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Molecular Structure of Selected Tuber and Root Starches and Effect of
Amylopectin Structure on Their Physical Properties

Abstract
The objectives of this study were to characterize starches isolated from potato, canna, fern, and kudzu, grown
in Hangzhou, China, for potential food and nonfood applications and to gain understandings of the structures
and properties of tuber and root starches. Potato and canna starches with B-type X-ray patterns had larger
proportions of amylopectin (AP) long branch chains (DP g37) than did fern (C-type) and kudzu (CA-type)
starches. The analysis of Naegeli dextrins suggested that fern and kudzu starches had more branch points, R-
(1,6)-D-glycosidic linkages, located within the double-helical crystalline lamella than did the B-type starches.
Dispersed molecular densities of the C- and CA-type APs (11.6-13.5 g/mol/nm3) were significantly larger
than those of the B-type APs (1.4-6.1 g/mol/nm3) in dilute solutions. The larger proportion of the long AP
branch chains in the B-type starch granules resulted in greater gelatinization enthalpy changes (ΔH).
Retrograded kudzu starch, which had the shortest average chain length (DP 25.1), melted at a lower
temperature (37.9 °C) than the others. Higher peak viscosities (550-749 RVU at 8%, dsb) of potato starches
were attributed to the greater concentrations of phosphate monoesters, longer branch chains, and larger
granule sizes compared with other tuber and root starches.
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Molecular Structure of Selected Tuber and Root
Starches and Effect of Amylopectin Structure on

Their Physical Properties
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The objectives of this study were to characterize starches isolated from potato, canna, fern, and
kudzu, grown in Hangzhou, China, for potential food and nonfood applications and to gain
understandings of the structures and properties of tuber and root starches. Potato and canna starches
with B-type X-ray patterns had larger proportions of amylopectin (AP) long branch chains (DP g37)
than did fern (C-type) and kudzu (CA-type) starches. The analysis of Naegeli dextrins suggested that
fern and kudzu starches had more branch points, R-(1,6)-D-glycosidic linkages, located within the
double-helical crystalline lamella than did the B-type starches. Dispersed molecular densities of the
C- and CA-type APs (11.6-13.5 g/mol/nm3) were significantly larger than those of the B-type APs
(1.4-6.1 g/mol/nm3) in dilute solutions. The larger proportion of the long AP branch chains in the
B-type starch granules resulted in greater gelatinization enthalpy changes (∆H). Retrograded kudzu
starch, which had the shortest average chain length (DP 25.1), melted at a lower temperature (37.9
°C) than the others. Higher peak viscosities (550-749 RVU at 8%, dsb) of potato starches were
attributed to the greater concentrations of phosphate monoesters, longer branch chains, and larger
granule sizes compared with other tuber and root starches.

KEYWORDS: Amylose; amylopectin; molecular weight; dispersed molecular density; gelatinization;

retrogradation; pasting

INTRODUCTION

Starch consists of two polysaccharides, primarily linear
amylose (AM) and branched amylopectin (AP). AMs are
relatively small molecules with a few branches, whereas APs
are highly branched large molecules with molecular weights of
107-109 g/mol (1). APs consist of linear chains of R-(1,4)-D-
glucose units branched by R-(1,6)-D-glycosidic linkages (2).
Depending on the botanical source, the AM/AP ratio varies,
and this affects the starch properties (3). Branch chain lengths
of AP and molecular sizes of AM control the viscosity of starch
paste (4). Ong and Blanshard (5) reported that AP structure and
AM content affected the texture of cooked rice. Takeda et al.
(6) showed that the long AP chains, mimicking AM, were
responsible for the texture of indica rice.

Normal starches have been reported to contain 20-36% of
AM (7). The values of AM content reported in the literature

are mostly apparent AM contents, which were determined using
iodine affinity (IA). Because long branch chains of AP can also
form helical complexes with iodine, Kasemsuwan et al. (8) and
Jane et al. (3) reported that the long chains of AP in the starch
resulted in a greater iodine affinity and thus a higher apparent
amylose content of starch. AP is the major component of normal
starches, and the branch chain length distribution of AP is a
characteristic of its botanical source. Hizukuri et al. (9) related
the AP chain length to the polymorph of starch. It has also been
shown that the growth conditions of the plant and lipid contents
affect the polymorphism (9, 10). Different unit cells of packing
AP double-helical branch chains give distinct A- and B-type
X-ray diffraction patterns (11). The C-type is a mixture of the
A- and B-type patterns (12). The APs of the A-type polymorphic
starch have shorter average chain lengths and larger proportions
of short chains (DP 6-12); those of the B-type polymorphic
starch have longer average chain lengths and smaller proportions
of short chains. APs of the C-type starch have intermediate
average branch chain lengths and larger proportions of both short
(DP 6-12) and long (DP g37) chains (3, 9, 13, 14). Starches
with smaller proportions of long branch chains display lower
gelatinization temperatures, less enthalpy changes (3, 4, 15, 16),
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† Sejong University.
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and slower retrogradation rates (3, 17). Ong and Blanshard (5)
reported that the texture of cooked rice was critically controlled
by the proportions of the longest (DP 92-98) and short (DP
g25) AP branch chains.

Numerous studies have been conducted to analyze the
structures and properties of cereal starches. Knowledge of the
structures and properties of root and tuber starches, however,
is relatively limited. In this study selected root and tuber starches
(potato, canna, fern, and kudzu) grown in Hangzhou, China,
were characterized for their potential food and nonfood ap-
plications. Structural features of these starches, such as the
branch chain length distribution and molecular weight of the
AP, were studied and compared to gain more understanding of
the effects of AP structures on the gelatinization, pasting, and
retrogradation properties of tuber and root starches.

MATERIALS AND METHODS

Starches and Other Materials. Tuber (three different native potato
varieties, I, II, and III) and root (canna, fern, and kudzu) starches were
grown in Hangzhou, China. Isoamylase (EC 3.2.1.68) from Pseudomo-
nas amyloderamosa was purchased from Hayashibara Biochemical
Laboratories Inc. (Okayama, Japan).

Morphology of Starch. The morphology of starch was determined
using scanning electron microscopy. Starch granules were mounted on
brass disks with double-sided sticky tape, coated with gold/palladium
(60/40), and observed using a scanning electron microscope (JEOL
model 1850, Tokyo, Japan).

Crystalline Structure of Starch. Starch samples were equilibrated
in a relative humidity chamber (RH 100%) at 25 °C for 24 h. X-ray
diffraction patterns were obtained using nickel-filtered, Cu KR radiation
with a Siemens D-500 diffractometer (Madison, WI). Starches were
scanned from 4° to 37° with a 0.05° step size and count time of 2 s.

Iodine Affinity and Amylose Content. Iodine affinities (IAs) of
defatted whole starches and isolated amylopectins were determined
using a potentiometric autotitrator with Meterodata recording software
(702 SM Titrino, Brinkman Instrument, Westbury, NY). Apparent and
absolute amylose contents were determined using the methods of
Schoch (18) and Kasemsuwan et al. (8), respectively. Fractionation of
starch into AM and AP was carried out following the procedures
of Schoch (19) and Jane and Chen (4). Apparent AM content was
calculated as Capp ) 100 × IAS/20%, and absolute AM content was
calculated using the following equation.

Cabs ) 100 × (IAS - IAAP+IC)/(20%- IAAP+IC) (1)

Capp, Cabs, IAS, and IAAP+IC represent the percentage of apparent AM
content, absolute AM content, iodine affinity of starch, and iodine

Figure 1. Scanning electron micrographs of the tuber and root starches: (A) potato I; (B) potato II; (C) potato III; (D) canna; (E) fern; (F) kudzu (scale
bar ) 10 µm).
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affinity of a mixture of AP and intermediate component (IC),
respectively. The intermediate component is starch molecules that have
branched structures resembling AP but smaller molecular weight, similar
to AM. The IA of isolated amylose was 20%.

Molecular Weight Distribution of Starch by Gel Permeation
Chromatography (GPC). Sample preparation and GPC analysis were
carried out following the method described previously (20). Separation
using a Sepharose CL-2B gel (Pharmacia Inc., Piscataway, NJ) column
was achieved with an eluent containing 10 mM NaOH and 50 mM
NaCl with a flow rate of 30 mL/h. Fractions were collected, and the

total carbohydrate (CHO) contents and blue values (BV) were
determined using an ultra microplate reader (Bio-Tek Instruments Inc.,
Winooski, VT) following the procedures of Dubois et al. (21), Fox
and Robyt (22), and Jane and Chen (4), with some modifications.

Absolute Molecular Weight of AP by HPSEC-MALLS-RI
System. Instrumental details and the method of data analysis for
determining the molecular weight of AP were reported previously in
Yoo and Jane (1). Briefly, high-performance size exclusion chromato-
graphic (HPSEC) analysis combined with multiangle laser-light scat-
tering (MALLS; Dawn DSP-F, Wyatt Technology Corp., Santa Barbara,
CA) and refractive index (RI; HP 1047A, Hewlett-Packard, Valley
Forge, PA) detectors was applied for this purpose. Shodex OH pak
KB-G guard and KB-806 and KB-804 analytical columns (Showa
Denko K.K., Tokyo, Japan) were used to obtain the AP molecular
weight distribution. The mobile phase was distilled-deionized water
(18.2 MΩ cm), and the flow rate was 0.7 mL/min.

Data obtained from MALLS and RI detectors were analyzed using
Astra software (version 4.7.07, Wyatt Technology Corp.). The second-
order Berry method was used in this study for curve fitting of laser-
light scattering signals from multiangle detectors.

Branch Chain Length Distribution of AP. Isolated APs were
debranched using isoamylase according to the procedure of Jane and
Chen (4), and branch chain length distributions were obtained by using
a high-performance anion exchange chromatograph with a postcolumn
amyloglucosidase reactor and a pulsed amperometric detector (HPAEC-
ENZ-PAD) (23). The separation of samples was carried out using a
PA-100 anion exchange analytical column and a PA-100 guard column
(Dionex, Sunnyvale, CA). The mobile phase used for separation
consisted of eluent A (100 mM NaOH) and eluent B (100 mM NaOH
and 300 mM NaNO3) with a flow rate of 0.5 mL/min. The separation
gradient was programmed as follows: 0-5 min, 99% A and 1% B;
5-30 min, linear gradient to 8% B; 30-150 min, linear gradient to
30% B; 150-200 min, linear gradient to 45% B.

Naegeli Dextrins Prepared by Acid Hydrolysis of Starch. Naegeli
dextrins of starches were prepared by hydrolyzing granular starch with
a H2SO4 solution (15.3%, v/v) at 40 °C for 12 days, following the
procedure of Jane et al. (24). HPAEC-ENZ-PAD chromatograms of
Naegeli dextrins (12-day hydrolysis) were obtained following the
procedure stated earlier.

Thermal Properties of Starch. Thermal properties of starches were
determined using a differential scanning calorimeter equipped with an
Intracooler II system and Pyris thermal analysis software (DSC-7,
Perkin-Elmer Corp., Norwalk, CT). Starch (2 mg) and water (6 µL)
were sealed in an aluminum pan and equilibrated at room temperature
for 2 h. The sample was scanned from 25 to 100 °C at a heating rate
of 10 °C/min using an empty pan as the reference. The analysis of
retrograded starch was carried out following the same method after
gelatinized samples had been stored at 4 °C for 7 days.

Phosphorus Contents of Starch. Phosphorus contents of starches
were determined by using a colorimetric chemical method (25).

Pasting Properties. Pasting profiles of starches were obtained using
an RVA-4 Rapid Visco-Analyzer (Newport Scientific Pty. Ltd.,
Warriewood, NSW, Australia). Starch suspensions (8%, dsb) were
equilibrated at 50 °C for 1 min at a stirring rate of 160 rpm, heated to
95 °C at a rate of 6 °C/min, held at 95 °C for 5 min, and cooled to 50
°C at a rate of 6 °C/min. The sample was stirred at 160 rpm throughout
the analysis.

RESULTS AND DISCUSSION

Scanning electron micrographs of root and tuber starches
displayed unique granular shapes and sizes depending on
botanical sources (Figure 1). Starches from all three potato
varieties showed oval and spherical granules with smooth
surfaces, and the granule size was in the range of 10-100 µm.
Potato I (Figure 1A) had a larger population of small granules
than the other two potato starches (Figure 1B,C). Canna starch
(Figure 1D) had ellipsoidal, oval, and spherical granules with
diameters of 30-110 µm, which made canna starch the largest
known starch granules (26). The morphology of potato and

Figure 2. X-ray diffraction patterns of the tuber and root starches.

Table 1. Iodine Affinities and Amylose Contents of the Tuber and Root
Starches

iodine affinitya (%) amylose contentb (%)

source starch amylopectin apparentc absoluted

potato I 7.5 ( 0.4 4.4 ( 0.3 37.5 ( 0.6 19.9 ( 0.5
potato II 7.0 ( 0.3 4.5 ( 0.2 35.0 ( 0.5 16.1 ( 0.4
potato III 6.4 ( 0.3 3.9 ( 0.4 32.1 ( 0.2 15.5 ( 0.3
canna 5.5 ( 0.1 1.8 ( 0.6 25.4 ( 0.6 20.3 ( 0.7
fern 5.0 ( 0.1 0.7 ( 0.2 24.9 ( 0.4 22.3 ( 0.5
kudzu 3.9 ( 0.1 0.3 ( 0.1 19.6 ( 0.2 18.3 ( 0.6

a Calculated, using the equation % iodine affinity ) [mg of bound iodine at
zero intercept/mg of sample weight (dsb)] × 100, from triplicate measurements;
( standard deviations. b Iodine affinity of pure amylose was 20% to calculate
amylose content in starches. c Determined as Capp ) (IAS/20%) × 100 where
Capp is the percentage of apparent amylose content and IAS ) iodine affinity of
whole defatted starch. d Determined as Cabs ) 100 × (IAS - IAAP+IC)/(20% -
IAAP+IC), where Cabs is the percentage of absolute amylose content and IAAP+IC is
the iodine affinity of amylopectin and intermediate component.

Table 2. Molecular Characteristics of the Tuber and Root Amylopectins

source X-ray pattern MW
a (×108) Rz

b (nm) Fc (g/mol/nm3)

potato I B 1.66 ( 0.17 379.7 ( 76.0 3.02
potato II B 1.18 ( 0.38 358.3 ( 76.2 2.56
potato III B 0.87 ( 0.19 242.5 ( 30.7 6.07
canna B 0.20 ( 0.10 247.2 ( 12.8 1.38
fern C 2.63 ( 0.00 283.3 ( 29.3 11.55
kudzu CA 2.05 ( 0.02 247.6 ( 13.2 13.48

a Weight-average molecular weight. b z-average radius of gyration. c Dispersed
molecular density (F) ) MW/Rz

3.
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canna starch granules was in agreement with that reported in
the literature (26). A few granules of canna starch displayed
tiny pinholes (Figure 1D), which were attributed to a result of
enzyme hydrolysis. Fern starch (Figure 1E) displayed rod- and
irregular-shaped granules with smaller sizes (3-30 µm). Kudzu
starch (Figure 1F) had much smaller granules (3-15 µm) with
polygonal and spherical shapes. The shape and the size of the
kudzu starch resembled those of winter squash starch (27).

X-ray diffraction patterns of the starches are shown in Figure
2. Potato I, II, and III and canna starches showed typical B-type
X-ray patterns with strong peak intensities. Fern starch showed
a C-type pattern, whereas kudzu starch showed a CA pattern,
which was closer to the A-pattern than the B-pattern.

Iodine affinities and amylose (AM) contents of defatted
starches are given in Table 1. Among potato starches, potato I
showed the largest apparent (37.5%) and absolute (19.9%) AM

contents, and potato III showed the least: 32.1 and 15.5%,
respectively. It is known that B-type starches have APs with
more long branch chains. These chains also form helical
complexes with iodine and give overestimated AM contents.
The substantially larger apparent AM contents by iodine affinity
of the potato starches were attributed to their large proportions
of long branch chains. For example, the absolute AM con-
tent of the fern starch was larger than that of all of the potato
starches, even though the iodine affinity of the fern starch (5.0%)
was smaller than those of potato starches (6.4-7.5%). The fern
starch, with a C-type polymorph, had the largest absolute AM
content (22.3%) because of its short AP branch chains and low
iodine affinity of AP (0.7%). Kudzu, with a CA-type polymorph,
had the smallest iodine affinity of AP (0.3%), resulting from
its very short branch chains and the lowest apparent AM content
(19.6%).

Figure 3. Gel permeation chromatograms of the tuber and root starches using a Sepharose CL-2B column. CHO, total carbohydrate content determined
by phenol-sulfuric acid method; BV, blue value determined by iodine absorption at 640 nm.

Table 3. Branch Chain Length Distributions of the Tuber and Root Amylopectins

peak DP % distribution of DPs

source I II av chain length (DP) 6-12 13-24 25-36 g37 highest detectable DP

potato I 14 49 30.7 ( 0.8 12.8 ( 0.8 38.6 ( 0.4 13.6 ( 0.8 34.8 ( 0.8 85
potato II 14 49 31.3 ( 0.7 10.6 ( 0.5 39.5 ( 0.6 15.1 ( 0.9 34.6 ( 0.5 85
potato III 14 49 30.5 ( 0.8 11.2 ( 0.7 40.1 ( 0.7 15.4 ( 0.9 33.3 ( 0.6 82
canna 14 48 28.5 ( 0.5 13.1 ( 0.8 43.9 ( 0.5 13.7 ( 0.6 29.3 ( 0.2 83
fern 13 46 27.4 ( 0.8 16.5 ( 0.2 41.8 ( 0.9 13.0 ( 0.3 28.6 ( 0.4 75
kudzu 12 46 25.1 ( 0.7 18.3 ( 0.8 46.2 ( 0.2 12.9 ( 0.7 22.5 ( 0.7 75

Structure-Function Relationship of Tuber and Root Starches J. Agric. Food Chem., Vol. 57, No. 4, 2009 1559
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Molecular weight distributions of the starches obtained by
GPC displayed two distinct peaks representing AP (the first
peak) and AM (the second peak) (Figure 3). These results
reflected a discrepancy between the apparent and absolute AM
contents of starches. All three potato starches showed substan-
tially larger blue values for their AP peaks than other starches,
which indicated the formation of an iodine complex with longer
AP branch chains. These results were consistent with the large
iodine affinity for potato AP shown in Table 1. Kudzu and fern
starches showed smaller blue values of AP peaks, indicating
shorter AP branch chains.

Weight-average molecular weights (Mw) and z-average radii
of gyration (Rz) of the APs of root and tuber starches are shown
in Table 2. The results showed that Mw values of potato APs
were (0.87-1.66) × 108 g/mol. Fern AP of a C-type starch
displayed the largest Mw (2.63 × 108 g/mol) of all the starches,
whereas canna AP (B-type) had the smallest Mw (2.04 × 107

g/mol). The Rz values of APs were in the range of 242.5-379.7
nm. The dispersed molecular densities of the C- and CA-type
APs (11.6-13.5 g/mol/nm3) were larger than those of the B-type
APs (1.4-6.1 g/mol/nm3). These results were consistent with
previous results in that dispersed molecular densities of B-type
APs (2.9-5.3 g/mol/nm3) were smaller than those of the A-type
APs (7.2-16.1 g/mol/nm3) (1). The C-type polymorph of starch
has been proposed to be a mixture of the A- and B-types (28, 29).
Bogracheva et al. reported that pea starch granules of a C-type
polymorph consisted of B-type polymorphs in the center of the
granule surrounded by the A-type polymorphs (30). The results
obtained from this study showed that the AP of the C-type
polymorphic starch had a mixed branch structure of the A- and
B-type polymorphic starches.

Branch chain length distribution resulting from the debranch-
ing of APs is shown in Figure 4 and summarized in Table 3.
All potato APs showed their first chain length peak at DP 14
and the second peak at DP 49. Canna, fern, and kudzu had the
first peak at DP 14, 13, and 12 and the second peak at DP 48,
46, and 46, respectively. A valley at DP 8 that is characteristic
of potato APs, and some other root starches (14, 31), was
observed in all chromatograms except for canna. Fern AP had
a larger proportion of DP 7 than of DP 6, but the valley was at
DP 8. B-type starches are known to have lower percentages of
short chains (DP 6-12) and more long chains (DPg37) (3, 9, 14).
Potato I, II, and III and canna, which showed the B-type X-ray
patterns, had 10.6-12.8% short chains (DP 6-12) and
29.3-34.8% long chains (DP g37) (Table 3). Fern and kudzu
APs had more short chains (DP 6-12) (15.6 and 18.3%,
respectively) than did the B-type starches, but fewer than did
most A-type starches (3). Potato APs had average chain lengths
in the range of DP 30.5-31.3, and that of canna was DP 28.5.
The longest detectable chains of the B-type starches (potato I,
II, and III and canna) were in the range of DP 82-85, whereas
both kudzu (CA-pattern) and fern (C-pattern) had DP 75. Of
these starches, kudzu AP had the smallest average chain length
(DP 25.1), the largest proportion (18.3%) of short chains (DP
6-12), and the smallest proportion (22.5%) of long chains (DP
g37) of the other APs. Takeda et al. (32) reported that APs
with higher iodine affinities had a larger proportion of long
branch chains and a smaller proportion of short chains than APs
with low iodine affinities. The higher iodine affinities of the
potato APs and the lower iodine affinities of fern and kudzu
APs are clearly explained by their branch chain length
distributions.

Figure 4. Chain length distributions of isoamylase-debranched tuber and root amylopectins.

1560 J. Agric. Food Chem., Vol. 57, No. 4, 2009 Yoo et al.
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Naegeli dextrins of starches were prepared by acid hydrolysis
at 40 °C for 12 days. The chain-length profiles of the Naegeli
dextrins displayed the first major peaks of linear chains followed
by the second peaks of singly branched chains (Figure 5). Potato

I, II, and III, canna, fern, and kudzu had their first chain-length
peaks at DP 14, 15, 15, 15, 14, and 13, respectively. Naegeli
dextrins of the C- and CA-type starches had more prominent
second peaks than the B-type starches, indicating that there was
a substantial amount of singly branched molecules remaining
in the former. It has been proposed that short branch chains of
the C- and A-type starch APs have branch linkages located
within the double-helical crystalline lamella and are protected
from acid hydrolysis (24), whereas the B-type starch APs have
fewer branch linkages, and most of the linkages are located in
the amorphous region and are easily hydrolyzed by acid (24).
After an isoamylase debranching reaction, the second peak,
consisting of singly branched molecules, disappeared, with the
linear chain peak becoming larger (Figure 6).

Thermal properties of the root and tuber starches were
analyzed using differential scanning calorimetry (DSC). The
onset gelatinization temperatures (To) of all the starches were
in a range of 60.7-63.3 °C (Table 4). Potato and canna starches
showed larger gelatinization enthalpy changes (∆H) of 19.0-19.5
J/g because of their long branch chains involved in the
crystallite. Larger proportions of long branch chains in potato
APs led to an increase in the size of crystalline lamella, which
contributed to the larger ∆H values of potato starches. Canna
starch displayed To and ∆H values very similar to those of potato
starches and also contained a fairly large proportion of long
branch chains. Kudzu starch showed a slightly higher To of 63.3
°C and the lowest ∆H of 14.4 J/g among the starches analyzed.
It is plausible that the larger proportion (18.3%) of short chains
of DP 6-12 and comparatively smaller proportion (22.5%) of
long branch chains in kudzu AP resulted in a lower gelatinization

Figure 5. High-performance anion exchange chromatograms of Naegeli dextrins obtained after 12 days of acid hydrolysis.

Table 4. Gelatinization Properties of the Tuber and Root Starches

gelatinization temperaturesa (°C)

source To Tp Tc ∆Hb (J/g)

potato I 62.1 ( 0.1 65.8 ( 0.3 70.4 ( 0.4 19.5 ( 0.4
potato II 62.3 ( 0.4 65.8 ( 0.1 71.7 ( 0.2 19.5 ( 0.1
potato III 62.9 ( 0.2 67.7 ( 0.7 73.3 ( 0.3 19.0 ( 0.5
canna 62.7 ( 0.1 67.7 ( 0.1 72.9 ( 0.2 19.1 ( 0.1
fern 60.7 ( 0.2 65.8 ( 0.4 72.4 ( 0.5 16.3 ( 0.4
kudzu 63.3 ( 0.6 71.3 ( 0.1 76.8 ( 0.4 14.4 ( 0.3

a To, Tp, and Tc represent onset, peak, and conclusion temperatures of
gelatinization endotherms. b ∆H stands for enthalpy change during starch
gelatinization. Values are averages of triplicate measurements.

Table 5. Properties of the Retrograded Tuber and Root Starchesa

source To (°C) Tp (°C) Tc (°C) ∆Hb (J/g) % Rc

potato I 40.5 ( 0.6 55.1 ( 0.8 66.3 ( 0.4 8.1 ( 0.5 41.5
potato II 42.0 ( 1.4 56.7 ( 0.4 68.9 ( 0.3 7.9 ( 0.0 40.5
potato III 40.8 ( 0.9 57.2 ( 0.9 68.3 ( 0.5 6.8 ( 0.1 35.8
canna 42.5 ( 0.4 54.0 ( 0.4 65.6 ( 0.2 5.2 ( 0.1 27.2
fern 39.7 ( 0.9 51.8 ( 0.7 60.8 ( 0.4 4.7 ( 0.5 28.8
kudzu 37.9 ( 0.4 51.0 ( 0.9 60.7 ( 0.1 6.4 ( 0.3 44.4

a To, Tp, and Tc represent onset, peak, and conclusion temperatures of
gelatinization endotherm. b ∆H is enthalpy change of starch retrogradation at 4
°C for 7 days. c Degree of retrogradation (% R) ) ∆H(gelatinization of retrograded
starch)/∆H(gelatinization of native starch) × 100.
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∆H. It is likely that more branching points located in the
crystalline lamella could result in inferior crystalline structures
of A- and C-type starches as discussed in Jane et al. (24). Thus,
this could be another reason that C- and CA-type starches, which
had mixed crystalline structures of A- and B-polymorphs, had
relatively smaller ∆H values than did B-type starches.

Starch retrogradation is defined to be recrystallization of
dispersed starch molecules. Properties of retrograded root and
tuber starches are given in Table 5. All retrograded starches
showed considerably lower onset temperatures (37.9-42.5 °C)
than the onset gelatinization temperatures (60.7-63.3 °C) of
their native starches. The degree of retrogradation of starches
was in the range from 27.2% (canna) to 44.4% (kudzu). Potato
starches analyzed in this study had similar degrees of retrogra-
dation as those in previous studies (3, 17). The percentage
retrogradation of potato starches decreased in the order potato
I > potato II > potato III, which followed the same order as
the amylose contents of the starches. It is known that amylose
is prompt to crystallize (3). Canna starch had the lowest degree
of retrogradation (27.2%) and kudzu starch had the highest
(44.4%) among the starches. Canna starch was expected to have

a similar degree of retrogradation as other B-type starches, but
the enzymatic damage to the starch granule might affect its
physical properties. The SEM image of canna starch suggested
that a few granules were attacked by amylase-type enzymes as
mentioned earlier (Figure 1). The large phosphate-monoester
contents of the B-type starches (Table 6) also reduced their
retrogradation rates.

Pasting properties are influenced by the AM content, branch
chain-length distribution of AP, phosphate-monoester deriva-
tives, and lipids. APs contribute to the swelling of starch
granules, and AM and lipids inhibit swelling (33). Jane and Chen
(4) reported that AM molecular size and AP branch chain-length
distribution produced synergistic effects on viscosity of starch
pastes. In general, tuber and root starches showed low pasting
temperatures, lower resistance to shear thinning, and lower set-
back viscosities than cereal starches (3), which were mainly
attributed to the absence of lipids and the presence of phosphate-
monoester derivatives. Pasting properties of the starches are
given in Figure 7 and Table 6. Potato starches had lower pasting
temperatures (65.3-68.7 °C) and significantly higher peak
viscosities (550.3-749.0 RVU), resulting from substantial

Figure 6. High-performance anion exchange chromatograms of isoamylase-debranched Naegeli dextrins.

Table 6. Phosphorus Contents and Pasting Properties of the Tuber and Root Starches

starch phosphorus content (%) peak (RVU) breakdown viscosity (RVU) final viscosity (RVU) set back (RVU) pasting temperature (°C)

potato I 0.042 ( 0.002 589.6 ( 16.7 405.4 ( 17.3 260.1 ( 0.5 76.0 ( 1.0 65.3 ( 0.2
potato II 0.083 ( 0.002 749.0 ( 24.9 511.4 ( 14.2 318.1 ( 6.5 80.1 ( 4.6 66.8 ( 0.4
potato III 0.059 ( 0.001 550.3 ( 14.8 320.3 ( 9.5 316.9 ( 7.1 86.9 ( 1.8 68.7 ( 0.0
canna 0.046 ( 0.001 115.7 ( 1.9 42.2 ( 0.3 107.6 ( 3.1 34.2 ( 1.6 69.6 ( 0.1
fern 0.008 ( 0.001 328.8 ( 1.5 175.1 ( 4.4 258.8 ( 2.8 105.2 ( 0.3 66.9 ( 0.2
kudzu 0.014 ( 0.002 211.6 ( 6.6 99.8 ( 3.3 210.3 ( 6.5 98.4 ( 3.1 73.2 ( 0.0
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amounts of phosphate monoesters, long AP branch chains, and
large granule sizes, which were different from cereal and other
B-type starches (3). Potato II starch, which had the largest
phosphate-monoester content, displayed the highest peak viscos-
ity (Table 6). Other root starches, such as fern and kudzu,
contained much smaller amounts of phosphate monoesters and
showed lower peak viscosities as expected (Table 6). Unexpect-
edly, canna starch had a very low peak viscosity, which
contradicted the previously reported results of high peak
viscosity (183-258 RVU) and set-back viscosities even at
5-6% suspension (3, 34). The above-mentioned pinholes in the
granules (Figure 1D) and very small AP MW (Table 2) caused
by endogenous enzymatic hydrolysis could have resulted in such
a low viscosity (116 RVU). Kudzu starch displayed the highest
pasting temperature (73.2 °C) among the starches. It is plausible
that the small starch granules had limited swelling capacity,
which retarded the development of viscosity and resulted in
pasting at higher temperature. Fern starch with substantially
larger absolute AM content had the highest set-back viscosity,
which was a result of AM molecules leaching from swollen
granules during heating reassociating to form a network during
the cooling process and gave a large set-back viscosity.

The results obtained from this study suggested that potato II
starch provided the highest viscosity, which would be a good
choice as a thickening agent. Kudzu starch, which gave a low
viscosity, would be useful for applications requiring high starch
concentrations and low viscosity. Fern starch displayed a low
retrogradation rate, which would have advantages for making
dessert-like products that maintained a soft texture with a slow
staling process, yielding an extended shelf life. The results also
extended our knowledge on how the structures, including AM
content, branch chain length of AP, and phosphate monoesters,
affected gelatinization, pasting, and retrogradation properties of
tuber and root starches.
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