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Starches separated from 18 Indian wheat varieties were evaluated to see relationship of granule

size distribution and amylopectin structure with pasting, thermal, and retrogradation properties.

Average diameter of A-, B-, and C-granules among different starches varied between 23.0 and 28.5,

10.0 and 12.0, and 2.3 and 2.7 μm, respectively. Amylopectin chain length distribution varied

significantly, short length chains (DP 6-12) and long length chains (DP >24) ranged between 44.5

and 52.4% and 3.7 and 6.5%, respectively, whereas amylose content ranged between 18.2 and

28.8%. Short length chains of amylopectin had inverse relationship with starch gelatinization

temperatures To, Tp, and Tc. Starches with higher crystallinity had higher enthalpy of gelatinization

and lower swelling power. Paste characteristics were mainly dependent upon granule type and

all pasting parameters except pasting temperature, showed significant positive correlations with

A-granules and negative with the proportion of B- and C-granule.
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INTRODUCTION

Different size and shapes of starch granules build up in the
endosperm during the development of grain. The mature endo-
sperm in wheat consists of two distinct types of starch granules
that are large, disk-shaped, and termed A-granules as well as
small and spherical, termed as B-granules. Bechtel et al. (1) and
Raeker et al. (2) reported for wheat starch having another distinct
class of small C-granules that initiated 21 days after anthesis. The
different granule types show significant differences in chemical
composition and functional properties such as amylose, lipid
content, and gelatinization characteristics (3, 4).

Starch is composed of two glucose polymers, amylose and
amylopectin. Amylopectin with its multiple branched chains of
(1-4)-R-glucans interlinked by (1-6)-R-linkages is usually the
major component of starch, with the essentially unbranched amyl-
ose making up the minor fraction. The molecular architecture of
amylopectin and its molecular arrangement within the granule is

related to the granule size (5). The ratio of long branch chains to
short branch chains affects the shape of the amylopectin mole-
cules,which affects their packingand, in turn, themorphology and
size of the starch granule (6). The functional properties of starch
are affected by amylose content, branched chain-length distribu-
tion of amylopectin (7, 8), phosphate monoester, phospholipid,
and lipids content (9, 10), starch granule size distribution (2, 11),
crystalline structures (12), and granular architecture (13). Inwheat
starches, amylopectin is considered to contribute to water absorp-
tion, swelling, and pasting of starch granules, whereas amylose
and lipids tend to retard these processes (14). Jane and Chen (15)
concluded that the amylopectin chain length distribution and
amylose molecular size produce synergistic effects on the viscosity
of starch pastes. The present study assesses the characteristics
of starches from different Indian wheat varieties with regard
to structural, physicochemical, granule size distribution and
proportion, pasting, thermal, and retrogradation properties. The
objective of our study was to investigate the structural and
physicochemical features that provide diverse functional pro-
perties to wheat and to develop a relationship between these
properties.
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MATERIALS AND METHODS

Materials. Thirteen common wheat varieties (HPW 147, HPW 155,
HPW 184, HPW 42, HPW 89, HS 240, HS 295, HS 420, PBW 343, PBW
502, PBW 509, PBW 527, and VL 616) and five durum varieties (PBW 34,
PDW 215, PDW 233, PDW 274, and PDW 291) were procured from
Palampur University, Himachal Pradesh, and Punjab Agricultural Uni-
versity, Punjab. Grains of each variety were milled by using a Brabender
Quadrumat junior mill (Germany) to obtain wheat flour.

Starch Isolation. Stiff dough was prepared by mixing flour (100 g)
with distilled water (45-55 mL) in a laboratory pin mixer (National Mfg.
Co., Lincoln, NE) for 3 min at slow speed. The dough ball was kept
covered with moist cheesecloth at 30 �C for 1 h. Starch was washed from a
dough ball by kneading by hand under a stream of distilled water over a
sievewithmeshopenings of 70μmfitted over a 2L vessel. The starch slurry
was wet sieved twice through the bolting cloth to remove bran and
endosperm cell-wall impurities. The material retained on the cloth was
discarded. Starch slurry was then centrifuged at 2500g for 10 min. The
upper pigmented layer (tailings) was carefully removed using a small
spatula, mixed with water (20 mL), and decanted from any more starch,
which had settled after 30 min. The starch fraction along with starch from
decanting step was purified by resuspending in distilled water and
centrifugation (16). Four such purification cycles were carried out to
obtain pure starch. The starch was finally dried at 40 �C in a convection
drier. The starch recovery was between 45-48% (flour wt basis).

Morphology of Starch. Scanning electronmicrographs were taken by
a JEOL JSM-6100 scanning electron microscope (JEOL Ltd., Tokyo,
Japan). Starch samples were suspended in ethanol (1%w/w), mounted on
aluminum stub using double-sided sticky tape, and coated with gold/
palladium (60/40). An accelerating potential of 10 kV was used during
micrography.

Particle Size Analysis. Particle size distribution of the starches was
measured by laser scattering on triplicate samples using a Malvern
Mastersizer Hydro QS-MU (Malvern Instruments Ltd., UK). The sample
was added to the sample port until the instrument read∼40%obscuration.
The size distribution was expressed in terms of the volumes of equivalent
spheres. The selected criteria were the percent volume (% vol) of granules
with a diameter lower than 50 μm and the parameters d (0, 1), d (0, 5), and
d (0, 9) expressed in micrometers.

Amylose Content and Amylopectin Chain Length Distribution.
Amylose content of the isolated starcheswas determined by iodine binding
method as described byWilliams et al. (17). The starch sample (20mg, db)
was dispersed in 10mLKOH (0.5M) andmadeup to 100mLwith distilled
water. To an aliquot (10 mL) of the dispersion, 5 mL of HCl (0.1 M) and
0.5 mL of iodine solution (0.1%) were added and made up to 50 mL.
Absorbance was measured at 625 nm. The quantity of amylose was
determined from a standard curve developed using amylose and amylo-
pectin blends. The absorbance was read on three replications per sample
and averaged.

Unit chains of amylopectin between DP 6 and 30 were analyzed by
fluorophore-assisted capillary electrophoresis as described previously (18).
Starch was debranched with isoamylase and labeled with 8-amino-1,3,6-
pyrenetrisulfonic acid (APTS) according to Edwards et al. (19). The
labeled sample was diluted water and electrophoresis was conducted on
an ABI PRISM 3100 genetic analyzer (Applied Biosystems, Foster City,
CA). The POP-6 polymer and 36 cm capillary (Applied Biosystems) were
used. Electrophoresis was performed with a genetic analyzer buffer
(Applied Biosystems) at 15 kV for 2 h, and then data were collected and
analyzed using Genescan 3.7 software (Applied Biosystems). The amylo-
pectin chains were classified into three fractions according to the chain
length, short length chains with degree of polymerization (DP) 6-12,
medium length chains with DP 13-24, and long chains with DP greater
than 24.

Crystalline Structure. X-ray diffractograms of starch samples
(equilibrated at 100% relative humidity, at 25 �C for 24 h) were recorded
using an analytical diffractometer (Pan Analytical, Phillips, Holland), Cu
KR radiation with a wavelength of 0.154 nm operating at 45 kV and 40
mA.XRDdiffractogramswere acquired at 25 �Cover a 2θ range of 4-30�
with a step size of 0.02� and sampling interval of 10 s. Relative crystallinity
was estimated from the ratio of the area of peaks to the total area of a
diffractogram (20).

Swelling Power. Swelling power (g/g) was determined in triplicate
using 2% aqueous suspension (w/w) of starch at 90 �C by the method of
Leach et al. (21). The suspension was stirred at 90 �C for 30 min, cooled,
and centrifuged at 1800g for 10 min. Swelling power was calculated as the
ratio of weight of residue to the weight of starch.

Pasting Properties. Pasting properties of isolatedwheat starcheswere
studied by using a Rapid visco analyzer (Newport Scientific Pty Ltd.,
Warriewood NSW 2102, Australia). Viscosity profiles of starches from
differentwheat varieties were recorded using starch suspensions (3:25w/w;
starch:water). The temperature-time conditions included a heating step
from50 to 95 �Cat 6 �C/min (after an equilibration time of 1min at 50 �C),
a holding phase at 95 �C for 1.5 min, a cooling step from 95 to 50 �C at
6 �C/min, and a holding phase at 50 �C for 2 min. Pasting temperature,
peak viscosity, trough viscosity, breakdown, final viscosity, and setback
were obtained.

Thermal Properties of Starch and Amylose-Lipids (AMLs).
Thermal properties were analyzed using a DSC-822 (Mettler Toledo,
Greifense, Switzerland), equipped with a thermal analysis data station.
Starch sample (3.5 mg, db) was weighed into a 40 μL capacity aluminum
pan (Mettler, ME-27331), and distilled water was added with the help of
Hamilton microsyringe to achieve a starch water suspension containing
70% water (w/w). Pans were sealed and allowed to stand for 1 h at room
temperature before heating in DSC. The analyzer was calibrated using
indium, and an empty aluminum pan was used as reference. Sample pans
were heated at a rate of 10 �C/min from40 to 110 �Cand cooled at the same
rate to 40 �C. The heating and cooling cycles were repeated three times.
Onset temperature (To), peak temperature (Tp), conclusion temperature
(Tc), and enthalpy of gelatinization (ΔHgel) were calculated for endo-
therms and the exotherms using Stare Software for thermal analysis
Ver. 8.10.

Retrogradation Properties. The sample pans were kept at 4 �C for
one week to study retrogradation properties. The pans were heated at a
rate of 10 �C/min from 40-110 �C and cooled at the same rate to 40 �C.
Enthalpy of retrogradation (ΔHret) was calculated for the endotherms and
the exotherms.

Statistical Analysis. The data reported here is an average of dupli-
cate observations except that of amylose and swelling power. Pearson
correlation and analysis of variance (ANOVA) byDuncan’s test (p<0.05)
were conducted using Minitab statistical software (State College, PA).

RESULTS AND DISCUSSION

Granule Characteristics. Scanning electron micrographs re-
vealed the presence of large disk-like or lenticular shaped A-
granules and small, roughly spherical, B- andC-granules in all the
starches (Figure 1). PBW 527 starch showed larger A-granules
and lower proportion of B- and C-granules. HPW 155 starch
showed smaller A-granules and higher proportion of B- and C-
granules (Figure 1A,D). Starches from different wheat varieties
showed significant variation in the size distribution as well as in
the percent volume of the granules (Table 1). To highlight the
differences in starch size distribution and their effects on other
properties, granule size distribution was classified into A- (>15
μm), B- (5-15 μm), and C-granules (<5 μm) by the method of
Bechtel et al. (1). Average diameter of A-, B-, and C-granules
ranged between 23.0 and 28.5 μm, 10.0 and 12.0 μm, and 2.3 and
2.7 μm, respectively. Among all the starches, A-granules had the
highest contribution to the total volume (45.6 to 73.2%), followed
by B- (14.0-37.0%) and C-granules (10.5-17.5%). PBW 527
starch showed the highest proportion of A-granules and the
lowest proportion of B- and C-granules, while HPW 155 starch
showed the lowest proportion of A- and the highest of B- and C-
granules (Figure 2). All the PBW and PDW varieties showed
higher proportion of A-granules and lower proportion of B- and
C-granules compared to that of HPW and HS varieties. The
variation in size and proportion of starch granules may be due to
the difference in genotype (2).
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Structural Properties. Amylose content of starches from dif-
ferent wheat varieties ranged between 18.2% (PBW 509) and
28.8% (VL 616) as shown in Table 2. Hung et al. (22) reported
amylose content of 25.6% for normalwheat starch against 28.0 to
36.9% for high amylose Australian wheat varieties. Amylose
did not show any correlation with the proportion of A-, B-, and

C-granules. However, high amylose content of A- than B-gran-
ules in normal and partial waxy wheat has been reported (23). In
addition, A- and B-granules have also been reported to differ in
ratio of amylose to lipid content (24, 25).

The chain length distribution of amylopectins showed signifi-
cant variation among the starches from different wheat varieties
(Figure 3). Starches from all the varieties exhibited a smooth
polymodal distributionwith the peakmaximaatDP11. Themost
abundant side chains ofDP11 rangedbetween 10.9%and 12.4%,
which were consistent with the results obtained in our earlier
studies (26). PDW 291 showed the lowest (10.9%) and HPW
147 showed the highest (12.4%) proportion of DP 11. The short

Figure 1. Scanning electron micrographs (SEM) of starches separated from different wheat varieties: (A) PBW 527, (B) PDW 291, (C) HS 295, and (D)
HPW 155.

Table 1. Granule Size Distributions (Volume %) of Starches from Different
Wheat Varietiesa

variety

A-type

(>15 μm)
B-type

(5-15 μm)
C-type

(<5 μm)

PBW 343 64.7( 1.14 ef 23.4( 1.05 c 11.8( 0.76 ab

PBW 502 64.9( 2.67 ef 23.8( 0.30 c 11.3( 0.80 ab

PBW 509 71.0( 1.41 gh 17.2( 1.46 a 11.8( 0.76 ab

PBW 527 73.2( 0.34 h 16.4( 1.52 a 10.5( 1.00 a

HPW 42 55.6( 0.66 c 30.2( 1.35 e 14.2( 0.70 c

HPW 89 51.3( 2.21 b 34.3 ( 1.57 fg 14.4( 0.95 c

HPW 147 59.5( 1.54 d 27.6 ( 1.50 d 12.9( 0.92 bc

HPW 155 45.6( 1.06 a 37.0 ( 1.74 g 17.5( 0.89 d

HPW 184 52.5( 1.34 b 32.5( 1.25 f 15.1( 0.89 cd

HS 240 56.4( 1.80 c 29.3( 0.75 e 14.3( 0.94 c

HS 295 59.4( 0.82 d 26.7( 0.91 d 13.9( 1.04 c

HS 420 56.2( 0.58 c 29.5( 1.20 e 14.3( 0.89 c

VL 616 62.6( 1.34 e 24.0( 1.18 c 13.4( 0.95 bc

PBW 34 69.2( 2.57 g 18.7( 0.82 ab 12.1( 0.55 b

PDW 215 70.8( 2.79 gh 17.9( 1.35 ab 11.3( 0.90 ab

PDW 233 66.6( 2.71 f 21.6( 1.89 bc 11.8( 0.37 ab

PDW 274 67.5( 2.75 fg 20.0( 1.21 b 12.5( 0.44 b

PDW 291 73.0( 2.19 h 14.0( 1.51 a 10.6( 0.68 a

aValues are means ( SD. Means with similar letters in a column do not differ
significantly (p > 0.05).

Figure 2. Granule size distribution of starches from different wheat
varieties.



Article J. Agric. Food Chem., Vol. 58, No. 2, 2010 1183

length chains (DP 6-12), medium length chains (DP 13-24), and
long chain (DP>24) proportions ranged between 44.5 and
52.4%, 43.8 and 50.5%, and 3.7 and 6.5%, respectively. In
HPW 147, short length chains were increased while chains of
DP 14-30 were reduced compared to rest of the starches. The
long length chains showed weak positive relationship with the
proportion of A-granules and negative with that of B-and C-
granules. Amylopectin molecules of the A-granule starch consist
of more long chains but lesser short chains while those of B-
granule starch consist of more short chains but lesser long
chains (27).

X-ray Diffractometry. X-ray diffractograms of wheat starches
showed a typical A-type pattern of cereal starch (Figure 4). The
starches showed strong reflections at 2θ=15�, 17�, 18�, and 23�.
HS240,HPW89, andHPW155 showed strongerA-type patterns
with higher peak intensities compared to other starches, indicat-
ing greater crystallinity while HPW 147 and HS 295 showed
weaker peak intensities, indicating lower crystallinity. Percent
relative crystallinity of the starches ranged between 28.2% (HPW
147) and 36.5% (HS 240). An additional peak at 2θ = 20� was
observed in all the starches, corresponding to the presence
of crystalline V-type amylose-lipid complexes (28). The intensity

of amylose-lipid peak was observed to be higher in PBW
527 and PBW 34 starches having full width at half-maximum
(fwhm) of 0.80 and 0.74, respectively, than the other starches
studied.

Swelling Power. Swelling power can be used to assess the extent
of interaction between starch chains, within the amorphous
and crystalline domains of the starch granule. Starches from

Table 2. Physicochemical and Pasting Properties of Starches Separated from Different Wheat Varietiesa

variety

amylose

content

(%)

swelling

power

(g/g)

peak

viscosity

(cP)

trough

viscosity

(cP)

breakdown

viscosity

(cP)

final

viscosity

(cP)

setback

viscosity

(cP)

pasting

temperature

(�C)

PBW 343 23.1( 0.93 bc 14.2( 0.94 a 2552( 44.9 c 2097( 90.7 b 455( 17.8 bc 2865( 93.2 ab 768( 63.3 ab 86.3( 1.13 cd

PBW 502 21.5( 1.64 b 16.6( 1.40 b 2747( 113.0 d 2244( 92.3 c 503( 29.6 c 3083( 139.6 b 839( 50.4 b 85.5( 0.99 c

PBW 509 18.2( 1.61 a 17.6( 1.30 bc 3271( 65.1 gh 2666( 53.0 e 605( 28.1 de 3992( 187.0 de 1326( 52.3 e 83.9( 0.62 b

PBW 527 27.0( 0.86 d 14.4( 0.55 ab 3077( 14.2 fg 2460( 61.1 d 617( 59.7 de 3636( 47.8 cd 1176( 55.3 d 83.9( 0.66 b

HPW 42 23.2( 1.49 bc 24.9 ( 1.11 d 3433( 41.0 h 2842 ( 33.9 f 591( 52.7 d 3976( 195.0 de 1134( 99.7 d 83.8( 0.63 b

HPW 89 19.0( 1.52 a 15.1( 1.67 ab 2838( 122.1 de 2351( 101.1 cd 487( 41.7 c 3292( 103.8 bc 941( 43.2 bc 83.2( 1.00 ab

HPW 147 21.0( 1.37 b 22.4( 1.36 d 2722( 70.3 d 2203( 90.2 bc 519( 38.1 c 3162( 24.9 b 959( 83.5 bc 85.6( 1.30 c

HPW 155 28.0( 1.34 d 13.1( 0.32 a 2264( 52.6 a 1932( 64.6 a 332( 21.6 a 2624( 98.7 a 692( 48.3 a 89.6( 1.01 e

HPW 184 25.7( 0.85 c 13.5( 1.81 a 2420( 61.8 b 1975( 50.5 a 445( 46.3 b 2726( 84.1 a 751( 58.8 a 84.6( 0.65 bc

HS 240 24.5( 1.39 c 20.2 ( 1.54 c 3321( 105.8 h 2662 ( 84.8 e 659( 33.7 e 3759( 76.3 d 1097( 68.9 cd 82.4( 0.93 a

HS 295 20.0( 1.04 ab 21.2( 1.46 cd 2866( 39.4 e 2277( 31.3 c 589( 26.1 d 3297( 188.0 bc 1020( 58.4 c 86.3( 1.16 cd

HS 420 26.8( 1.52 cd 16.8( 1.43 b 2819( 29.2 de 2405( 24.9 d 414( 31.0 b 3386( 132.7 c 981( 71.0 c 86.3( 0.70 cd

VL 616 28.8( 1.25 d 15.6( 1.48 ab 2840( 60.9 de 2344( 50.2 cd 496( 42.6 c 3342( 156.6 bc 998( 69.2 c 87.2( 1.74 d

PBW 34 28.2( 1.46 d 15.8( 1.74 b 3007( 111.7 f 2443( 90.8 d 564( 27.3 d 3890( 93.7 d 1447( 67.4 ef 82.3( 0.86 a

PDW 215 22.4( 0.48 bc 19.7 ( 0.98 c 3258( 128.2 gh 2638 ( 103.8 e 620( 25.3 de 4455 ( 151.4 e 1817( 72.7 g 83.1 ( 1.12 ab

PDW 233 25.0 ( 1.15 c 16.6( 1.39 b 3204 ( 130.3 g 2690( 60.1 e 514 ( 37.1 c 4278( 177.6 e 1588 ( 90.1 f 84.0( 1.26 b

PDW 274 22.7( 0.49 bc 19.0( 1.55 c 3167( 129.0 g 2647( 107.8 e 520( 21.3 c 4320( 181.8 e 1673( 73.0 fg 86.4( 0.75 cd

PDW 291 26.5( 1.32 cd 16.0( 1.08 b 3039( 91.0 f 2301( 68.9 c 738( 22.1 f 3092( 137.0 b 791( 18.9 ab 85.8( 0.48 c

aValues are means ( SD. Means with similar letters in a column do not differ significantly (p > 0.05).

Figure 3. Chain length distribution of amylopectin of starches from
different wheat varieties.

Figure 4. X-ray diffraction patterns of starches from different wheat
varieties.
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different wheat varieties showed swelling power values be-
tween 13.1 g/g (HPW 155) and 24.9 g/g (HPW 42) and
are shown in Table 2. Swelling power was observed to be
dependent upon the amylopectins. A negative correlation of
swelling power with amylose content (r=-0.444, p=0.06) was
observed, which indicated suppression of granules swelling in
the presence of amylose. Swelling behavior of cereal starches
has been reported to be affected by their amylopectin content
wherein amylose contributes as an inhibitor, especially in the
presence of lipids (29). A positive relation between swelling
power and short chains of amylopectin (r=0.506, p e 0.05)
was consistent with the effect of these chains on destabiliza-
tion of lamellar structure and an inverse relationship with long
chains (r=-0.622, pe 0.05) indicated formation of a stronger
crystalline network by these chains within the starch gran-
ules (30). Starches with higher crystallinity showed lower
swelling power. A stronger crystalline structure reduced the
swelling of starch. The differences in the amylose and the lipid
content as well as the granule organization results in the
difference in the swelling behavior of the starches among
different botanical sources or cultivars. The extent of this
interaction is influenced by the amylose to amylopectin ratio
and by the characteristics of amylose and amylopectin in
terms of molecular weight/distribution, degree, and length
of branching and conformation (31).

Paste Characteristics. The RVA profiles of wheat starches
showed a wide diversity among the pasting characteristics
(Figure 5 and Table 2). Peak viscosity ranged between 2264 cP
(HPW 155) and 3433 cP (HPW 42). Peak, trough, and final
viscosity showed significant positive correlations with the
swelling power (r=0.592, 0.579, and 0.468, respectively, p e
0.05). The increase in viscosity with temperature is due to the
removal of water from the exuded amylose by the granules
during swelling. Pasting properties are dependent on the
rigidity of starch granules, which in turn affect the granule
swelling potential (32) and amount of amylose leaching out in
the solution (33). Pasting viscosities (peak, breakdown, final,
and setback) showed significant positive correlations with A-
granules (r=0.519, 0.637, 0.512, and 0.537, respectively, p e
0.05) and negative with B- (r=-0.524, -0.631, -0.550 and
-0.560, respectively, p e 0.05) and C-granules (r=-0.470,
-0.616, respectively, p e 0.05; -0.416 and -0.418, respec-
tively, p e 0.09). A-granules, which are larger in size, would
possess a loose packing ability and occupy a relatively larger
volume compared to B- and C-granules at similar concentra-
tion. Starch rheology is mainly influenced by particle size, and

suspensions of large size particles tend to be more viscous
compared to those of the counterpart smaller size (34). Hence,
starch suspensions with high proportions of A-granules
would be expected to exhibit higher viscosity than starch
suspensions with higher contents of B- and C-granules (35).
Pasting temperature indicates temperature at which the visc-
osity begins to increase during the heating process. HPW 155
starch showed the highest pasting temperature and PBW
34 showed the least. The starches with higher pasting tem-
perature showed lower pasting viscosities, i.e., peak, trough,
breakdown, setback, and final viscosity (r=-0.649, -0.598,
-0.566, -0.485, and -0.569, respectively, p e 0.05). Starches
with higher amylose content showed lower pasting viscosities,
although the correlations were statistically insignificant. A
decrease in peak and final viscosity with increase in amylose
content has been reported (36 ). Setback was positively corre-
lated to peak, trough, and final viscosity (r=0.710, 0.759 and
0.953, respectively, p e 0.005). This suggests that amylose
association is not the only factor responsible for setback.
The structure of amylose and amylopectin has been reported
to play an important role in the pasting properties of
starches. Starches with high molecular weight amylose and
amylopectins had lower amount of long branch chains as
well as lower degree of branching in amylopectins, which
resulted into an increase in peak viscosity and breakdown
while decreasing in setback and final viscosity (37 ). Yuryev
et al. (38) proposed that the increasing amount of amylose
decreased the melting temperature of starch granules by
disrupting crystallinity in the granular structure, causing a
decrease in peak viscosity. Trough viscosity ranged between
1932 cP and 2842 cP among different starches. The breakdown
and setback viscosity ranged between 414 cP and 738 cP
and 751 cP and 1817 cP, respectively, PDW 291 showed the
highest breakdown. Breakdown viscosity showed highly
significant positive relationship with proportion of A-granule
(r=0.637, p e 0.005) and negative with B- and C-granules
(r=-0.656, pe 0.005 and-0.616, pe 0.05, respectively). The
results clearly indicated that the starches with higher A-type
granules were less stable toward the shearing as compared to
those with the higher B- and C-type granules. Setback is the
recovery of the viscosity during cooling of the heated starch
suspension. High setback of the PDW 215 (1817 cP) starch
may be due to the amount and the molecular weight of the
amylose leached from the granules and the remnants of the
gelatinized starch (39). Final viscosity increased upon cooling
may be due to the aggregation of the amylose molecules (40).
Final viscosity varied from 2624 cP (HPW 155) to 4455 cP
(PDW 215). Pasting properties of starch has been reported to
be affected by concentration of starch, amylose, and branch-
ing architecture of amylopectin, the ratio of amylose/amylo-
pectin, and the presence of lipids that can complex with
amylose (14 ). The relationship between granule type and
starch pasting properties suggested that granule size contri-
butes significantly to pasting properties, although additional
physicochemical differences along with amylopectin chain length
distribution may also account for the difference in pasting
properties (41).

Thermal Properties of Starch and AMLs.DSC thermograms of
starches obtained during three successive heating and cooling
cycles are shown in Figures 6 and 7, respectively. All the starches
exhibited distinct biphasic endotherms and an exotherm during
the first cycle of heating and cooling. The first endotherm
indicating melting of starches showed transition temperature
(To,Tp andTc) values ranging between 55.6 and 57.3 �C, 60.6 and
62.1 �C, and 65.3 and 67.5 �C, respectively (Table 3). HPW 89

Figure 5. Pasting profiles of starches separated from different wheat
varieties.
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starch showed the highest To (57.3 �C) and Tp (62.1 �C). High
transition temperatures have been related to high degree of
crystallinity, which provide structural stability and make the
granule more resistant to gelatinization (42). HS 295 starch
showed the lowest Tp (60.6 �C) and Tc (65.3 �C). The gelatiniza-
tion range (Tc - To) was 8.7-10.7 �C for all the starches. The
difference in the transition temperatures among the starches
could be attributed to the difference in the presence of crystalline
regions within a starch granule composed of small crystallites
having slightly different crystal strength (43). An inverse relation-
ship was observed between short length chain amylopectin and
starch gelatinization temperatures with To (r= 0.469, p e 0.05),
Tp (r=0.481, pe 0.05), andTc (r=0.489, pe 0.05). Nakamura
et al. (44) observed increase in onset temperature of gelatiniza-
tion with the decrease in proportion of chains with DP e 10
to those of DP e 24 in amylopectin molecules. Noda et al. (45)
also observed a negative correlation between the amount of
amylopectin short chains (DP 6-12) with To and Tp. Shorts
chains are known to be located on the external part of the
crystalline structure (46). It seems that short chains of amylo-
pectin were unable to form stable double-helical structures
because of their shorter lengths, hence, easily disrupted by the
heat at lower temperature. Medium and long chain amylopectins
showedweak positive relations withTo,Tp, andTc, may be due to
stronger crystalline network formation within starch granules.
Enthalpy (ΔHgel) is an important parameter during gelatinization
for determining the energy input, which reflects primarily the loss
of molecular (double-helical) order (47). HS 420 and HS 240
starches showed higher ΔHgel (10.8 and 10.7 J/g, respectively)

compared to PBW343 andHPW147 starches (8.00 J/g). Starches
with higher ΔHgel showed higher crystallinity and vice versa.
ΔHgel showed significant negative correlation with short length
chains of amylopectin (r = -0.571, p e 0.05) and positive
correlation with medium length chains of amylopectin (r =
0.602, respectively, pe 0.05). Tc also showed similar relationship
with short- (r = -0.489, p e 0.05) and long-chain amylopectins
(r=0.519, p e 0.05). Gidley and Bulpin (48) reported that the
presence of short chains with DP e 10 decreases the stability of
double helix in amylopectin molecules, which lowers the gelati-
nization temperature as well as enthalpy. The variation in Tc and
ΔHgel in starches from different varieties might be due to
differences in amounts of longer chains in amylopectins, which
require a higher temperature to dissociate completely than that
for shorter double helices (49). Endothermic DSC parameters did
not show correlation with amylose content which agrees with the
results, reported earlier (45).

The second endotherm peak characterized as dissociation of
AMLs during the first heating cycle showed values of peak
temperature and enthalpy ranging between 97.7 and 100.7 �C
and 0.5 and 1.6 J/g, respectively (Table 4). The lipids and amylose
form complexes (AMLs) during biosynthesis of native starch as
well as during heating of starch slurries at gelatinization tem-
perature and above. The AMLs have a negative effect on
physicochemical properties of starch, as they reduce water bind-
ing by starch granules and retard granule swelling (50). The starch
with lower and less perfect crystallinity has lower To and
ΔHgel (51).

During cooling, an exotherm indicating reassociation ofAMLs
showed peak temperature ranging between 85.9 �C (PDW 291)
and 88.9 �C (HS 420). ExothermicTp at 86 �Chas been attributed
to the reforming and possible more stable form of AMLs in
wheat starch (52). Enthalpies of AMLs reassociation ranged
between 0.8 and 1.6 J/g (Table 4). PDW 291 starch showed wider
temperature range of dissociation and reassociation of AMLs
compared to starches from other varieties. Exotherm with
To between 85.6 and 87.9 �C for the starches from wheat exposed
to water stress has been observed earlier (53). The starches
with higher amylose content had higher temperature of reasso-
ciation (exotherm). This indicates that more stable amylose-
complexed lipids were generated in the starches with higher
amylose content.

The successive heating and cooling cycles for all the starches
exhibited respective dissociation and reassociation ofAMLsonly.
The peak temperatures corresponding to the AMLs dissociation
increased to higher values ranging between 103.0 and 104.3 �C
during the second heating cycle (Table 5) and between 103.2 and
103.9 �C during the third. The increase in temperature of AML
dissociation during second and third heating cycles may be
attributed to the structural changes among AMLs after each
successive heating cycle. More stable, crystalline polymorphs
dissociate at higher temperatures than amorphous AMLs that
are more susceptible to degeneration (26). The enthalpies
(0.4-0.9 J/g) and temperature range (6.2-8.3 �C) of AML
dissociation range decreased during the second heating cycle
and further during the third. The shape of the endotherms
changed and lower dissociation temperature range indicated
generation of more stable crystalline form of AMLs (54). The
corresponding AML reassociation peak values decreased to
86.1-88.7 �C and 86.1-87.9 �C, respectively, during the second
and third cooling cycle. The results confirmed the amorphous
character of the AMLs formed and the values of dissociation and
reassociation showed that smaller and still smaller fraction of
complexes dissociated and reassociated during the successive
cycle (Figure 8). To, Tp, and Tc of AML dissociation and

Figure 6. DSC thermograms showing endotherms of a starch sample
during repeated heating cycles (1, 2, and 3).

Figure 7. DSC thermograms showing exotherms of a starch sample
during repeated cooling cycles (1, 2, and 3).
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reassociation showed significant positive relationship with the
corresponding values of the successive heating and cooling cycles.

Retrogradation Properties. The retrogradation properties of
starch gels were measured using DSC after seven days of
refrigerated storage. Enthalpy of retrogradation (ΔHret) for the
starches varied between 0.7 J/g for PBW 502 and 3.0 J/g for HS
420 (Table 3).ΔHret provides a quantitativemeasure of the energy
transformation that occurs during the melting of reassociated
amylopectin (55). The higher the ΔHret of a starch, the higher is
the tendency to retrograde. ΔHret is an indication of the unravel-
ing and melting of double helices formed during storage, influ-
enced by the amylopectin unit chain length distribution (56). To

and Tp of retrograded starches ranged between 44.2 and 50.5 �C
and 50.5 and 55.6 �C, respectively. PBW 343 had the lowest Tp,
while VL 616 showed the highest. To, Tp, and Tc showed sig-
nificant negative correlations with A-granules proportion (r=
-0.672, pe 0.005;-0.587 and-0.534, respectively, pe 0.05) and

positive correlationswith those of counterpart B- andC-granules.
In addition, To and Tc of retrograded starches showed significant
negative correlations with final viscosity (r=-0.581 and-0.464,
respectively, p e 0.05) and setback viscosity (r=-0.652 and
-0.581, p e 0.05). Pasting temperature showed positive correla-
tion with To (r = 0.505, p e 0.05). Transition temperatures and
ΔHret of stored starch pastes were significantly lower than the
transition temperatures of gelatinization and ΔHgel of starch
dispersions. Morikawa and Nishinari (57) reported that starch
molecule recrystallization occurs in a less-ordered manner in
stored starch gels than in native starches.

Conclusion. The results of this work bear the importance of
starch size distribution and amylopectin chain length as critical
parameters that significantly affect the rheological properties
of the wheat starch. Amylose did not show any correlation with
the proportion of A-, B-, and C-granules or starch thermal
properties. Short length chain amylopectin showed an inverse

Table 3. Thermal and Retrogradation Properties of Starches Separated from Different Wheat Varietiesa

thermal retrogradation

variety

To
(�C)

Tp
(�C)

Tc
(�C)

ΔHgel
(J/g)

To
(�C)

Tp
(�C)

Tc
(�C)

ΔHret

(J/g)

PBW 343 57.2( 0.44 c 61.6( 0.42 b 66.4( 0.51 b 8.0( 0.34 a 47.8( 0.05 cd 50.5( 0.21 a 57.9( 0.24 bc 2.9( 0.15 c

PBW 502 57.2( 0.24 c 61.6( 0.47 b 66.9( 0.52 bc 8.9( 0.44 b 47.4( 0.30 c 52.8( 0.01 bc 56.9( 0.31 b 0.7( 0.32 a

PBW 509 56.9( 0.32 bc 61.9 ( 0.48 b 67.5( 0.53 c 10.2 ( 0.38 cd 46.4( 0.10 bc 53.1 ( 0.24 c 58.3( 0.32 c 1.6( 0.36 ab

PBW 527 56.8( 0.35 bc 61.8( 0.31 b 66.4( 0.33 b 8.2( 0.36 a 48.2( 0.20 d 53.4( 0.15 cd 57.9( 0.27 bc 0.9( 0.28 a

HPW 42 56.0( 0.12 a 60.9( 0.47 a 66.3( 0.51 b 8.2( 0.42 a 48.0( 0.02 cd 53.9( 0.37 d 59.2( 0.25 cd 1.8( 0.41 b

HPW 89 57.3( 0.48 c 62.1 ( 0.74 b 67.2( 0.50 c 10.4 ( 0.32 cd 47.8( 0.37 cd 53.8 ( 0.20 cd 58.5( 0.16 c 1.7 ( 0.20 b

HPW 147 56.0 ( 0.53 a 61.3( 0.63 bc 65.8 ( 0.67 ab 8.0( 0.23 a 47.8 ( 0.15 cd 53.9( 0.33 d 59.3 ( 0.09 cd 2.1( 0.04 bc

HPW 155 55.6( 0.43 a 60.9 ( 0.38 a 66.3( 0.41 b 8.7( 0.36 b 49.7( 0.10 e 54.4( 0.21 de 58.7( 0.31 c 1.1( 0.26 a

HPW 184 56.2( 0.43 a 61.4( 0.25 b 66.7( 0.27 bc 9.3( 0.51 bc 49.7( 0.31 e 54.9( 0.27 e 59.6( 0.21 d 1.5( 0.31 ab

HS 240 56.7( 0.64 b 61.6( 0.49 b 66.6( 0.53 bc 10.7( 0.44 d 49.7( 0.12 e 54.9( 0.15 e 59.7( 0.33 d 1.6( 0.09 b

HS 295 56.1( 0.51 a 60.6( 0.35 a 65.3( 0.38 a 8.9( 0.35 b 49.5( 0.24 e 54.8( 0.18 de 59.1( 0.26 cd 1.2( 0.32 ab

HS 420 56.1( 0.46 a 61.1( 0.46 bc 65.4( 0.50 a 10.8( 0.32 d 50.5( 0.07 e 52.9( 0.09 c 59.8( 0.27 d 3.0( 0.21 c

VL 616 56.7( 0.47 b 61.6 ( 0.63 b 67.0( 0.69 c 10.2 ( 0.35 cd 50.2( 0.32 e 55.6 ( 0.30 e 60.2( 0.11 d 1.7( 0.24 b

PBW 34 57.2( 0.40 c 61.4( 0.62 b 65.9( 0.66 ab 8.4( 0.33 ab 44.2( 0.24 a 51.3( 0.12 ab 57.7( 0.16 bc 1.4( 0.27 ab

PDW 215 55.9( 0.21 a 60.9( 0.46 a 66.3( 0.50 b 9.8( 0.26 c 44.6( 0.45 a 50.9( 0.35 a 51.7( 0.25 a 1.0( 0.16 a

PDW 233 56.3( 0.45 ab 60.8 ( 0.66 a 66.2( 0.71 b 8.7( 0.35 b 45.5( 0.15 b 51.9( 0.33 b 57.2( 0.40 b 1.2( 0.41 ab

PDW 274 56.5( 0.30 b 61.4( 0.54 b 67.1( 0.59 c 10.1( 0.30 c 47.0( 0.20 c 52.7( 0.19 bc 57.6( 0.26 bc 1.0( 0.35 a

PDW 291 56.6( 0.32 b 61.5( 0.32 b 66.5( 0.34 b 9.2( 0.32 bc 46.3( 0.10 bc 52.4( 0.23 bc 57.2( 0.19 b 1.0( 0.22 a

aValues are means ( SD. Means with similar letters in a column do not differ significantly (p > 0.05).

Table 4. Characteristics of AMLs of the Starches from Different Wheat Varieties during DSC First Cycle of Heating and Coolinga

AML dissociation AML reassociation

variety

To
(�C)

Tp
(�C)

Tc
(�C)

ΔH
(J/g)

To
(�C)

Tp
(�C)

Tc
(�C)

ΔH
(J/g)

PBW 343 92.5( 0.21 bc 99.4( 0.45 b 104.4( 0.70 bc 1.2( 0.09 b 89.2( 0.20 ab 87.7( 0.07 bc 84.8( 0.32 cd -0.9( 0.12 ab

PBW 502 93.4( 0.42 c 99.6 ( 0.25 b 104.6( 0.50 bc 0.9 ( 0.54 bc 89.2( 0.00 ab 87.6 ( 0.15 b 82.7( 0.20 b -0.9 ( 0.26 ab

PBW 509 96.4 ( 0.65 e 99.4( 0.60 b 102.3 ( 0.57 a 1.1( 0.38 b 88.7( 0.31 a 87.1( 0.19 b 84.2( 0.36 c -1.1( 0.25 b

PBW 527 94.8( 0.47 d 100.1( 0.44 bc 104.4( 0.65 bc 0.7( 0.15 a 89.1( 0.24 ab 87.6( 0.27 b 84.5( 0.20 cd -0.8 ( 0.25 a

HPW 42 94.2( 0.72 d 99.9( 0.50 bc 104.1( 0.15 b 0.9( 0.02 bc 89.3( 0.09 b 87.8( 0.34 bc 84.9( 0.10 cd -0.9( 0.21 ab

HPW 89 93.7( 0.44 cd 99.5 ( 0.29 b 104.2( 0.45 bc 0.9 ( 0.32 bc 89.2( 0.31 ab 87.4 ( 0.24 b 83.7( 0.32 bc -1.3 ( 0.20 bc

HPW 147 94.5 ( 0.45 d 99.9( 0.70 bc 104.4 ( 0.10 bc 0.7( 0.23 a 88.9 ( 0.36 ab 87.2( 0.21 b 83.9 ( 0.36 c -0.8( 0.25 a

HPW 155 94.8( 0.59 d 99.7 ( 0.23 bc 103.7( 0.14 b 0.5 ( 0.36 a 89.5( 0.13 b 87.4 ( 0.42 b 83.5( 0.27 bc -1.1 ( 0.15 b

HPW 184 93.9 ( 0.18 cd 100.7( 0.57 c 104.5 ( 0.50 bc 0.8( 0.55 bc 90.0 ( 0.25 bc 88.3( 0.33 c 85.2 ( 0.42 d -1.1( 0.26 b

HS 240 93.6( 0.75 cd 99.5 ( 0.61 b 103.9( 0.50 b 0.8 ( 0.44 bc 89.7( 0.46 b 88.1 ( 0.13 bc 84.5( 0.51 cd -1.0 ( 23 ab

HS 295 93.2( 0.54 c 99.2( 0.70 b 104.3( 0.29 bc 1.1( 0.35 b 89.6( 0.53 b 87.9( 0.12 bc 84.7( 0.63 cd -0.9( 20 ab

HS 420 94.1( 0.71 cd 100.0( 0.25 bc 104.6( 0.70 c 0.7( 0.32 a 90.4( 0.27 c 88.9( 0.25 c 86.3( 0.22 d -0.7 ( 25 a

VL 616 94.4( 0.33 d 99.5( 0.57 b 103.3( 0.23 bc 0.7( 0.13 a 89.3( 0.15 b 87.6( 0.46 b 84.1( 0.10 c -0.8( 12 a

PBW 34 92.7( 0.23 bc 99.0( 0.15 b 104.2( 0.47 bc 1.0( 0.33 b 89.3( 0.18 b 87.8( 0.35 bc 84.0( 0.04 c -1.0 ( 0.06 ab

PDW 215 92.4 ( 0.10 bc 99.0( 0.10 b 103.0 ( 0.31 bc 0.9( 0.26 bc 88.7 ( 0.22 ab 87.1( 0.51 b 83.5 ( 0.37 bc -1.6( 0.25 c

PDW 233 93.7( 0.67 cd 98.9( 0.50 ab 103.8( 0.70 b 0.9( 0.05 bc 88.8( 0.27 ab 87.2( 0.21 b 84.0( 0.41 c -1.2( 0.15 b

PDW 274 91.9( 0.81 b 98.9( 0.36 ab 103.7( 0.50 b 1.1( 0.30 b 88.7( 0.34 ab 86.4( 0.27 a 82.0( 0.24 ab -1.3( 0.36 bc

PDW 291 88.7( 0.46 a 97.7( 0.60 a 103.1( 0.45 bc 1.6( 0.54 c 88.2( 0.41 a 85.9( 0.15 a 81.3( 0.27 a -1.5( 0.10 c

aValues are means ( SD. Means with similar letters in a column do not differ significantly (p > 0.05).
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relationship with starch gelatinization temperatures and enthalpy
while medium and long chain of amylopectin showed weak
positive relations. Pasting properties showed significant positive
correlations with A-granules and negative with B- and C-gran-
ules. Pasting results indicated that the starcheswith higherA-type
granules were less stable toward the shearing compared to those
with the higher B- and C-type granules.
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PDW 291 97.8( 0.24 a 103.4( 0.31 ab 106.0( 0.05 b 0.9( 0.03 b 88.2( 0.25 a 87.0( 0.19 b 81.2( 0.26 a -1.4( 0.22 b

aValues are means ( SD. Means with similar letters in a column do not differ significantly (p > 0.05).

Figure 8. DSC exotherms showing smaller fraction of complexes reasso-
ciated during the successive cooling cycles (1, 2, and 3).
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