 mL of water to
conduct to the cup. The rice in the cup was then steamed for 30 min
in the cooking mode followed by 10 min postcooking (warming)
periods.

Texture profile analysis (TPA) was conducted with a texture analyzer
(TA-XT2, Stable Micro Systems, Godalming U.K.) by placing a single
kernel of cooked rice on the base plate of the analyzer at room
temperature. A two-cycle compression, force-versus-time program was
used with a test speed of 2 mm/s and a rate of 80% strain using a
cylinder plunger having a 20 mm diameter.

Parameters recorded from the test curves were hardness (H),
adhesiveness (A3), cohesiveness (A2/A1), and springiness (D2/D1)
(Figure 1). Gumminess was expressed by multiplying hardness by

cohesiveness values and chewiness by multiplying gumminess by
springiness. Values of standard calculations of curve attributes to TPA
were as described by Bourne (14) and defined by Munoz (15).

Data Analysis. Physicochemical analyses were done in triplicate,
and texture analysis of cooked rice was repeated on 20 replicate
samples. The results are presented as means( standard deviation (SD).
Statistical data were analyzed using the data analysis tool pack of
Microsoft Excel 2000.

RESULTS AND DISCUSSION

Proximate Composition and Amylose Content.S-464
showed higher values than IP in all of the results including
proximate composition and amylose content (Table 1). Amylose
content, one of the most important components characterizing
rice quality, in S-464 was almost twice that in IP. On the basis
of the category classified by the International Rice Research
Institute (IRRI, Manila, Philippines), IP and S-464 should be
classified as low- and high-amylose rices, respectively (16).
Crude fiber, one of the basic components for a number of
processed foods, was also considerably higher in S-464: 0.72%
compared with 0.39% for IP (Table 1). Fiber contents in other
ordinary milled rices have been reported to range from 0.2 to
0.5% (16).

X-ray Diffraction Pattern and Relative Cystallinity of Rice
Starch. As shown inFigure 2, the X-ray diffraction patterns
of isolated starch in IP and S-464 were quite different. Isolated
starch from IP showed a typical A-type of X-ray diffraction
pattern, which is the same as that of most ordinary rice starches
(17). The starch of S-464, however, had a B-type X-ray pattern,
indicating a different starch composition compared with IP as
well as that of other ordinary rices. The relative crystallinity of
S-464 was 21.97%, whereas that of IP was 26.88% (Table 2).
The differences in the X-ray diffraction type and degree of
crystallinity between IP and S-464 reflect the differences in
amylose contents; S-464 contained twice as much amylose as
IP (Table 1), and the ratio of mole percentage of short-chain

Figure 1. Typical curve of texture profile analysis for a kernel of cooked
rice. TPA parameters: H, hardness (g) ) peak force of first compression;
A3, adhesiveness ) area of negative force curve; A2/A1, cohesiveness
) ratio of area under curves A2/A1; D2/D1, springiness ) ratio of D2 to
D1; gumminess ) hardness × cohesiveness; and chewiness ) gummi-
ness × springiness.

Table 1. Proximate Composition and Amylose Content of Milled Rice

variety moisture (%) ash (%) protein (%) lipid (%) fiber (%) amylose (%)

IP 9.85 ± 0.10a 0.37 ± 0.01 6.66 ± 0.16 0.44 ± 0.01 0.39 ± 0.00 18.63 ± 0.67
S-464 11.69 ± 0.92 0.87 ± 0.02 7.61 ± 0.03 1.89 ± 0.03 0.72 ± 0.05 33.96 ± 1.16

a Standard deviation.
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fractions in debranched starch was much richer in IP than in
S-464 (Table 3). Similar results were obtained by Cheetham
and Tao (18), who found that in maize starches the degree of
starch crystallinity decreased with the increase in amylose
content and average chain length in amylopectin and that it was
almost directly proportional to the mole percent of short-chain
fraction, especially that with the degree of polymerization (DP)
ranging from 10 to 13. The low ratio of short chains with 6e
DP e 12 in S-464 apparently decreases crystalline structure.
Imberty et al. (19, 20) have shown that double helices of
A- and B-type starches are packed in a pseudohexagonal array.
The lattices of B-type starches have a large void (channel) in
which 36 water molecules can be accommodated. However, in
A-type starches, the lattices contain a helix in the center of the
molecule rather than a column of water.

Distribution of r-1,4-Glucan-Chain Fractions. Figure 3
shows the distribution of glucan chains shorter than DP 42 in
the debranched rice starches by isoamylase fromP. amylodera-
mosa, determined using the HPAEC. Because the column used
in this system can detect only the glucan chains shorter than
DP 42, most of the branch chains should have been separated
from the amylopectin structure in normal rice starch. There is
a possibility of some glucan branches separated from amylose
molecule, especially from S-464 starch. The proportion of the
short chains in S-464 starch was dramatically lower, although
it has a relatively higher long-chain frequency than IP. The ratio
of fraction a (6e DP e 12) and fraction b1 (13e DP e 24)

was, however, significantly lower in S-464 than in IP, 17.96:
57.55 (Table 3). The peaks in chain length distribution of
amylopectin branches were DP 12 for IP and DP 15 for S-464
(Figure 3). Our results were in agreement with those reported
by Jane et al. (21), which showed that A-type starches had peaks
at shorter chain length (DP 12-14) than B-type starches (DP
14-16) and that A-type starches had larger proportions of short
chains than B-type starches. In addition, Jane et al. (21) reported
that the chain length distribution of amylopectin branches
determined the gelatinization temperature of starch, enthalpy
changes, and pasting properties. The gelatinization temperature
of starch increased with increasing amounts of long-chain
amylopectin fractions. In agreement with Jane et al. (21), our
results showed that S-464, which had a higher proportion of
long-chain debranched amylopectin fractions, had a higher initial
pasting temperature (Table 4) and a higher gelatinization
temperature (76.41°C) than IP (65.27°C, data not shown) as
determined by differential scanning calorimetry (DSC).

Pasting Properties.There were significant differences in
pasting properties between the rice flours and starches (Table
4). Flour and starch components from S-464 had markedly
higher initial pasting temperature, lower viscosities in all
viscogram components, and higher setback viscosity compared
with IP. Furthermore, viscosities of flour and starch of S-464
continued to increase with time, whereas viscosities of flour
and starch of IP decreased over time. Setback viscosity, which
was closely associated with the degree of retrogradation (22),
suggests that the milled rice of S-464 would be slow to gelatinize
during cooking and quick to retrograde after cooking. The
pasting properties of rice starches of IP and S-464 showed
tendencies more similar to those of the flours with higher
viscosities than to those of rice flours. The higher viscosities
noted in the starches compared to flours are most likely the
result of the removal of protein.

Swelling Power and Solubility of Rice Starch.The differ-
ences in swelling power and solubility of the rice starch between
IP and S-464 at different temperatures are shown inTable 5.
Swelling power increased as water temperature increased both
in IP and in S-464. The swelling power ranged from 6.84 to
16.86% in IP and from 3.07 to 9.95% in S-464, indicating that
the S-464 starch had a much lower swelling power throughout
the range of temperatures (65-95 °C) examined compared to
that of the IP starch. According to Hoover et al. (23), rice starch
with a greater swelling power had a weaker bonding force within
the granular interior than starches of lower swelling power. The
enthalpy of gelatinization (∆H) determined by DSC of IP (10.76
J/g) was lower than that of S-464 (11.91 J/g, data not shown),
suggesting that bonding forces within IP starch granules would
be of a lower order of magnitude than that of S-464 starch.
The lower swelling power of S-464 starch may also be related
to its poor gelatinization properties in that the S-464 starch
required a much higher pasting temperature, resulting in a lower
viscosity compared to IP starch (Table 4).

The water solubility of both IP and S-464 starches increased
with an increase in temperature (Table 5). At 65 °C, S-464
starch showed a slightly lower water solubility than IP starch.
However, at temperatures>80 °C, the solubility of S-464 starch
became markedly higher than that of IP starch. The higher water
solubility of S-464 starch at higher temperature may be related
to its unusually higher amylose content (∼15%), which would
have been leached out from starch granules into the water,
especially above the gelatinization temperature.

SEM of Rice Starch. The rice starch granules of IP and
S-464 differed in size and morphology when viewed with SEM

Figure 2. X-ray diffraction patterns of rice starch of IP (A) and S-464
(B).

Table 2. Relative Crystallinity and X-ray Pattern in Rice Starch of IP
and S-464

variety
relative crystallinity (%)

[100Ac/Ac + Aa]a
relative crystallinity

ratiob
crystal
pattern

IP 26.88 ± 0.01 1.00 A
S-464 21.97 ± 0.02 0.82 B

a Ac and Aa are crystalline area and amorphous area, respectively. b Ratio means
relative crystallinity/relative crystallinity of IP.

Table 3. Distributions of Glucan-Chain Fractions in Debranched Rice
Starch of IP and S-464

debranched fractiona (%) IP S-464

a (6 e DP e 12) 33.75 ± 1.18 13.62 ± 0.97
b1 (12 < DP e 24) 58.42 ± 1.75 75.82 ± 2.44
b2 (24 < DP e 36) 6.80 ± 1.39 10.35 ± 0.58
b3 (DP g 37) 0.12 ± 0.02 0.21 ± 0.01
a/b1 57.77 17.96

a Grouping of degree of polymerization (DP) numbers followed that of Hanashiro
et al. (2).
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(Figure 4). Whereas the starch granules of IP were polygonal
with various angles, those of S-464 were partly rounded and
less angular. In addition, individual starch granules of S-464
were mixed with large voluminous, nonangular rounded bodies,
which were often elongated in shape (Figure 4B). On the
basis of their sizes, which were greatly larger than those of
individual starch granules, and general morphology, it is
apparent that they are compound starch granules from which
smaller individual starch granules are separated. Hoshikawa (24)

clearly demonstrated that the compound starch granules of rice,
which had been thought to consist of several amyloplasts, con-
sist of a single amyloplast that contains many individual
starch granules. It is believed, therefore, that the large volumi-
nous bodies mixed with smaller individual granules shown in
Figure 4B represent the morphological entity of amyloplasts
that survived the harsh treatments received during the starch
isolation processes (see Materials and Methods). These amy-
loplasts were covered by a coating, apparently the amyloplast

Figure 3. Distributions of glucan-chain fractions in amylopectin molecules of debranched rice starch of IP (A) and S-464 (B).

Table 4. Pasting Properties of Rice Flour and Isolated Starch of IP and S-464

sample variety initial pasting temp (°C) peak (RVUa) hot (RVU) breakdownb (RVU) final (RVU) setbackc (RVU)

flour IP 69.20 ± 0.12 205.00 ± 18.81 86.00 ± 4.22 119.00 ± 22.00 172.00 ± 5.61 86.00 ± 1.41
S-464 79.80 ± 1.23 55.50 ± 2.10 59.50 ± 2.13 −4.00 ± 0.08 156.50 ± 0.72 97.00 ± 1.41

starch IP 68.85 ± 0.28 273.42 ± 3.53 139.46 ± 1.47 133.96 ± 2.06 233.38 ± 2.06 93.92 ± 0.58
S-464 80.90 ± 0.07 120.54 ± 3.12 101.08 ± 2.35 19.46 ± 0.76 202.54 ± 6.54 101.46 ± 0.47

a Rapid visco analyzer units. b Peak viscosity minus hot viscosity. c Final viscosity minus hot viscosity.

Table 5. Swelling Power and Water Solubility of Starch of IP and S-464

swelling power (g/g) water solubility (%)

variety 65 °C 80 °C 95 °C 65 °C 80 °C 95 °C

IP 6.84 ± 0.11 9.59 ± 0.23 16.86 ± 0.34 0.33 ± 0.06 1.47 ± 0.27 9.80 ± 0.20
S-464 3.07 ± 0.13 6.04 ± 0.43 9.95 ± 1.30 0.13 ± 0.07 5.07 ± 0.61 14.2 ± 2.03

Figure 4. Scanning electron micrographs of starch granules of IP and S-464 at 3000× (scale bar ) 10 µm) (A) from IP [individual starch granules (Sg)
having polygonal shape with various angles are well separated; no amyloplasts (Ap) shown in S-464 in (B) are present] and (B) from S-464 [individual
starch granules (Sg) are much smaller than those of IP shown in (A) and are somewhat rounded in appearance; in addition, a number of amyloplasts
(Ap), which appear as large elongated bodies with smooth surfaces, containing apparently unseparated compound starch granules, are present].

Table 6. Texture Properties of Cooked Rice of IP and S-464

variety hardness (g) adhesiveness springiness cohesiveness gumminess chewiness

IP 1657.68 ± 107.20 22.24 ± 2.60 1.61 ± 0.14 0.34 ± 0.03 561.28 ± 45.72 902.93 ± 45.51
S-464 2425.00 ± 102.48 0.43 ± 0.09 1.55 ± 0.12 0.27 ± 0.02 666.18 ± 63.39 1032.84 ± 97.96
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membrane, which could have prevented the separation of in-
dividual starch granules. Amyloplasts were not observed in IP
(Figure 4A), indicating that the coating (amyloplast membrane)
had been broken completely during starch isolation processes,
freeing entire individual starch granules within them. The mean
size of starch granules in S-464 was about half that of IP,
determined by measuring diameters of randomly selected
granules. The average starch granule diameters of S-464 and
IP were approximately 2.6 and 5.2µm, respectively. The lower
swelling power of S-464 compared to that of IP can be
explained, at least in part, by the fact that many of the starch
granules in S-464 were confined to the amyloplasts, limiting
the entrance of water and consequent absorption (Table 5). The
numbers of amyloplasts containing mature, structurally and
mechanically intact starch granules following starch isolation
is unknown.

Starch granules of S-464, which have physicochemical
properties very different from those of IP, might have tightly
bonded to the amyloplast membranes so as to escape from
morphological and physical disruption during endosperm matu-
ration and isolation from the milled rice.

Texture Analysis of Cooked Rice.Individual cooked rice
grains of S-464 had higher hardness, gumminess, and chewiness
values but lower adhesiveness, springiness, and cohesiveness
values compared to those of IP (Table 6). Higher hardness and
lower stickiness in cooked rice of S-464 might be due to the
higher contents of amylose, fiber, and protein and higher
proportion of long glucan-chain fractions in amylopectin
compared to values obtained from IP. Insolubility of protein
may interrupt moisture absorption and swelling of starch
granules during rice cooking (25,26). An investigation by
Juliano et al. (27) and Reddy et al. (28) confirmed that a positive
correlation existed between the longer exterior amylopectin
chains and the firm, dry, and nonsticky texture of cooked rice.

Conclusions.Milled IP rice, one of the most highly valued,
high-quality rices for cooking in Korea, and its mutant, S-464,
were greatly different in all aspects of physicochemical proper-
ties and the ratio of basic components analyzed. The results
shown in S-464 are similar to biochemical analysis of the
amylose-extender mutant of rice (Oryza satiVaL.), which had
reduced activity of starch-branching enzyme IIb (BE IIb) and
in the proportion of short-chain fractions (13). The starch
structure of S-464 might be altered by genetic modification in
BE IIb, but we need to identify the change of starch-branching
enzyme activity in S-464.

In contrast to IP, the milled grains of S-464 were unsuitable
for ordinary cooking primarily because of the hardness they
retained after cooking. The hardness of S-464 grains remained
even after the cooked grains were destarched with malt treatment
(data not shown). Hardness retention may be attributed to
structural and physicochemical properties of the starch, the major
constituent of the rice grain. The markedly higher contents of
amylose, protein, lipid, and fiber and looser amylopectin
structure of rice grain in S-464 compared to IP may also
contribute to the hardness or other unsuitability of S-464 for
cooking.

Although S-464 rice may not be suitable for standard cooking,
it has many desirable properties for other processed foods or
special industrial products in terms of health or functional utility.

LITERATURE CITED

(1) Zhou, Z.; Robards, K.; Helliwell, S.; Blanchard, C. Composition
and functional properties of rice.Int. J. Food Sci. Technol. 2002,
37, 849-868.

(2) Hanashiro, I.; Abe, J.; Hizukuri, S. A periodic distribution of
the chain length of amylopectin as revealed by high-performance
anion-exchange chromatography.Carbohydr. Res.1996, 283,
151-159.

(3) Tsai, M. L.; Li, C. F.; Lii, C. Y. Effects of granular structures
on the pasting behaviors of starches.Cereal Chem.1988,74,
750-757.

(4) Martin, M.; Fitzgerald, M. A. Protein in rice grains influence
cooking properties.J. Cereal Sci.2002,36, 285-294.

(5) Choi, H. C.; Cho, S. Y.; Kim, Y. G.; Park, N. K.; Kim, K. W.;
Shin, Y. S.; Moon, H. P.; Park, R. K. A high quality, lodging-
tolerant and high-yielding rice cultivar “Ilpumbyeo”.Res. Rep.
RDA (R)1992,34 (2), 1-9.

(6) Hoover, R.; Sosulski, F. Studies on the functional characteristics
and digestibility of starches fromPhaseolusVulgaris Biotypes.
Starch/Staerke1985,37 (6), 181-191.

(7) AOAC. Official Methods of Analysis, 15th ed.; Association of
Official Analytical Chemists: Arlington, VA, 1990.

(8) Juliano, B. O. A simplified assay for milled rice amylose.Cereal
Sci. Today1971,16, 334-340, 360.

(9) Nara, S.; Komiya, T. Studies on the relationship between water-
saturated state and crystallinity by the diffraction method for
moistened potato starch.Starch/Staerke1983,35, 407-410.

(10) American Association of Cereal Chemists. InApproVed Methods
of the AACC, 10th ed.; American Association of Cereal Chem-
ists: St. Paul, MN, 2000; Method 61-02.

(11) Walter, W. M., Jr.; Truong, V. D.; Wiesenborn, D. P.; Carvajal,
P. Rheological and physiological properties of starches from
moist- and dry-type sweetpotatoes.J. Agric. Food Chem. 2000,
48, 2937-2942.

(12) Schosh, T. J. Swelling power and solubility of granular starches.
In Methods in Carbohydrate Chemistry; Whistler, R. L., Ed.;
Academic Press: New York, 1964; Vol. 4, pp 106-108.

(13) Nishi, A.; Nakamura, Y.; Tanaka, N.; Satoh, H. Biochemical
and genetic analysis of the effects ofAmylose-Extendermutation
in rice endosperm.Plant Physiol.2001,127, 459-472.

(14) Bourne, M. C. Principles of objective texture measurement. In
Food Texture and Viscosity: Concept and Measurement; Bourne,
M. C., Ed.; Academic Press: New York, 1982; pp 44-117.

(15) Munoz, A. M. Development and application of texture reference
scales.J. Sensory Stud.1986,1, 55-83.

(16) Juliano, B. O. An International Survey of Methods Used for the
Cooking and Eating Qualities of Milled Rice. InIRRI Research
Paper Series; IRRI: Los Baños, The Philippines, 1982; p 77.

(17) Blanshard, J. M. V. Starch granule structure and function; A
physicochemical approach. InStarch Properties and Potential;
Galliard, T., Ed.; Wiley Press: Chichester, U.K., 1987; pp 16-
54.

(18) Cheetham, N. W. H.; Tao, L. Variation in crystalline type with
amylose content in maize starch granules: an X-ray powder
diffraction study.Carbohydr. Polym.1998,36, 277-284.

(19) Imberty, A.; Perez, S. A revisit to the three-dimensional structure
of B-type starch.Biopolymers1988,27, 1205-1221.

(20) Imberty, A.; Perez, S. Conformational analysis and molecular
modeling of the branching point of amylopectin.Int. J. Macro-
mol. 1989,11, 177-185.

(21) Jane, J.; Chen, Y. Y.; Lee, L. F.; McPherson, A. E.; Wong, K.
S.; Radosavljevic, M.; Kasemsuwan, T. Effects of amylopectin
branch chain length and amylose content on the gelatinization
and pasting properties of starch.Cereal Chem.1999,76, 629-
637.

(22) Mazurs, E. G.; Scoch, T. J.; Kite, F. E. Graphical analysis of
the Brabender viscosity curves of various starches.Cereal Chem.
1957,34, 141-152.

(23) Hoover, R.; Sailaja, Y.; Sosulski, F. W. Characterization of
starches from wild and long grain brown rice.Food Res. Int.
1996,29, 99-107.

(24) Hoshikawa, K. Studies on the development of endosperm in rice.
10. Electron microscopic studies on the development of starch
granules in the endosperm cells.Proc. Crop Sci. Soc. Jpn. 1968,
37, 97-106.

6602 J. Agric. Food Chem., Vol. 51, No. 22, 2003 Kang et al.



(25) Hamarker, B. R.; Griffin, V. K. Changing the viscoelastic
properties of cooked rice through protein disruption.Cereal
Chem.1990,67, 261-264.

(26) Marshall, W. E.; Normand, F. L.; Goynes, W. R. Effects of lipid
and protein removal on starch gelatinization in whole grain milled
rice. Cereal Chem.1990,67, 458-463.

(27) Juliano, B. O.; Villareal, R. M.; Perez, C. M.; Villareal, C. P.;
Takeda, Y.; Hizukuri, S. Varietal differences in properties among
high amylose rice starches.Starch/Staerke1987,39, 390-393.

(28) Reddy, K. R.; Ali, S. Z.; Bhattacharya, K. R. The fine structure
of rice starch amylopectin and its relation to the texture of cooked
rice. Carbohydr. Polym.1993,22, 267-275.

Received for review May 13, 2003. Revised manuscript received August
7, 2003. Accepted August 14, 2003.

JF0344946

Physicochemical Properties of Ilpumbyeo Rice J. Agric. Food Chem., Vol. 51, No. 22, 2003 6603


