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a b s t r a c t

Unit chain length distributions of amylopectins and their �,�-limit dextrins (reflecting amylopectin
internal part) from 11 Chinese sweetpotato genotypes were characterized by high performance anion-
exchange chromatography after debranching, and were related to the thermal and pasting properties of
granular starches. The weight-based unit chain length profiles of whole amylopectin and their internal
parts both had three distinguishable major groups with approximate range of DP 6–36, 37–68, and >69
for amylopectins and DP 3–25, 26–55, and >55 for �,�-limit dextrins. Among different genotypes, two
eywords:
nternal unit chain distribution
weetpotato amylopectin structure
hain category
tructure–properties relationship

different patterns of Bfp (fingerprint B-chains, DP 3–7) were observed for �,�-limit dextrins, whereas Afp

(fingerprint A-chains, DP 6–8) for whole amylopectins were consistent. Reconstruction of amylopectins
from their �,�-limit dextrins revealed that B-chains with internal DP > 20 possessed an external chain
length corresponding to the average value DP 12.8. Wide genetic variations were recorded among struc-
tural parameters, of which several concerning the amylopectin internal part were highly correlated to
the thermal and pasting parameters of sweetpotato starches, and suggested that the internal part of
amylopectin is critical to the physical behavior of granular starch.
. Introduction

Amylopectin is a branched biomacromolecular component in
tarch and consists solely of D-glucose residues which are cova-
ently interconnected mostly by �-(1 → 4) glucosidic but also
bout 5% �-(1 → 6) glucosidic bonds. Despite the simplicity in the
hemical composition, the exact amylopectin structure remains
argely unknown due to the technical limitations in chromato-
raphic separation of amylopectin macromolecules, which have
arge range of molecular weight distributions (Buléon, Colonna,
lanchot, & Ball, 1998). Nevertheless, the structure of amy-
opectin could be described in an average way by conceptually
reating all the amylopectin macromolecules as a single type.
outine works usually include debranching isolated amylopectin
y isoamylase and/or pullulanase, and then subjecting the linear
ydrolysates to chromatographic analysis to obtain the unit chain

ength distribution of the whole amylopectin (Hizukuri, 1986).

n this way, amylopectins from many diverse plants/genotypes
ave been characterized (Hanashiro, Abe, & Hizukuri, 1996; Jane
t al., 1999; Sanderson, Daniels, Donald, Blennow, & Engelsen,
006), and it has been established that the unit chain length pro-

∗ Corresponding author. Tel.: +852 22990314; fax: +852 28583477.
E-mail address: fzhu5@yahoo.com (F. Zhu).
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files of amylopectins are highly related to physical behaviors and
structures (e.g., X-ray diffraction pattern) of their respective gran-
ular starches (Hizukuri, 1985; Vermeylen, Goderis, Reynaers, &
Delcour, 2004). It was shown that in general B-type starches had
longer average amylopectin chain length than A-type starches,
whereas C-type falls in between (Hizukuri, 1985; Jane et al.,
1999).

Computational modeling showed that structures of internal
chain segments are critical to the architecture of building blocks
of amylopectins, and eventually the polymorph type of granu-
lar starch (O’Sullivan & Pérez, 1999). The amorphous regions in
starch granules, which mostly consist of internal chain segments
of amylopectin, can be highly influential to their physicochemi-
cal properties (e.g., thermal properties) (Donovan, 1979; Genkina,
Wikman, Bertoft, & Yuryev, 2007; Slade & Levine, 1988; Waigh
et al., 2000). By profiling the starch-water phase transitions in
the presence of different amounts of water, Donovan (1979)
proposed that the initial swelling of the amorphous regions
of the granules with increasing thermal motion during hydra-
tion would pull the chains from the surfaces of crystallites,

eventually resulting in full gelatinization of starch. By applying
partial-heating and quench-cooling techniques to A-type cereal
starches, Slade and Levine (1988) identified the non-equilibrium
temperature locations of the effective glass transition and effec-
tive “end of melting” temperatures, and proposed on the basis

ghts reserved.
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f Williams–Landel–Ferry free volume theory that they were to
large extent dependent on the thermodynamic softening of

he amorphous regions of granules during hydration. By small-
ngle X-ray scattering (SAXS), wide-angle X-ray scattering (WAXS),
nd cross-polarized magic-angle-spinning carbon-13 nuclear mag-
etic resonance spectroscopy (13C CP/MAS NMR), granular starch
as analogized to a chiral side-chain polymeric liquid crystal
odel to explain diverse physical behaviors of starch such as the

hase transformations in starch during gelatinization and freez-
ng (Waigh et al., 2000). The mesogens in the model of Waigh
t al. (2000) apparently belonged to the crystallites, and the
morphous part of granules consisted of flexible backbones and
pacers, which were essentially important to the physical behav-
ors of the whole liquid crystal. However, chemical evidence at

olecular levels to support the above mentioned results, obtained
y physical methods, remains to be established. The amorphous
arts of the granules usually consist of the densely branched
uilding blocks interconnected to form the internal part of amy-

opectins (Pérez & Bertoft, 2010). Amylopectin internal part can be
xperimentally isolated by exo-acting enzymes such as phospho-
ylase a and/or �-amylase to obtain the �,�- or �-limit dextrins
Bertoft, 2004). In the form of �,�-limit dextrins, all the A-chain
Peat, Whelan, & Thomas, 1952) would appear as maltose stubs,
hereas the rest other than maltose stubs are B-chains (Bertoft,

004). However, very limited number of internal structures of
mylopectins from selected plants has been characterized and
tructurally related to the physicochemical properties of granular
tarches.

Sweetpotato (Ipomoea batatas (L.) Lam.) is one of the most
mportant economic crops in many tropical and sub-tropical
ountries in Asia, Africa, and Latin America. Its adaptability on
arginal land and its relatively rich nutritional content pro-

ide an enormous potential for preventing malnutrition and
nhancing food security in the developing countries (Zhang,
hislain, Huamán, Golmirzaie, & Hijmans, 1998). China is the

argest sweetpotato producer accounting for 90% of global
roduction (International Potato Center, 2010). Sweetpotato cul-
ivation in China is distributed over a large biogeographic
rea and is abundant in genetic resources (Zhang, 2001). The
ajor component of sweetpotato roots is starch, which usu-

lly has a C- or Ca-type polymorph (Tian, Rickard, & Blanshard,
991). However, the diversity in starch quality and amy-

opectin structure from Chinese sweetpotato roots is little
ocumented.

Previous studies on unit chain length compositions of internal
art of different amylopectins in the form of �,�-limit dextrins
rom some plant sources have been reported (Bertoft & Koch, 2000;
ertoft, Piyachomkwan, Chatakanonda, & Sriroth, 2008; Kong,
ertoft, Bao, & Corke, 2008; Laohaphatanaleart, Piyachomkwan,
riroth, Santisopasri, & Bertoft, 2009). Based on the proportions
f diverse internal B-chain categories, various amylopectins were
entatively classified into four structural groups 1–4 (Bertoft et al.,
008). Group 1 (e.g., oat) had the lowest amout of BL-chains
long B-chains, which includes B2- and B3-chains) and the high-
st amount of BS-chains (short B-chains, also named B1-chains).
roup 2 (e.g., waxy maize) and group 3 (e.g., mung bean) con-

ained intermediate amounts of B3-chains and group 2 had higher
mounts of Bfp (fingerprint B-chains) compared with group 3.
roup 4 (e.g., potato) contained the highest amount of BL-chains
nd the lowest amount of BS-chains. However, this classification
emains to be confirmed. This study attempted to expand the

revious structural collections to include amylopectins of 11 sweet-
otato genotypes collected from different parts of China; and to
orrelate these structural parameters of the internal part of amy-
opectins to the thermal and pasting properties of sweetpotato
tarches.
mers 84 (2011) 907–918

2. Materials and methods

2.1. Materials

Sweetpotato roots of 11 genotypes with different geographic
origins in China were kindly provided by Hubei Academy of
Agricultural Sciences, Wuchang, Wuhan, Hubei Province, China.
The background information of diverse genotypes is described in
Table 1. For the province of origin, Yuzi263 was from Chongqing,
Xuzi13-4 and Xushu22 were from Jiangsu, and the rest were from
Hubei. They were grown at the Experimental Farm of the Institute
of Crop Science, Hubei Academy of Agricultural Sciences, Wuhan,
China, in the year 2008. The soil type of the experimental field
was loam. The agronomic traits of sweetpotatoes were previously
described (Zhu, Cai, Yang, Ke, & Corke, 2010). The isolation and
purification of starch from sweetpotato roots generally followed
a previous description (Collado, Mabesa, & Corke, 1999).

Rabbit muscle phosphorylase a (EC 2.4.1.1, 23 U/mg), was
from Sigma–Aldrich, Deisenhofen, Germany. Barley �-amylase (EC
3.2.1.2, 620 U/mg), Pseudomonas amyloderamosa isoamylase (EC
3.2.1.68, 91 U/mg), and Klebsiella planticola pullulanase (EC 3.2.1.41,
36.3 U/mg) were from Megazyme International, Wicklow, Ireland.
The given enzyme activities were according to the suppliers.

2.2. Production of amylopectin

Amylopectin fractionation was conducted following previous
reports (Klucinec & Thompson, 1998; Kong et al., 2008) with
some modifications. Granular starch (2.5 g) was dissolved in 90%
dimethyl sulfoxide (DMSO) in water (50 mL) in a 250 mL Erlen-
meyer flask sealed with aluminum foil. The flask containing the
mixture was then heated in a boiling water bath with constant stir-
ring on a magnetic stirrer with heated plate for 3 h, making sure
that no gelatinous lumps remained. After dissolution of starch, the
clear solution was placed at room temperature (24 ◦C) for 10 min
whereafter 96% ethanol (200 mL) was slowly added with continu-
ous stirring for 15 min to precipitate the dissolved starch. The slurry
was centrifuged at 3000 × g for 10 min. The supernatant was dis-
carded and the sediment was resuspended in 96% ethanol (50 mL)
and then centrifuged at 3000 × g for 10 min. The washing procedure
was performed once more using acetone (50 mL). The final precipi-
tate was put in an air-forced oven at 45 ◦C for about 24 h and termed
non-granular starch.

The non-granular starch (2.0 g) was dispersed in 90% DMSO
(56 mL) by heating as above in a 500 mL Erlenmeyer flask. After
cooling at room temperature for 15 min, solution of 6% 1-butanol
and 6% isoamyl alcohol in water (400 mL) was added to the flask.
The mixture was stirred on a magnetic stirrer for 15 min and placed
in a 95 ◦C circulating water bath (W28, Grant, Barrington, England)
for 1 h, and then the entire system was cooled to 28 ◦C for about 20 h.
The mixture was stirred on a magnetic stirrer to resuspend any pre-
cipitation for 15 min and centrifuged for 15 min (10,000 × g, 4 ◦C).
The supernatant was concentrated under vacuum to 100 mL at 60 ◦C
using a rotary evaporator (R114 Rotovapor with a B480 water bath,
Büchi, Switzerland). The concentrated fraction was precipitated by
ethanol and washed by acetone with the same procedure as for
the preparation of non-granular starch. The resultant precipitates
were freeze-dried for about 24 h. The dried sample was fractionated
amylopectin and sealed in plastic cups until use.

2.3. Analysis of amylopectin purity by gel permeation

chromatography

Purified amylopectin (2.0 mg) was completely dissolved in 90%
DMSO (50 �L) by heating for 15 min in boiling water bath with con-
stant magnetic stirring. The solution was diluted by adding 400 �L
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Table 1
Basic background information of 11 Chinese sweetpotato genotypes and weight- and molar-based unit chain length distribution of debranched amylopectins.a

Code Name Category Weight-based unit chain length distribution (%) Molar-based unit chain length distribution (%)

fa fb1 fb2 fb3 fa/fb1 fa/fb1-2 fa/fb1-3 Fa Fb1 Fb2 Fb3 Fa/Fb1 Fa/Fb1-2 Fa/Fb1-3

1 E6107b Landrace 17.17ab 42.02cd 15.86ab 24.96de 0.41 0.30 0.21 35.34 45.32 10.35 9.00 0.78 0.64 0.55
2 E6107a Breeding line 17.32ab 41.91cd 15.68ab 25.10cd 0.42 0.30 0.21 35.54 45.28 10.22 8.96 0.79 0.64 0.55
3 Yuzi263 Cultivar 17.08ab 41.28cd 15.95a 25.71b 0.41 0.30 0.21 35.53 44.75 10.46 9.26 0.80 0.64 0.55
4 Xuzi13-4 Cultivar 16.41bc 43.49bc 15.30bc 24.81e 0.38 0.28 0.20 33.60 47.33 10.07 9.01 0.71 0.59 0.51
5 E5306 Breeding line 17.43ab 42.65cd 15.33bc 24.59de 0.41 0.30 0.21 35.57 45.71 9.95 8.78 0.78 0.64 0.55
6 Eshu-6 Cultivar 16.71ab 45.07a 14.81d 23.41f 0.37 0.28 0.20 33.56 48.35 9.62 8.47 0.70 0.58 0.51
7 Ea2 Landrace 16.58bc 41.86cd 15.54bc 26.03ab 0.40 0.29 0.20 34.43 45.84 10.31 9.42 0.75 0.62 0.53
8 Ea3-1 Landrace 17.47a 42.24cd 15.44bc 25.11cd 0.42 0.31 0.21 35.76 45.43 9.86 8.96 0.79 0.65 0.56
9 Ea4 Landrace 16.95ab 41.13d 15.44bc 26.49a 0.41 0.30 0.20 35.32 44.99 10.22 9.47 0.79 0.64 0.55
10 Ea3-2 Breeding line 17.04ab 42.27cd 15.26cd 25.44bc 0.40 0.30 0.21 35.06 45.84 10.02 9.10 0.77 0.63 0.54
11 Xushu22 Cultivar 15.75c 43.54bc 15.12cd 25.61b 0.36 0.27 0.19 32.54 47.95 10.10 9.42 0.68 0.56 0.48

Mean 16.90 42.49 15.43 25.20 0.40 0.29 0.20 34.75 46.07 10.11 9.08 0.76 0.62 0.53

“f” Denotes weight-based values, “F” denotes molar-based values. fa/fb1, fa/fb1-2, and fa/fb1-3 denote the ratios of percentages: fa/fb1, fa/(fb1 + fb2), and fa/(fb1 + fb2 + fb3),
respectively; values in the same column with the different superscript letters differ significantly (p < 0.05), since weight-based unit chain length distribution and molar-based
unit chain length distribution shared the same pattern in their difference in mean values, only the former were labeled.
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The range of DP (degree of polymerization) for different fractions: fa and Fa, DP

arm water and 50 �L sodium acetate buffer (pH 5.5, 0.01 M).
fter cooling the diluted solution to room temperature (∼23 ◦C),
�L isoamylase and 1 �L pullulanase were added. The debranching

eaction was conducted with constant stirring at room tempera-
ure for 12 h at a concentration of 4.0 mg/mL, and then 50 �L NaOH
5 M) was added to inactivate the debranching enzymes. Sample
200 �L) was injected onto a column (1 cm × 90 cm) of Sepharose CL
B (Pharmacia, Uppsala, Sweden). The eluent was sodium hydrox-

de in water (0.5 M) with a pumping speed of 0.5 mL/min. Collected
ractions (0.5 mL) were analyzed for carbohydrate content by the
henol-sulphuric acid reagents (Dubois, Gilles, Hamilton, Rebers,
Smith, 1956). The column was calibrated with both linear and

ranched dextrins of known DP as previously described (Bertoft &
poof, 1989).

.4. Production of �,ˇ-limit dextrins

The production of �,�-limit dextrins from amylopectins was
erformed according to a previous description with minor modifi-
ations (Laohaphatanaleart et al., 2009). The purified amylopectin
200 mg) was dissolved in 6 mL 90% DMSO by heating in boil-
ng water bath for 15 min and then at room temperature for 12 h

ith constant magnetic stirring to completely dissolve the amy-
opectins. The solution was diluted by adding 65.4 mL warm double
istilled water. Then 7.2 mL sodium phosphate buffer (pH 6.8,
.1 M), 3.4 mL Na-EDTA (2.8 mM), and 18 mL freshly prepared rabbit
uscle phosphorylase a solution (0.9 U/mL) were added and kept

tirring for 12 h at room temperature. The substrate for phosphorol-
sis was 2 mg/mL. The reaction was terminated in a boiling water
ath for 5 min. The �-D-glucose 1-phosphate produced and small

ons were removed by tangential flow filtration with an Omega 10 K
embrane in MinimateTM TFF Capsule System (Pall Life Sciences,
nn Arbor, MI, USA). This phosphorolysis was repeated once to
btain the �-limit dextrins. The sample was concentrated by rotary
vaporation, and then sodium acetate buffer (0.01 M, pH 6.0) (0.325
olume) and barley �-amylase (0.001 volume) were added to the �-
imit dextrins solution (1 volume). The substrate concentration was

mg/mL for �-amylolysis. The reaction was conducted for 12 h at

oom temperature with constant stirring, and terminated by boil-
ng. Maltose was removed by membrane filtration as above. The
-amylolysis was repeated once and the �,�-limit dextrins were

reeze-dried.
; fb1 and Fb1, DP 13–24; fb2 and Fb2, DP 25–36; fb3 and Fb3, DP > 36.

2.5. High-performance anion-exchange chromatography of unit
chain length profiles of amylopectins and �,ˇ-limit dextrins

Amylopectins or �,�-limit dextrins (2.0 mg) were dissolved in
90% DMSO (50 �L) by heating for 15 min in boiling water bath with
constant stirring on a magnetic stirrer. The solution was diluted
by adding 400 �L warm water and 50 �L sodium acetate buffer
(pH = 5.5). After cooling the diluted solution to room temperature
(∼23 ◦C), 1 �L isoamylase and 1 �L pullulanase were added. The
debranching reaction was conducted with constant stirring at room
temperature for 12 h at a substrate concentration of 4.0 mg/mL,
and was then heated on boiling water bath for 1 min to inacti-
vate the debranching enzymes. Double distilled water (1.5 mL) was
added to dilute the sample to a concentration of 1.0 mg/mL. The
debranched sample was filtered through a 0.45 �m syringe-driven
filter unit before injecting into high-performance anion-exchange
chromatography (HPAEC) system for unit chain length profile
determination.

HPAEC system was a Dionex DX 500 instrument (Sunnyvale,
CA, USA) consisted of a GP40 gradient pump, an ED 40 electro-
chemical detector for pulsed amperometric detection (PAD), and an
autosampler (Spectra-Physics, Fremont, CA, USA). The PAD-signal
was adjusted to carbohydrate content for quantification accord-
ing to Koch, Andersson and Åman (1998). The analytical column
was a CarboPac PA-100 anion-exchange column (4 mm × 250 mm),
combined with a CarboPac PA-100 guard column (4 mm × 50 mm).
The flow rate was 1.0 mL/min and injection volume was 20 �L. The
mobile phases were eluent A (0.15 M NaOH) and eluent B (0.15 M
NaOH containing 0.5 M NaOAc). A gradient elution (130 min)
was used as follows: 0–9 min, 15–36% B; 9–18 min, 36–45% B;
18–110 min, 45–100% B; 100–112 min, 100–15% B; 112–130 min,
15% B.

2.6. Statistical analysis

All determinations were conducted in triplicate. The reported

data and chromatograms were the mean values. Differences
between means of data were compared by Fisher’s least signifi-
cant difference at significance level p < 0.05 and Pearson correlation
analysis were conducted, using Statistical Analysis System (SAS
Institute, Cary, NC).
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Table 2
Peak-DP of weight-based unit chain length of diverse chain categories and sub-
categories of amylopectins from 11 sweetpotato genotypes.a

Genotype Amylopectins �,�-Limit dextrins

Afp Sap Shoulder Lap Bfp Bfp shoulder BSmajor B2

1 7 13 19 47 7 5 10 33
2 7 13 20 45 7 5 10 33
3 7 13 19 47 7 5 10 33
4 7 13 19 47 7 5 9 32
5 7 13 19 48 7 5 10 34
6 7 13 19 47 7 5 9 33
7 7 13 19 48 7 5 10 35
8 7 13 19 47 7 5 10 34
9 7 13 19 47 7 5 10 34

10 7 13 19 48 7 5 9 34
11 7 13 19 47 7 5 9 34

Afp: fingerprint A-chains of amylopectins; Sap: short chains of amylopectins (DP
6–36); shoulder: protruding areas of short chains of amylopectins; Lap: long chains of
amylopectins (DP > 36); B : fingerprint B-chains of �,�-limit dextrins; B shoulder:
10 F. Zhu et al. / Carbohydrat

. Results and discussion

.1. Unit chain length distributions of amylopectins

The purified amylopectins were analyzed on gel permeation
hromatography after debranching to measure the purity. An
xample of comparison of purified amylopectins with whole starch
rom sweetpotato genotype 9 is shown in Fig. 1A. Fractions 45–77
ere attributed to the amylose, whereas fractions 79–125 were

onsidered to be amylopectin chains. In this study, all the isolated
mylopectins were considered pure when the amylose remnant
as below 3%.

The purified amylopectins were debranched and analyzed by
PAEC for the unit chain length distributions. The profiles, taking

he chromatograms of genotype 6 and 8 as examples (Fig. 1B and
), generally agreed with previous descriptions (Hanashiro et al.,
996; Noda et al., 1998). According to Hanashiro et al. (1996), the
nit chains were categorized into four fractions: fa (“f” for weight-
ased) or Fa (“F” for molar-based) with DP 6–12; fb1 or Fb1 with
P 13–24; fb2 or Fb2 with DP 25–36; fb3 or Fb3 with DP >36.

llustrations of the divisions of DP are shown in Fig. 1B. Quantita-
ive results are presented in Table 1. Wide genetic variations were
ecorded among different proportions for different fractions from
he debranched sweetpotato amylopectins. Genotype 11 had the
owest weight- and molar-based percentages of fraction fa, result-
ng in the lowest ratios of fa/fb1, fa/fb1-2, and fa/fb1-3, whereas
enotype 8 had the highest percentage of this fraction fa and high-
st ratios of fa/fb1, fa/fb1-2, and fa/fb1-3. Genotype 9 had the lowest
ercentage of fraction fb1 and highest percentage of fb3. Genotype
had the highest fb1, and the lowest fb2 and fb3. Similar trends
ere observed for the molar-based values. Overall the unit chain

ength distributions (mean values) of sweetpotato amylopectins
ere in comparable levels to previous reports on sweetpotato amy-

opectins (Hanashiro et al., 1996; McPherson & Jane, 1999) with
ome discrepancies, possibly due to the inclusion of longer chains
ith DP more than 60 in this study.

Sweetpotato starch usually has a C- or Ca-type X-ray allomorph
Tian et al., 1991). Compared with amylopectins from amaranth
tarch (Kong et al., 2008) which has a typical A-type polymorph,
weetpotato amylopectins had less of fa, and more of both fb2
nd fb3. In comparison to potato starch (McPherson & Jane, 1999),
hich has a typical B-type polymorph, sweetpotato amylopectins
ad higher fa, and lower fb2 and fb3. This supported the sugges-
ion that amylopectin molecular structures reflect the structures of
heir granular starch (Vermeylen et al., 2004).

Some detailed information on the peak-DP of weight-based unit
hain length profile of some chain categories and sub-categories of
weetpotato amylopectins from different genotypes are also sum-
arized in Table 2. For the short chains of amylopectins (DP 6–36),

everal subgroups were noted as illustrated in Fig. 1Bw. This gener-
lly agreed with previous observations (McPherson & Jane, 1999).
major peak was observed at DP 13 (DP 12 on a molar basis) for

ll the sweetpotato amylopectins. There was also a protruding area
round DP 19–20, forming a peak or just a shoulder, depending
n the genotypes. For example, amylopectin of genotype 6 had a
rotruding shoulder around DP 19–20 (Fig. 1Bw), whereas that of
enotype 8 had an obvious peak at DP 19 instead (Fig. 1Cw). Most
weetpotato amylopectin had their peak position of these protrud-
ng shoulders or peaks at DP 19 except genotype 2 had that at DP
0. This profile of short chains corresponded to some cases from
roup 3 according to the structural division of amylopectins based

n the unit chain length distribution of internal chains (Bertoft et al.,
008). Another characteristic subgroup of short chains is from DP
–8, termed Afp-chain (fingerprint A-chain) (Bertoft, 2004). This Afp
rofile of sweetpotato amylopectins was different from the other
mylopectins from other plants (Bertoft et al., 2008; Jane et al.,
fp fp

protruding areas of Bfp; BSmajor: chains with DP 8–25 of �,�-limit dextrins; B2: DP
26–55.

a Genotype codes were according to Table 1.

1999; Koizumi, Fukuda, & Hizukuri, 1991), but consistent to each
other within the amylopectins of different sweetpotato genotypes.
Wide genetic variations were also found in the molar amount of
Afp from 11.75% in genotype 3–9.40% in genotype 11 with a mean
value of 10.8% (Table 3). Compared with amylopectins in other 17
plants from a previous study (Bertoft et al., 2008), molar amounts
of Afp in sweetpotato amylopectins were generally higher, with the
single exception of Andean yam beans that possessed a very high
content (14.1%).

For the long chains of amylopectins (DP > 36), two subgroups (B2
and B3) were noted with peaks DP 45–48 (B2) (Table 2), and peak or
shoulder around DP 72 (B3), depending on the specific genotypes
(Fig. 1Bw). The subgroup at DP around 72 was not distinguished
as a clear peak. It should be noted that chains longer than DP at
around 60 were not resolved as individual peaks in HPAEC sys-
tem (column: CarboPac PA-100). Nevertheless, chain length with
DP higher than 60 can be approximately obtained by continuous
dividing the chromatogram into corresponding peaks until reach-
ing the baseline (Bertoft, 2004). This was further supported by the
application of a CarboPac PA-200 column, which has higher resolu-
tion and sensitivity than the commonly used CarboPac PA-100, and
could resolve the individual peaks up to around DP 105 in HPAEC
system (unpublished data).

3.2. Unit chain length distributions of �,ˇ-limit dextrins

The external part of chains in amylopectins was sequentially
hydrolyzed by phosphorylase a and �-amylase to obtain their �,�-
limit dextrins, which provide structural information of the internal
part of amylopectins (Bertoft, 1989). By debranching, all the A-
chains (Peat et al., 1952) appeared as maltose peak, and the rest
were B-chains. The molar amount of A-chains in the form of mal-
tose in �,�-limit dextrins (Table 3) varied greatly among different
genotypes from 54.28% in genotype 7–48.84% in genotype 8 with a
mean of 51.74%, lower than that of amaranth (Kong et al., 2008), and
amylose-free potato amylopectins (Bertoft, 2004). In general, the
wide range of molar amount of A-chains in sweetpotato genotypes
was rather comparable to that of 17 other amylopectins reported
(Bertoft et al., 2008). From the difference in the amounts of A-

chains and Afp-chains, the amount of Aclsr (clustered A-chains) can
be calculated and also showed wide variations (37.29% in geno-
type 8–43.59% in genotype 7) between different genotypes, with a
mean of 40.94%, lower than most of the other samples previously
reported (Bertoft et al., 2008).
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A
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Fig. 1. Chromatograms of sweetpotato amylopectins: (A) Gel permeation chromatograms (Sepharose CL 6B) of debranched whole starch and purified amylopectin from
sweetpotato genotype 9; (B and C) HPAEC chromatograms of unit chain length distribution of amylopectins obtained by debranching amylopectins of sweetpotato genotypes
6 (B) and 8 (C), “w” represents weight-based percentages, “m” represents molar-based percentages, “f” denotes weight-based division, “F” denotes molar-based division. The
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traight line (fraction no. 79) in A denotes the division of amylose and amylopectin
ables 1–3.

Examples of the internal B-chain distributions from geno-
ypes 6 and 8 are illustrated in Fig. 2, and some of the detailed
haracteristics on the weight basis are summarized in Table 2.
n weight-based distribution, two distinguishable peaks were

bserved with a clear third peak in some genotypes in the long
hains area. Among the short B-chains (DP 3–25), two structural
ubgroups could be identified (Bertoft, 2004), i.e., the shortest B-
hains with DP 3–7 and the majority of short B-chains with DP
–25 (BSmajor). In analogy to Afp in whole amylopectins, previ-
ons. “sh” in the Bw denotes “shoulder”. DP ranges for diverse chain categories as in

ously the first group was termed Bfp (fingerprint B-chains) because
its characteristic profile varied in different samples from differ-
ent plant species (Bertoft, 2004; Bertoft et al., 2008). However, in
this study, two types of profiles of Bfp (especially regarding DP 3)

were observed in �,�-limit dextrins of amylopectins of different
sweetpotato genotypes (e.g., Fig. 2Aw of genotype 6 in contrast
to Fig. 2Bw of genotype 8). For Bfp area in the chromatograms on
a weight basis (Fig. 2Aw and Fig. 2Bw), a shoulder was observed,
and all the genotypes had the same shoulder-position at DP 5 and
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Fig. 2. HPAEC chromatograms of unit chain length distribution of internal B-chains obtained by debranching �,�-limit dextrins of sweetpotato amylopectins: (A) genotype
6; (B) genotype 8; (C) Comparison in molar-based unit chain length distributions of original amylopectin (genotype 1) with reconstructed amylopectin from their �,�-limit
dextrins assuming that all the individual unit chains had the same external chain length (ECL). “w” represents weight-based percentages, “m” represents molar-based
percentages. DP ranges for diverse chain categories as in Table 3.
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Table 3
Molar percentage (%) of diverse chain categories in sweetpotato amylopectins and their �,�-limit dextrins.a

Genotype Afp A Aclsr Bfp BSmajor B1(BS) B2 B3 BL S

1 11.26bc 51.62de 40.36de 15.87c 23.93ab 39.80c 7.41a 1.18ab 8.59a 91.41ab

2 11.21bc 51.81cd 40.60de 15.49cd 24.23a 39.73c 7.31a 1.16ab 8.47ab 91.54ab

3 11.75ab 53.41ab 41.66bc 15.02d 23.48bc 38.50d 7.02b 1.08b 8.10b 91.91a

4 9.96cd 51.40de 41.44cd 16.95b 23.18cd 40.12bc 7.33a 1.16ab 8.49ab 91.52ab

5 11.33ab 53.96a 42.64ab 15.39cd 22.44de 37.82e 7.12b 1.10ab 8.22ab 91.78ab

6 9.66d 51.08de 41.42cd 17.72b 23.08cd 40.80b 7.08b 1.05b 8.13b 91.87ab

7 10.69c 54.28a 43.59a 15.72cd 21.57f 37.28e 7.22ab 1.22a 8.44ab 91.56ab

8 11.55ab 48.84f 37.29f 19.86a 23.08cd 42.95a 7.10b 1.12ab 8.22ab 91.79ab

9 11.26bc 52.70bc 41.44cd 15.40cd 23.28bc 38.68d 7.32a 1.29a 8.62a 91.38b

10 10.96bc 51.26ed 40.30de 17.81b 22.38e 40.19bc 7.38a 1.18ab 8.57a 91.44ab

11 9.40d 49.13f 39.73e 20.25a 22.13ef 42.37a 7.30a 1.21a 8.51a 91.50ab

Mean 10.80 51.74 40.94 16.90 22.97 39.87 7.23 1.15 8.39 91.61

Afp: fingerprint A-chains of amylopectins (DP 6–8); Aclsr: A-chains clustered in amylopectins = all A-chains – Afp; Bfp: fingerprint B-chains of �,�-limit dextrins (DP 3–7);
BSmajor: majority of short B-chains in �,�-limit dextrins = BS − Bfp (i.e., DP 8–25), B1 = BS: short B-chains with DP from 3 to 25 in �,�-limit dextrins, B2: DP 26–55 chains in
�,�-limit dextrins, B3: DP > 56 chains in �,�-limit dextrins; BL (long B-chains) = B2 + B3 in �,�-limit dextrins; S (short chains) = A + BS in �,�-limit dextrins; values in the same
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olumn with the different superscript letters differ significantly (p < 0.05).
a Genotype codes were according to Table 1.

he highest amount of specific chain at DP 7 (Table 2). BSmajor (DP
–25) had peak positions at DP 9 or 10, depending on the spe-
ific genotypes. This profile was apparently not related to the plant
pecies (Bertoft et al., 2008). For the chromatograms on a molar-
asis, Bfp chains formed the sharpest peak group with peak position
t DP 5, whereas the group of longer B3-chains was hardly dis-
inguishable (Fig. 2Am and Fig. 2Bm). Wide variations were also
bserved in the molar amounts of Bfp (from 15.02% in genotype
–20.25% in genotype 11 with a mean of 16.9%) and BSmajor (from
4.23% in genotype 2–21.57% in genotype 7 with a mean of 22.97%)
mong different genotypes (Table 3). This genetic variation in Bfp
rofiles was also observed in cassava samples (Laohaphatanaleart
t al., 2009), indicating Bfp area was not as highly conserved as
fp in specific plants in the course of evolution. Compared with
ther amylopectins, molar amounts of Bfp of sweetpotato �,�-limit
extrins was a little lower than that of amaranth (Kong et al.,
008), and higher than that of diverse amylopectins in group 3
nd group 4 (Bertoft et al., 2008), whereas BSmajor amount was
igher than that in group 4 and lower than group 1 and thus
as not strictly related to the polymorph type. For molar amounts

f all the short chains in the �,�-limit dextrins (S = A + BS), only
maller variations among different genotypes were observed (from
1.38% in genotype 3–91.91% in genotype 9) (Table 3). Since short
hains are likely to participate in structuring clusters (Bertoft,
004; Bertoft, 2007a), this relatively constant amount of S-chains
ay indicate a rather similar cluster size in diverse sweetpotato

mylopectins.
DP 3 in the �,�-limit dextrins derives from the shortest pos-

ible internal segment (ICL = 1) found in amylopectins (Kainuma
French, 1969), and was suggested to be involved in struc-

uring branched building blocks in amylopectin clusters (Bertoft
Koch, 2000). The difference in the amounts of DP 3 and

ther short B-chain categories indicated possible difference in the
uilding block organization in different sweetpotato amylopectin
enotypes.

For longer B-chains in the �,�-limit dextrins (DP > 25), two sub-
roups, B2 (DP 26–55) and B3 (DP > 55), could be clearly observed in
eight-based chain length distribution. The peaks of B3 subgroup

ould hardly be distinguished on molar basis. The peak-position
f B2 on a weight basis varied from 32 to 35, depending on the

pecific genotype (Table 2). This profile fits with the structural fea-
ures of group 3 and group 4 according to the previous division of
nternal profiles of amylopectins (Bertoft et al., 2008) as briefed
n the Introduction. The general profiles of �,�-limit dextrins
esembled that of their whole amylopectins in terms of the distri-
bution of the peaks, indicating an evenness in their external chain
lengths.

Small variations among different genotypes were observed in
the molar amounts of B2 and B3 and, thus, BL (B2 + B3) (Table 3).
The genetic variations in the amounts of long chains were consid-
erably smaller than those of the short chain categories, indicating
longer chains were more conserved during evolution. Compared
with amylopectins of group 1 (Bertoft et al., 2008), the proportion
of long B-chains of sweetpotato, especially B3 (mean values: 1.15%
(B3), 7.23% (B2)), was higher, but lower than that of group 4, which
consisted of B-polymorph starches, possibly indicating a difference
in the interconnections between the clusters either according to
the model of Hizukuri (1986) or Bertoft (2004).

3.3. Chain lengths of diverse chain categories in amylopectins and
their �,ˇ-limit dextrins

Chain lengths of different chain categories in sweetpotato amy-
lopectins and �,�-limit dextrins were calculated (Table 4). Small
variations in CLap (average chain length of amylopectin) among dif-
ferent genotypes were recorded from 19.92 in genotype 11–19.36
in genotype 6 with a mean of 19.60. Sweetpotato CLap in this
study was generally lower than the results from previous studies
on sweetpotato amylopectins (McPherson & Jane, 1999; Takeda,
Tokunaga, Takeda, & Hizukuri, 1986), probably due to the different
methods employed in different studies. However, direct compar-
isons could be made between samples with comparable method
(Bertoft et al., 2008; Kong et al., 2008; Laohaphatanaleart et al.,
2009). Sweetpotato CLap was generally in comparable levels with
some C-type starches, higher than A-type, but lower than B-type
starches (Bertoft et al., 2008). This general trend agreed with pre-
vious observations using different analytical methods (Hanashiro
et al., 1996; Hanashiro, Tagawa, Shibahara, Iwata, & Takeda, 2002;
Hizukuri, 1985; Jane et al., 1999). Further details on average unit
chain lengths of short (DP 6–36) (SCLap, mean 16.11) and long
(DP > 36) (LCLap, mean 54.31) chains in amylopectins revealed that
sweetpotato roughly had LCLap higher than that of A-type and lower
than B-type starches with the exception of Andean yam bean, with-
out being able to fit into any of the four groups (Bertoft et al.,
2008).
Because the internal structures of amylopectins could be criti-
cal in the overall starch structure (O’Sullivan & Pérez, 1999), some
average chain lengths from the internal part was calculated in the
form of �,�-limit dextrins. Chain length of �,�-limit dextrins (CLld,
mean 8.30), chain length of B-chains in �,�-limit dextrins (BCLld,
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Table 4
�,�-Limit value and chain lengths of chain categories in sweetpotato amylopectins and their �,�-limit dextrins.a

Genotype CLap SCLap LCLap CLld BCLld BS-CLld BL-CLld ECL ICL TICL NC:B �,�-LV (%)

1 19.53b 16.10ab 54.19bc 8.50a 15.43ab 9.92ab 40.96ab 12.54b 6.00a 14.43a 2.06ab 56.50d

2 19.51b 15.92b 53.88c 8.47a 15.44ab 10.00a 40.90b 12.54b 5.97a 14.44a 2.07ab 56.59d

3 19.63ab 16.08ab 54.50b 8.21ab 15.33ab 10.01a 40.61bc 12.92a 5.71b 14.33ab 2.13ab 58.18ab

4 19.66ab 16.24a 54.11bc 8.35ab 15.05ab 9.64ab 40.65bc 12.81ab 5.85ab 14.05b 2.05bc 57.54c

5 19.37b 16.01ab 54.25bc 8.14b 15.34ab 9.81ab 40.77bc 12.73ab 5.64b 14.34ab 2.16a 57.97bc

6 19.36b 16.20ab 53.49c 8.18b 14.62cd 9.50bc 40.28c 12.68ab 5.68b 13.62bc 2.04bc 57.76bc

7 19.81a 16.18ab 54.70b 8.17b 15.49a 9.68ab 41.15ab 13.14a 5.67b 14.49a 2.17a 58.75a

8 19.40b 15.96b 54.38b 8.26ab 14.23d 9.18bc 40.59bc 12.65ab 5.76ab 13.23c 1.96c 57.45c

9 19.76ab 16.05ab 55.35a 8.44a 15.68a 9.92ab 41.55a 12.82ab 5.95a 14.05b 2.03bc 57.24cd

10 19.59ab 16.07ab 54.74b 8.32ab 14.96bc 9.40bc 41.03ab 12.77ab 5.82ab 13.96b 2.05bc 57.54bc

11 19.92a 16.36a 54.18bc 8.28ab 14.34d 9.02c 40.85bc 13.15a 5.78ab 13.34c 1.97c 58.46ab

Mean 19.60 16.11 54.31 8.30 15.06 9.63 40.82 12.79 5.80 14.02 2.06 57.64

CLap: average chain length of amylopectin; SCLap: average chain length of short chains (DP 6–36) of amylopectins; LCLap: average chain length of short chains (DP > 36)
of amylopectins; CLld: average chain length of �,�-limit dextrins; BS-CLld: average chain length of short B-chains (DP 3–25) of �,�-limit dextrins; BL-CLld: average chain
length of long B-chains (DP > 25) of �,�-limit dextrins; ECL: average external chain length of amylopectin = CLap − CLld + 1.5, in which 1.5 is according to action patterns of
phosphorylase a and �-amylase; ICL: average internal chain length of amylopectin = CLap − ECL − 1, in which 1 represents the branching point; TICL: average total internal
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hain length of amylopectin = BCLld − 1, in which 1 represents the branching point, B
f chains per B-chain in �,�-limit dextrins = TICL/(ICL + 1); �,�-LV: �,�-limit value
iffer significantly (p < 0.05).
a Genotype codes were according to Table 1.

ean 15.06), and total internal chain length (TICL, mean 14.06)
Bertoft, 1991) were generally related to the type of polymorph of
ranular starches (Bertoft et al., 2008). For the B-chains in �,�-limit
extrins, chain length of short B-chains (DP 3–25) (BS-CLld, mean
.63) appeared not to be related to polymorph type whereas chain

ength of long B-chains (DP > 25) (BL-CLld, mean 40.82) did. This is
onsistent with the trends from the whole amylopectins. From the
ifference in the average unit chain lengths of amylopectins (CLap)
nd their �,�-limit dextrins (CLld), �,�-limit value (�,�-LV, mean
7.64%), average external chain length (ECL, mean 12.79), aver-
ge internal chain length (ICL, mean 5.80), and number of chains
er B-chain (NC:B, mean 2.06) were obtained. Apparently, �,�-LV
nd NC:B were not strictly linked to type of polymorph, whereas
weetpotato ECL and ICL fitted with the structural features of C-
ype polymorph starch in general, and thus fell within the features
f group 2 and group 3 (Bertoft et al., 2008).

It was shown that CLap, ECL and ICL were proportionally linked
o each other in diverse samples (Bertoft et al., 2008). In this study,
earson correlation analysis showed that CLap was positively cor-
elated with ECL (r = 0.80, p < 0.01), but little with ICL. Neither was
CL nor ICL related with each other, indicating a possible differ-
nt branching pattern within the sweetpotato genotypes. Some
tructural parameters in different starches were directly linked to
he type of polymorph of their granules (Bertoft et al., 2008). This
rend was not outweighed by the variations in these structural
arameters among different sweetpotato genotypes in compari-
on with other samples (Bertoft et al., 2008; Kong et al., 2008;
aohaphatanaleart et al., 2009). Pearson correlation analysis also
evealed that some parameters were linked to each other (high
orrelation coefficients). For example, ICL was highly correlated
ith CLld (r = 0.99, p < 0.001), and �,�-LV was highly linked to ECL

r = 0.88, p < 0.001) and ICL (r = −0.83, p < 0.01), indicating that they
an be interchangeably used to predict each other. Pearson cor-
elation analysis between the chain lengths (Table 4) and molar
mounts (Table 3) of diverse chain categories revealed the pos-
ible linkages between different structural parameters. E.g., NC:B
as highly positively correlated with molar amount of A (r = 0.94,
< 0.001) and negatively with B1-chains (r = −0.92, p < 0.001).
ICL was highly correlated with molar amount of A (r = 0.86,

< 0.001) and Bfp-chains (r = −0.93, p < 0.001). CLap was mainly
ontributed by B3-chains (r = 0.74, p < 0.01). These correlation anal-
ses may contribute to the development of limited numbers,
ut efficient independent variants, in illustrating amylopectin
tructures.
s the average chain length of B-chains of �,�-limit dextrins; NC:B: average number
100 × CLld/CLap; values in the same column with the different superscript letters

3.4. Theoretical reconstruction of amylopectins from �,ˇ-limit
dextrins

Similar profiles of unit chain length distributions between amy-
lopectins (Fig. 1B and C) and their �,�-limit dextrins (Fig. 2A and B)
might suggest an evenness of the external chain lengths. Pearson
correlation analysis further revealed high correlation coefficients
between molar- or weight-based amounts of different chain cate-
gories from �,�-limit dextrins and amylopectins. For example, fb3
was highly correlated to B3 (r = 0.77, p < 0.01) and BL-CLld (r = 0.81,
p < 0.01); fb1 and BL-CLld (r = −0.67, p < 0.05), as well as fb2 and
BS-CLld (r = 0.65, p < 0.05) were linked closely.

It was also proposed that all the external segments of B-chains
in amylopectins have the same chain length (Inouchi, Glover, &
Fuwa, 1987). Based on this assumption, theoretical reconstruction
of B-chains of amylopectins from their �,�-limit dextrins could
be tested by adding ECL (an average value) minus one (the gluco-
sidic residue at the non-reducing ends of �,�-limit dextrins) to the
individual B-chain lengths of �,�-limit dextrins. It was found that
reconstruction mode values (Bertoft et al., 2008; Laohaphatanaleart
et al., 2009) varied within “−1”, “0”, and “+1”, depending on the spe-
cific sweetpotato genotypes. An example of genotype 1, in which
the reconstruction mode value was “0”, is illustrated in Fig. 2C. It
was noted that at DP > 20 the two curves fitted well, indicating that
at least B-chains in the form of �,�-limit dextrins with DP > 20 had
the same ECL. B-chains with DP < 20 showed discrepancy between
the reconstructed curve and the original one. This difference may
be attributed to the A-chains which could also be theoretically
deduced by the difference between the reconstructed curve (B-
chains) and the original amylopectin curve (A- and B-chains). It
appeared that long A-chains, which were previously observed in
some amylopectins such as Andean yam bean, amylose-free potato,
and tapioca (cassava) (Bertoft et al., 2008), were not observed in any
of the sweetpotato amylopectins. However, it should be noted that
the exact locations of A-chains and some shorter B-chains remain
unclear due to the possible overlapping in their chain lengths
(Bertoft et al., 2008).

3.5. Molar ratios of selected chain categories in amylopectins and

their �,ˇ-limit dextrins

The molar ratio of A- to B-chains (A:B) can reflect the propor-
tion of Staudinger (Staudinger & Husemann, 1937) and Haworth
(Haworth, Hirst, & Isherwood, 1937) conformations in chain inter-
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Table 5
Selected molar ratios of diverse chain categories from amylopectins and their �,�-
limit dextrins.a

Genotype A:B Sap:Lap BS:BL Aclsr:BS Aclsr:B Bfp:BSmajor

1 1.07 10.12 4.64 1.01 0.83 0.67
2 1.08 10.17 4.70 1.02 0.84 0.64
3 1.15 9.81 4.77 1.08 0.89 0.64
4 1.06 10.11 4.73 1.03 0.85 0.74
5 1.17 10.39 4.60 1.13 0.93 0.69
6 1.04 10.81 5.02 1.02 0.85 0.77
7 1.19 9.61 4.42 1.17 0.95 0.73
8 0.96 10.17 5.23 0.87 0.73 0.86
9 1.11 9.59 4.49 1.07 0.88 0.66

10 1.05 9.99 4.70 1.00 0.83 0.80
11 0.97 9.63 4.98 0.94 0.78 0.92
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negatively correlated with �H (r = −0.73, p < 0.05), and positively
Mean 1.08 10.05 4.76 1.03 0.85 0.74

a Genotype codes were according to Table 1; diverse chain categories were
ccording to Tables 2–5.

onnections in amylopectin, and is best obtained by analyzing the
ebranched �,�-limit dextrins (Bertoft, 2004). A:B varied from 0.96

n genotype 8–1.19 in genotype 7 with a mean of 1.08, indicat-
ng a similar portion of Staudinger and Haworth conformations
n sweetpotato amylopectins. This was generally similar to the
mylopectins from other plants (Bertoft et al., 2008; Kong et al.,
008). Different ratios of molar amounts of diverse chain cate-
ories have been previously used to tentatively classify diverse
mylopectins to four different groups (1–4), mostly based on their
nternal structural features (Bertoft et al., 2008). Here the ratios
rom sweetpotato amylopectins were calculated (Table 5) to fur-
her test this classification method. Sap:Lap (short chains to long
hains in amylopectin) varied from 9.63 in genotype 11–10.81 in
enotype 6, making sweetpotato belong to group 3. However, BS:BL
aried from 4.42 to 5.23 with a mean of 4.76, generally fitting in
roup 2. The other ratio parameters hardly fitted within one specific
roup, or the genetic variations outweighed the proposed structural
oundaries between different groups. For example, Aclsr:BS ranged
rom 0.87 to 1.17 with a mean of 1.03; Aclsr:B ranged from 0.73 to
.95 with a mean of 0.85; Bfp:BSmajor ranged from 0.64 to 0.92 with
mean of 0.74. Thus new boundaries should be proposed for new

lassifications as more types of amylopectins are to be structurally
haracterized.

Clusters were suggested to be a basic structural unit of amy-
opectin (Nikuni, 1969; French, 1972). Some ratios (Table 5) may
uggest certain possible roles of diverse chain categories in struc-
uring different types of clusters in amylopectin (Bertoft, 2004). For
xample, assuming that long chains interconnected clusters and
hort chains formed clusters, then the ratio Sap:Lap (mean 10.5)
ould closely reflect the number of chains per cluster in amy-

opectin. This is considerably lower than a previously suggested
ituation (22–25) (Hizukuri, 1986), but in the similar order with
xperimental values obtained by �-amylolysis method (Bertoft,
007b; Kong, Corke, & Bertoft, 2009). The ratio BL:BS (mean 4.76)
ight reflect the number of B-chains (BS) forming the clusters in

elation to the number of B-chains (BL) interconnecting the clus-
ers. Other alternatives may be: assuming that one A-chain and one
-chain formed a double helix to crystallize in granules (Imberty &
érez, 1989), and Aclsr were these A-chains, thus Aclsr:B (mean 0.85)
ould be 1 if assuming that all the B-chains participated in dou-

le helix formation (Laohaphatanaleart, Piyachomkwan, Sriroth,
Bertoft, 2010), whereas Aclsr:BS (mean 1.03) would be 1 when

ssuming that only the short B-chains participated in double helix

ormation (Bertoft, 2004). Some features of the structural organi-
ation of building blocks in clusters (Bertoft, 2007b) may also be
eflected by Bfp:BSmajor (mean 0.74), as Bfp may be interconnected
y BSmajor to form large building blocks.
mers 84 (2011) 907–918 915

Nevertheless, these ratios in relation to the actual amylopectin
structure remain assumptional until structural definition of a
cluster in the amylopectin could be experimentally clarified. Fur-
thermore, genetic variations in different sweetpotato genotypes
may contribute uncertainty in the exact structural boundary in
distinguishing the functional roles of different chain categories.

3.6. Amylopectin molecular structures in relation to thermal and
pasting properties of granular starch

Several physical properties of sweetpotato starches, including
gelatinization (onset temperature: To, peak temperature: Tp, con-
clusion temperature: Tc, gelatinization temperature range: �T, and
gelatinization enthalpy: �H) and pasting properties (peak viscos-
ity: PV, hot paste viscosity: HPV, breakdown viscosity: BD, cold
paste viscosity CPV, setback viscosity: SB, and peak time: Ptime) are
given in supplementary materials (Table S1). Pearson correlation
analysis revealed that certain structural features of amylopectins
may be critical to some physical properties of sweetpotato starch
(Table 6).

For the fractions from amylopectins, Tp and Tc were negatively
correlated to fa (r = −0.88, p < 0.001 and r = −0.86, p < 0.001) and fb2
(r = −0.71, p < 0.05 and r = −0.78, p < 0.01), but positively correlated
to fb1 (r = 0.75, p < 0.01 and r = 0.82, p < 0.01). This generally agreed
with previous studies on different types of starch (Kong et al., 2008;
Koroteeva et al., 2007; Noda et al., 1998; Okuda, Aramaki, Koseki,
Satoh, & Hashizume, 2005; Patinol & Wang, 2003). A possible expla-
nation may be that fa-chains would cause structural defects in the
crystals of the granules, which may be built up by chains mainly
from fb1 (Genkina et al., 2007). Further detailed analysis showed
that Afp (a fraction of fa) was negatively and strongly correlated
to Tp (r = −0.94, p < 0.001) and Tc (r = −0.97, p < 0.001), indicating
these chains of DP 6–8 actually form the defects in the crystal-
lites (Genkina et al., 2007; Kozlov et al., 2007) since they may be
too short to form double helices (Gidley & Bulpin, 1987). In con-
trast, Aclsr was positively related to To (r = 0.82, p < 0.01), and �H
(r = 0.69, p < 0.05), and negatively with �T (r = −0.68, p < 0.05), indi-
cating these chains may indeed form the clusters that crystallized
in the granules (Bertoft, 2004). The longer chains (e.g., fb2) may
serve as the backbones which would more facilitate the gelatiniza-
tion as proposed in a side-chain liquid-crystalline model for starch
(Waigh et al., 2000). It should also be noted that fa (Hanashiro et al.,
1996) and A-chains (Bertoft, 2004) had different correlationships
with physical properties, thus they should refer to different parts of
the amylopectins, and is consistent with the reconstruction results
as discussed in Section 3.4 that A-chains not only covered a broader
DP range than fa, but also represented considerable more chains by
number. Previous studies showed that CLap correlated well with
thermal properties of diverse types of starches (Jane et al., 1999;
Kong et al., 2008; Okuda et al., 2005; Stevenson, Yoo, Hurst, & Jane,
2005). In this study, little correlation was found between CLap and
thermal properties of sweetpotato starch, possibly due to the small
variations in CLap among different genotypes (Table 4).

It was proposed that the amorphous part of granular starch
(mostly internal part of amylopectin) may be critical in the gela-
tinization behaviors of starches (Donovan, 1979; Genkina et al.,
2007; Slade & Levine, 1988; Waigh et al., 2000), and was pre-
viously supported by data from amaranth starches (Kong et al.,
2008). Indeed, some parameters on the internal part of the amy-
lopectins showed correlations with the gelatinization and pasting
features of sweetpotato starches (Table 6). For example, Bfp was
with �T (r = 0.80, p < 0.01). This may be explained by the starch
side-chain liquid-crystalline model (Waigh et al., 2000) that Bfp
may contribute to the composition of the flexible “spacers”, and
higher amount of Bfp-chains would contribute with more flexible
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“spacers”. TICL was positively related to �H (r = 0.86, p < 0.001), and
negatively with �T (r = −0.79, p < 0.01), resembling the trend from
CLap in previous reports (Kong et al., 2008; Okuda et al., 2005).
This may suggest evenness in the external segments of chains as
discussed above.

A previous study on the amaranth starch showed that some
other parameters (e.g., B3) from �,�-limit dextrins were related to
the physical properties (Kong et al., 2008). However, in this study
internal structural parameters such as B2, B3, BL, S (A + BS), and ICL
did not show correlations with physical properties, possibly due
to the limited variations in the structural values among different
genotypes (Tables 3–4). Another possible explanation may be the
overlapping of chains with the same length but different functional
roles (e.g., as spacer or backbone (Waigh et al., 2000) in amylopectin
architecture, which might not be distinguished by debranching in
this study.

Pasting properties were also related to some of the amylopectin
structural parameters. Fractions fa and fb2 gave higher viscosi-
ties to the paste. For example, fa and fb2 positively correlated
with PV (r = 0.61, p < 0.05 and r = 0.67, p < 0.01). fa and fb2 were
negatively (r = -0.83, p < 0.01) and positively (r = 0.77, p < 0.01) cor-
related with Ptime, respectively. This agreed with previous reports
on sweetpotato starch (Takahata et al., 2010). Some of fa may
cause structural defects (e.g., Afp contributed greater effects in the
higher peak viscosity (r = 0.67, p < 0.05) and shorter Ptime (r = −0.91,
p < 0.001)) in the crystallites (formed mainly by fb1-chains) in gran-
ules so that water molecules may more easily penetrate into the
granules and facilitate their swelling and disintegration (Kozlov
et al., 2007; Noda et al., 2009) during heating and shearing, whereas
fb2 may serve as backbones in side-chain liquid-crystalline model
for starch as discussed above (Waigh et al., 2000). Internal struc-
tural parameters also showed their influence on the pasting of
starches. For example, PV was positively correlated with TICL
(r = 0.77, p < 0.01) and negatively with Bfp (r = −0.81, p < 0.01), gen-
erally supporting the previous proposals that the amorphous part
may be important to the physical behaviors of starch (Donovan,
1979; Genkina et al., 2007; Slade & Levine, 1988; Waigh et al., 2000).

This is a complex system and could be reflected in some con-
tradictory results from previous reports. Wider genetic variations
are needed to specifically reveal the functional role of diverse chain
categories in physical properties. Other components present in the
starch granules, such as amylose, phosphorus, proteins, and lipids
(Han, Campanella, Guan, Keeling, & Hamaker, 2002; Jane et al.,
1999; Tester & Morrison, 1990) or the size distributions and the
degree of intact granules (Gujska, Reinhard, & Khan, 1994; Singh,
Singh, Isono, & Noda, 2010) may also be influential to the physical
properties of granular starch.

4. Conclusions

Wide variations in diverse structural parameters of amy-
lopectins and their �,�-limit dextrins were observed among 11
different Chinese sweetpotato genotypes. Although the internal
structural features of sweetpotato amylopectins partially showed
intermediate patterns of group 2 and group 3, where other C-type
starches were found, they could not be exactly fitted into any of the
4 groups previously proposed on the basis of internal structure of
amylopectins (Bertoft et al., 2008). The group boundaries were fur-
ther blurred by the genetic variation in these structural parameters,
indicating more samples should be analyzed to re-establish new
divisions. Bfp profiles were not consistent among different sweet-

potato genotypes but Afp were, indicating Bfp could not be used to
fingerprint the plant species from which the starch derived but Afp
could. On weight-basis, shoulders with peaks at DP 19–20 for amy-
lopectins and DP 5 for Bfp for �,�-limit dextrins were observed.
Pearson correlation analysis revealed that some molecular struc-
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