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Amylose content and amylopectin chain length distribution, the two most commonly used structural
parameters of starch, have significant effects on starch retrogradation. In the present work, starches
were separated and purified from 18 rice cultivars. The amylopectin was purified from each starch.
Amylopectin chain length distribution was analyzed by high-performance size-exclusion chromatog-
raphy after debranched using isoamylase. The blue value was used to measure the amylose content
before and after the defatting of starch. The amount of amylose associated with lipid was calculated.
Pulsed nuclear magnetic resonance was used to follow the retrogradation of starch both in cooked
rice grains and in the purified form. The Avrami equation was employed to describe the retrogradation
kinetics of rice starch. To look into the relationship between the starch structure and retrogradation
behavior, the structural parameters were correlated with retrogradation kinetics parameters using
both Pearson and partial correlations. The results indicated the following: first, the retrogradation
behavior of rice starch remains similar in both the purified form and cooked rice grains; second, the
peak value of amylopectin short-chain length has a significant positive relationship with the amylopectin
crystallization rate constant k; third, the amylose content after defatting has a significant positive
relationship with the parameter k and a negative relationship with the Avrami exponent n; and fourth,
the amount of amylose associated with lipid has a negative relationship with the parameter k.
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INTRODUCTION starch components such as proteiis, (15) and lipids (6—20).

Understanding the structurdunction relationship of starch ~ MOst research has focused on the relationships between
is of fundamental importance in both starch application and the rétrogradation-related physical properties and certain chemical
engineering of starch structure by genetic methods and post-Properties of starch systems. Due to the difficulty in preparing
harvest processing. Starch is composed of two types of model starch systems with multiple chemical variables, most
macromolecules, amylose and amylopectin. Amylose is es- Often the data were simply compared; thus, little had been
sentially a lineara-1,4-linked glucan chain of approximately addressed on the effect of the interactions among various starch
1000 residues, whereas amylopectin has numerous branch point§hemical parameters. Hence, some researchers started to inves-
that form bya-1,6 linkages joining linear chains, and it has a tigate the effects of multiple chemical variables on retrogradation
degree of polymerization (DP) up to tens of thousands. After by statistical methodsGj. But a comprehensive study on the
gelatinization, the external chains of amylopectin have the relationship between starch chemical structure and retrogradation
tendency to form double helices that will further aggregate into kinetics has not been reported yet.

crystallites. The recrystallization process of starch, named Ppulsed nuclear magnetic resonance (PNMR) has been used
retrogradation, is the major reason for the deteriorated qualitiesfor studies on the retrogradation of starch and cereal fa2is (

of cereal food during storage. Understanding the relationship 27). In contrast to other methods, PNMR has been shown to be
between starch structure and retrogradation is essential forrapid, reproducible, and nondestructive, which is important in
producing cereal food with extended shelf life. Factors affecting monitoring the retrogradation process of regular cereal food

starch retrogradation include the structure of_ amylopedtin ( products. Thus, we employed PNMR to kinetically monitor the
6), the content of amyloser¢13), and the existence of non- retrogradation process of rice starches.

. ] The Avrami equation has been used to describe polymer
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Avrami equation were used to describe the starch retrogradation PNMR Used To Monitor the Starch Retrogradation. The
kinetics. retrogradation behaviors were analyzed by PNMR (20 MHz, Minispec

PC120, Bruker) equipped with a 10 RTS probe. The size of the test
In Fhe present work, the structural parameters qf starches fromtube was 180 mmc 10 mm. The EDM 110A was used (o measure the
18 rice cultivars were correlated with Avrami parameters

S - . ..., relative solid contentY, %) of each sample. Conditions were magnetic
describing the retrogradation of starches both in the purified temperature 46C, signal attenuation 38, offset 0.135°3flse width

form and in cooked rice grains. Using this approach, we tried of 1.14,s; each sample was scanned nine times. The registered times
to provide more information on the relationship between starch were taken at 11 and 58. The calibration factor was 1.475, determined
chemical structure and retrogradation behavior. by standards with predetermined relative solid content values.

Cooked Rice Grains and Rice Starches Used for Retrogradation
Analysis. For the cooked rice grains, the milled rice with known
moisture content (about 14.5%) and deionized water were added into

Milled Rice, Rice Starch, and Rice Amylopectin.The milled rice the PNMR tubes in ratio of about 1:1.2 to make the moisture content
from different cultivars was collected and kindly provided by the 61.1%. The tubes were sealed and the samples heated by steam under
Chinese Institute of Agriculture (Beijing, China). Most cultivars are normal pressure for 30 min. After heating, the samples were stabilized
of commercial importance. The major morphological difference between at 4 °C for 30 min. S, (initial S of retrogradation monitoring) was
the grains of two types of waxy rice (93-124 waxy rice and common then measured using PNMR. Tig values during the 4C storage
waxy rice) is that the common waxy rice is a medium-grain rice, Were also measured after 1, 2, 3, 4, 5, 7, 9, 11, 12, 14, 16, and 18
whereas the 93-124 is a long-grain rice. The crops for all the samples days. All samples were prepared in duplicate, and the mean values
were harvested and processed in 1998. were used for analysis. _

Rice flour suspensions were prepared from milled rice soaked in 5 For the prep?ratlon of nee st.arch .Sar.“p'es' the sta_rches (m0|s_ture
equiv (w/w) of deionized water using an electric homogenizer until cqntent ab_outGA)) were mixed W'Eh deionized Wat_erto give suspensions
the suspension passed through a 100-mesh sieve. After centrifugationag?eaa?(?éztuiﬁoci?éegt’\ﬁ\;FZ ()tfb/; S Atfﬁzr ;/uobrzeim\?v?e’r(:hgezl::gegf]gnt?]e
the precipitate was dried at 4C until the moisture content was lower . - ' i ' .
than 8%. For rice starch, rice flour was soaked in 5 equiv (wiw) of samples were heated in a boiling water bath for 30 min. After heating,

0.4% NaOH solution at room temperature for 48 h and washed with the samples were stabilized at*c for 39 min. TheSo was then
deionized water repeatedly until the pH reached 7. The starch precipitatemeasured using PNMR. TH values during the 4C storage were

was dried at 40°C until the moisture content was lower than 6%. 5° Teasured after 1'dzr_3vd4' 5| 6. 8, 10(; 15, 13, 15, arlld 18 days. AIId
Amylopectin from rice starch was prepared according to the method ?;n;%:f ;/ivfre prepared in duplicate, and the mean values were use
of Takeda et al.35, 36). For the measurement of moisture content, a A ys E. i In the A . "

sample was first dried at 4TC in an oven for 48 h to remove most of vVrami Equation. in the Avrami equation,

the water, and then it was heated at P@5to constant weight when

MATERIALS AND METHODS

weighed at an interval of 12 h. V=1-expkt")
Amylose Content before and after Defatting.The defatting of
starch was performed according to Takeda et3#).(The blue value Vis defined as the crystallite percentage of the limiting value at storage

of the starch dispersion was used to quantify the amylose content. Thetimet. The parametek is the crystallization rate constant, and in theory
measurement was performed as follows. One hundred milligrams of it is related to the number of nuclei and the crystallite growth rate.
starch sample was dissolved in 10.0 mL of 90% DMSO and then diluted The parameten is the Avrami exponent and relates to the crystallite
to 50.0 mL with deionized water. An aliquot of 2.0 mL was diluted growth mode. Bottk andn can be obtained by linear regression of the
with deionized water to 50.0 mL, and then 1.0 mL of iodine reagent equation

(0.30% b + 3.0% KI) was added. After vortexing, the absorbance at

600 nm was measured. The standard curve was prepared using mixtures In(=In(L—=V)=Ink+nint
of amylopectin isolated from Huwan rice starch and amylose from
potato starch (Sigma, St. Louis, MO). derived from the original Avrami equation. Wh&nis the relative solid

The amylose content of rice starch was described using three content measured by PNMR, can be calculated as
parameters: amylose content before defatting (AM), amylose content
after defatting (AM), and amylose content associated with liphdhM). V= (S, ~ So)/(Skero— So)
AAM is the difference between Aand AM (AAM = AMg — AM).

Amylopectin Chain Length Distribution. The debranching of
amylopectin was carried out as follows. Amylopectin (50 mg) was
dissolved in sodium acetate buffer (5 mL, 0.05 M, pH 3.65). Isoamylase
(20 L, 10 000 units, Sigma) was then added, followed by incubation
at 25°C for 24 h. After incubation, the solution was heated in boiling
water for 5 min to inactivate the enzyme.

The amylopectin chain length distribution was determined by high-
performance size-exclusion chromatography (HPSEC). The HPSEC RESULTS
system comprised a Rheodyne model 7725 sample injector, a Waters
510 pump, a Waters 2410 refractive index detector, a Water 740 data Amylopectin Structure. The chain length distributions of
module, and three columns (TSK gel G2000SWXL, Shodex KW803, amylopectin in two waxy starches (93-124 and common waxy),
sodium acetate buffer (0.05 M, pH 3.65) with a flow rate of 0.8 ML/ 54 gne high amylose starch are showifigure 1. For each

min. The standards used to calibrate the column system included . ; : :
amylose (DP18) (Hayashibara Inc., Okayama, Japan), maltotriose and”ce starch, the chain length at the climax of peak 1, corre

maltoheptaose (Sigma), and dextrag @1 000 and 580 000, Sigma). sponding to long Chams (QF the chaln_ length at the chm_ax
. . N of peak 2, corresponding to short chains §DRnd the ratio
The chromatogram of amylopectin chain length distribution was

described using three parameters: ;[XRe chain length (in degree of between long _and short chainsyf) are Show,n _InTa_lbIe L
polymerization, DP) at the climax of the left peak (peak 1), corre- The amylopectin structure of 93-124 starch is distinctive because

sponding to long chains; BPthe chain length at the climax of the  Of the mU({h wider length distribution of long Chains cc_)mpared
right peak (peak 2), corresponding to short chains; aifiebhe ratio to those in other starches. The amylopectin chain length
between the amounts of long chains and short chains. distributions of other starches are not as distinctive as for

Sy is the initial S of retrogradation monitoringdSgewo is the S at the
end of the storage perio&; is the S at storage time.
Avrami parameters used to describe the retrogradation kinetics are
n; andk; for cooked rice grains, ana andk; for purified rice starches.
Statistical Analysis. Pearson and partial correlations were carried
out using SAS Software version 8.1 (SAS Institute Inc., Cary, NC).
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Table 1. Retrogradation Kinetics and Structural Parameters of Rice Starches in the Purified Form and in Cooked Rice Grains
DP¢ DP,* AMe AMg® AAMf
sample n2 kq® n2 koP (DP) (DP) P1/Pyd (%) (%) (%)
93-124 1.565 0.043 1474 0.027 60.8 154 0.479 00£11 00£0.9 0.0
Dalian 0.964 0.278 0.866 0.242 40.2 15.7 0.217 22116 24814 2.7
Dongfan 0.966 0.304 0.991 0.194 38.6 155 0.224 26.2+0.8 27.0+1.0 0.8
H 783 0.844 0.411 0.864 0.262 40.0 154 0.310 229+11 27.7+0.6 4.8
high amylose 0.551 0.970 0.565 0.868 40.8 18.2 0.243 30.0+19 352+17 5.2
Huwan 1.110 0.187 1.235 0.096 39.2 15.7 0.222 195+13 262%13 6.7
Jingyu 13 1.062 0.216 1.145 0.108 412 16.0 0.242 158+0.7 240x09 8.2
Jingyu 21 1.156 0.135 1.140 0.101 39.3 15.4 0.265 143+0.9 227x11 8.4
Jiran 1.436 0.079 1.450 0.034 40.5 15.4 0.266 11.3+0.8 143+0.9 3.0
Liao 135 0.982 0.300 0.969 0.182 411 16.7 0.278 18.8+1.0 259+09 7.1
Qiuyiu 62 1.029 0.268 1.078 0.131 41.6 16.3 0.248 184+11 262+13 7.8
R 1017 0.909 0.311 1.029 0.168 394 16.6 0.230 206+1.0 30.7+£12 10.1
Tian 305 0.936 0.283 1.067 0.141 40.4 155 0.261 195+0.8 251+11 5.6
common waxy 1.308 0.112 1.761 0.026 40.4 16.2 0.368 00+12 0.0+1.0 0.0
Xiang 228 0.940 0.273 1.323 0.07 39.2 15.3 0.229 199+0.8 265+12 6.6
Yi 947 0.905 0.306 1.116 0.128 414 155 0.258 17.3+£0.9 251+11 7.8
Yuefu 0.970 0.284 1.029 0.159 40.3 15.9 0.252 221+11 27.0+13 49
Zhongzuo 93 0.927 0.325 1.227 0.099 40.4 15.2 0.222 184+1.0 255+11 7.1

ARBITARY D.R.I. VALUE

ARBITARY D.R.I. VALUE

ARBITARY D.R.I. VALUE

a Avrami parameter related to crystallite growth mode of amylopectin in cooked rice grains, ny, and purified rice starch, n,. ® Avrami parameter describing the crystallization
rate constant of amylopectin in cooked rice grains, ki, and purified rice starch, ka. ¢ Chain length (degree of polymerization, DP) at the climax of peak 1, corresponding to
long chains, DPy, and at the climax of peak 2, corresponding to short chains, DP,. 9 Ratio between the amount of long chains and short chains. € Amylose content before
defatting, AM, and after defatting, AMo. The data are expressed as mean +SD. f Content of amylose associated with lipid.
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Figure 1. High-performance size-exclusion chromatography (HPSEC) of
debranched amylopectin dispersions from five rice cultivars. The chro-
matogram profile of each amylopectin can be separated into two peaks,
peak 1 and peak 2. Parameters describing the chain length distribution
include the chain length at the climax of peak 1, corresponding to long
chains, DPy; the chain length at the climax of peak 2, corresponding to
short chains, DP,; and the ratio between the amounts of long chains and
short chains, P1/P,.

integrals since they are statistically averaged values calculated
from the standard curve. Generally, DRanges from 38.6 to
41.6, with one exception for 93-124 (pB0.8). DR ranges
from 15.2 to 18.2, with that of high amylose rice starch being
the highest. PP, ranges from 0.217 to 0.479. The two waxy
rice starches have much higher/M® than the others (93-124,
0.479; common waxy, 0.368).

Amylose Content.The amylose contents of 18 rice starches
before and after defatting are shownTiable 1. Since the long
external chains of amylopectin may contribute to the blue value,
what is shown is the apparent amylose content. Yet the
contribution of amylopectin long external chains to the apparent
amylose content is determined by the standards used in the blue
value measurement. In the current study, the standard for 0%
amylose content was the amylopectin isolated from Huwan rice
starch, which could remove the effect of amylopectin long
external chains on the amylose content determinations for all
starch samples.

The extra-long chains in peak Eigure 1) of the two waxy
starches constitute a portion of amylopectin internal chains and
have no detectable effects on the amylose contents. Thus, both
AM and AMy of two waxy starches were undetectable.

For all nonwaxy starches, the amylose content before defatting
(AM) is lower than that after defatting (Aj). AM and AMg
of high amylose rice starch are 30 and 35.2. Amylose contents
of other rice starches range from 11.3 to 26.2 for AM and from
14.3 to 30.7 for AM.

Content of Amylose Associated with Lipid. A portion of
amylose may form helical complexes with internal lipid in starch
granules and cannot associate with iodine. Thus, the amylose
content indicated by the blue value is affected by the amount
of amylose associated with lipid. Keetels et &0)( reported
the formation of complexes between amylose and lipid surfac-
tants, and that no effect of lipid on the mechanical properties
of waxy maize starch (amylopectin) was observed. Thus, we
considered that the difference between AM and AMAM)
originates, mostly if not exclusively, from the amyledeid
complex and can be used as a proper and convenient index for

93-124 starch, yet the differences between the starches can stilgquantifying the amylose associated with lipid. The value of
be identified inTable 1. DP; and DR are not necessarily

AAM ranges from 0.0% for waxy rice starches to 10.1% for
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Figure 2. Starch retrogradation in cooked rice grains (column A) and purified rice starches (column B) monitored by pulsed nuclear magnetic resonance
(PNMR). The X-axis shows the storage time at 4 °C. The Y-axis shows the relative solid content, S', measured by PNMR.

R 1017 rice starch. It is interesting to note th®AM is not Table 1 shows the values of the Avrami parameteaind k
necessarily related to AMThe high amylose rice starch with  for starch retrogradation in purified rice starches and cooked
an AMj of 35.2% has aAAM of only 5.2%. rice grains. For starches in cooked rice grains, thevalue

Retrogradation Behavior of Rice Starches. Figure Zhows ranges from 0.551 (high amylose) to 1.565 (93-124), and the
the retrogradation behavior of rice starches in cooked rice grainsk; value ranges from 0.043 (93-124) to 0.970 (high amylose).
and in the purified form. For the convenience of comparison, For purified starches, the, value ranges from 0.565 (high
the sample orders of columns A and B are the same. In columnamylose) to 1.474 (93-124), and tkevalue ranges from 0.027
B, it is clearly shown that for the whole storage period, two (93-124) to 0.868 (high amylose). Our result is consistent with
waxy rice starches, 93-124 and common waxy rice starch, hadthe work of Fan and Marks2@), who used DSC analysis and
the lowestS values compared to the other starches, while the reportedn values of 0.63-1.53 andk values of 0.18+0.917
high amylose rice starch had the highé&tvalue. Similar for cooked rice starch and rice flours with amylose contents
phenomena can be observed for the cooked rice grains in columrnranging from 15.1% to 28.4%.

A. For other starches, minor differences exist between the Sand Amylose Content. Figure 3shows the relationship
relative positions of th& curves of purified starch and cooked between initialS (Sg) and amylose content. It is shown that
rice grains. So values of purified rice starch and cooked rice grains are
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Table 2. Pearson Correlation among Parameters Describing the Structure and Retrogradation Kinetics of Rice Starches?
DP; DP, AMg AAM
n ks n; ko (DP) (DP) P1/P; (%) (%)
n 1.000 -0.854** 0.823+b -0.718** 0.566* -0.473* 0.643* -0.874** -0.459
< 1.000 —0.780* 0.956%+ P -0.274 0.721% -0.352 0.656** 0.189
n; 1.000 —0.774* 0.305 —0.482* 0.500* —0.836** —0.344
ko 1.000 —0.164 0.777* -0.237 0.539* 0.0499
DP1 (DP) 1.000 -0.107 0.832* -0.622** -0.412
DP, (DP) 1.000 -0.102 0.311 0.152
P4/P, 1.000 —0.827* —0.565*
AMp (%) 1.000 0.652**
AAM (%) 1.000

*Significant at P < 0.05. **Significant at P < 0.01. 2 Symbols have the same meaning as in Table 1.  Coefficients indicating the relationship between starch retrogradation

behaviors in cooked rice grains and in purified rice starch.
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Figure 3. Relationships between the initial relative solid content S’ (S',
%) and amylose content before (A) and after (B) defatting of starch as
investigated in cooked rice grains (O) and in purified rice starch (x).

positively related to amylose content both before and after
defatting. It was indicated that tH&, and S; values of starch

sample are comprised of the contributions from both amylose
and amylopectin. The contribution from amylose remains

constant during the whole retrogradation process, whereas the

contribution from amylopectin increases during storag®.(

DISCUSSION

Similarity of Retrogradation Behavior between Purified
Starches and Starches in Cooked Rice GrainsPearson

Table 3. Partial Correlation among Parameters Describing Amylopectin
Chain Length Distribution and Retrogradation Kinetics of Rice
Starches?

DP: (DP) DP; (DP) P1/P;
ny 0.064 -0.435 -0.286
ks 0.246 0.763%* b 0.468°
n, —0.567* -0.450 -0.677**
ka 0.289 0.828*+ P 0.468"

*Significant at P < 0.05 *Significant at P < 0.01 2 Symbols have the same
meaning as in Table 1. ® Coefficients discussed in the text.

Partial Correlation Used in Describing the Structure—
Retrogradation Relationship. In starch systems, due to the
effects of other variables, the actual relationship between any
two variables may not be reflected by the original coefficient
obtained from Pearson correlation. In the current study, the
relationships among four retrogradation parametersy,, ki,
andkp, and five structure parameters, DPP,, Pi/P,, AMy,
andAAM, were investigated by partial correlations. Generally,
partial correlation measures the strength of the relationship
between two variables while controlling for the effect of one
or more other variables.

Effect of Amylopectin Structure on Retrogradation Be-
havior. The relationship between retrogradation behavior and
amylopectin structure was investigated while controlling for the
effects of amylose and lipid. Partial correlation was performed
among retrogradation kinetics parametang (, ki, andky)
and parameters describing the amylopectin chain length distri-
bution (DR, DP,, and R/P,) while amylose content after
defatting (AMp) and the content of amylose associated with lipid
(AAM) were controlled. The results ifable 3 indicate that,
when the effects from amylose and lipid are controlled, the
crystallization rate constants of amylopectin in both cooked rice
grains and purified rice starcly and ky, have a significant
positive relationship with the peak value of short chain length,
DP; (coefficients of 0.763 and 0.828, respectively). Gidley and
Bulpin (38) indicated that a minimum chain length of DP10 is
required for the formation of double helices. Since short chains
in peak 2 constitute the major portion of external chains forming

correlation was applied to parameters describing starch structuredouble helices, we consider that a higher value of faRilitates

and retrogradation kinetics. The original coefficients are shown
in Table 2. Because of the effects of other variables, caution
should be taken in explaining the coefficient between a certain
pair of variables. We would not go further than indicating that
the amylopectin crystallization rate constakisand k, are

the formation of double helices and thus results in a higher
retrogradation rate. Positive coefficients also exist betwaén P
P, andk; (0.468) andk; (0.468) when the effects of Apand
AAM are controlled.

Effect of Amylose Content on Retrogradation Behavior.

strongly correlated with each other (coefficient 0.956). The same The coefficients between amylose content after defattingd)AM

is true with n; and n, (coefficient 0.823). Thus, a strong
similarity exists between the retrogradation behavior of rice
starches in cooked rice grains and those in the purified form.

and amylopectin crystallization rate constant in cooked rice
grains and rice starctk{ andk,) are both positive (0.76@® <
0.01, and 0.748P < 0.01) when the effects of amylopectin
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structure (DR, DP,, Pi/P;) and lipid (AAM) are controlled. (5) Lu, S.; Chen, L. N.; Lii, C. YCereal Chem1997, 74, 34—39.

Thus, higher amylose content corresponds to higher retrograda- (6) Fredriksson, H.; Silverio, J.; Andersson, R.; Eliasson, A. C.;

tion rate of amylopectin. This result is consistent with the work Aman, P.Carbohydr. Polym1998 35, 119-134.

of Klucinec and Thompson3Q). They reported that gels of (7) Fan, J.; Marks, B. FCereal Chem1998 75, 153-155.
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