
T
a

F
a

b

S
c

Q

a

A
R
R
A
A

K
B
S
S
A
A
I

1

p
a
o
t
(
c
(

t
a
a

F
T

h
0

Carbohydrate Polymers 113 (2014) 539–551

Contents lists available at ScienceDirect

Carbohydrate  Polymers

j ourna l ho me  page: www.elsev ier .com/ locate /carbpol

wo-dimensional  macromolecular  distributions  reveal  detailed
rchitectural  features  in  high-amylose  starches

rancisco  Vilaplanaa,b,c, Di  Mengc,  Jovin  Hasjimc,  Robert  G.  Gilberta,c,∗

Tongji School of Pharmacy, Huazhong University of Science and Technology, Wuhan 430030, Hubei, China
KTH Royal Institute of Technology, Division of Glycoscience and Wallenberg Wood Science Centre (WWSC), AlbaNova University Centre,
E-106  91 Stockholm, Sweden
The University of Queensland, Centre for Nutrition and Food Sciences, Queensland Alliance for Agriculture and Food Innovation, Brisbane 4072,
LD,  Australia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 21 March 2014
eceived in revised form 13 July 2014
ccepted 15 July 2014
vailable online 31 July 2014

eywords:
ranching
ize-exclusion chromatography
tarch

a  b  s  t  r  a  c  t

Two-dimensional  (2D)  structural  distributions  based  on  macromolecular  size  and  branch  chain-length
are  obtained  for three  maize  starches  with  different  amylose  contents  (one  normal  and  two  high-amylose
varieties).  Data  were  obtained  using  an  analytical  methodology  combining  chemical  fractionation,  enzy-
matic  debranching,  and  offline  2D size-exclusion  chromatography  with  multiple  detection.  The  2D
distributions  reveal  novel  features  in the  branching  structure  of  high-amylose  maize  starches.  Normal
maize  starch  shows  well-resolved  structural  topologies,  corresponding  to the  amylopectin  and  amylose
macromolecular  populations.  However,  high-amylose  maize  starches  exhibit  very complex  topologies
with  significant  features  between  those  of  amylose  and  amylopectin,  showing  the  presence  of  distinct
intermediate  components.  These  have  the macromolecular  size  of  amylose  but  similar  branching  struc-
mylose
mylopectin

ntermediate components

ture to amylopectin,  except  for a  higher  proportion  of  longer  branches.  These  structural  features  of
the  intermediate  components  can  be related  to  a  less  tightly  controlled  biosynthesis  of  the  branching
structures  in  high-amylose  maize  starch  mutants,  which  may  prevent  these  molecules  from  maturing
into  full-size  amylopectin.  This altered  macromolecular  branched  architecture  of  high-amylose  starches
probably contribute  to  their  better  nutritional  properties.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Starch is a complex branched homopolymer of glucose, whose
olymeric chains are extended through �-(1 → 4) glycosidic link-
ges and branched by �-(1 → 6) glycosidic linkages. The structure
f these molecules can be divided into multiple levels, of which
he first two are as follows: Level 1, that of the individual chains
which provides the convenient categories of long- and short-
hain branches) and Level 2, that of molecularly-disperse whole
branched) molecules.

Two main macromolecular populations with distinct architec-

ure have been traditionally identified in starch: “almost-linear”
mylose (AM) with a molecular weight between 104 and 106

nd a few long-chain branches, and hyperbranched amylopectin

∗ Corresponding author at: The University of Queensland, Centre for Nutrition and
ood Sciences, CNAFS, Building 83-S434, Brisbane 4072, QLD, Australia.
el.: +61 7 3365 4809; fax: +61 7 3365 1188.

E-mail address: b.gilbert@uq.edu.au (R.G. Gilbert).

ttp://dx.doi.org/10.1016/j.carbpol.2014.07.050
144-8617/© 2014 Elsevier Ltd. All rights reserved.
(AP) composed of short glucose branches forming clusters that
can reach molecular weights of 107–109. However, this division
based on branching structure and molecular size is not clear-cut in
some mutant starches, where additional macromolecular popula-
tions, such as intermediate components (IC), are present (Lansky,
Kooi, & Schoch, 1949; Whistler & Doane, 1961). IC is defined as
a macromolecular population with a similar branching structure
to AP, but with the molecular size similar to AM (Baba & Arai,
1984; Kasemsuwan, Jane, Schnable, Stinard, & Robertson, 1995; Li,
Jiang, Campbell, Blanco, & Jane, 2008). For example, high-amylose
maize starches (HAMS), commercially obtained from plants with an
amylose-extender (ae)  mutant gene, possess substantial amounts
of IC. In addition, they also contain more AM and a larger propor-
tion of long AP branches than normal maize starches. High-amylose
starches have been reported to have nutritional benefits because
of their high amounts of resistant starch (RS), which is a portion

of starch not digested by enzymes in the small intestine and an
important substrate for gut microbial fermentation in the colon
(Englyst, Kingman, & Cummings, 1992). This higher amount of RS
in HAMS is believed to be related to their altered macromolecular

dx.doi.org/10.1016/j.carbpol.2014.07.050
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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rchitecture in terms of branching (Englyst et al., 1992; Htoon
t al., 2009; Kasemsuwan et al., 1995; Li et al., 2008; Lopez-Rubio,
lanagan, Shrestha, Gidley, & Gilbert, 2008).

Advanced characterisation techniques to analyse the complex
ranching structure of starch molecules are useful to understand
he properties and nutritional effects of starch. In a previous
tudy (Vilaplana & Gilbert, 2010a, 2010b, 2011), we  developed
n integrated enzymatic and chromatographic protocol to obtain
-dimensional (2D) structural distributions based on macromolec-
lar size and branch chain-length of starch. In this method,
tarch molecules are fractionated in the first dimension based
n their macromolecular size (e.g. hydrodynamic volume, Vh)
sing preparative size-exclusion chromatography (SEC), and sub-
equently debranched using isoamylase, a specific enzyme that
uantitatively cleaves the �-(1 → 6) glycosidic linkages at the
ranching points. Each branch is released as a linear molecule,
hich is further characterised by analytical SEC to obtain the

hain-length distribution (CLD) as the second dimension, and
nally the results from both dimensions are mathematically com-
ined to provide the 2D macromolecular distribution. These 2D
istributions of molecular structure offer an extended view of
heir macromolecular architectures and reveal detailed structural
eatures that can be linked to their biosynthetic processes and prop-
rties. Additionally, we have used these 2D distributions to validate
he traditional definitions of AM and AP based on characterisation

ethods (e.g. colorimetric assays), where the results indicated that
here is no rigorous definition of how a starch molecule can be clas-
ified unambiguously as AM or AP, especially in mutant starches
here substantial amounts of hybrid or intermediate populations

re present (Vilaplana, Hasjim, & Gilbert, 2012). Thus an improved
omprehensive topological description of the branching structure
nd molecular size of the different molecular populations in starch
an be obtained using 2D distributions rather than the conven-
ional one-dimensional ones of Level 1 CLDs and Level 2 overall
ize distributions.

In this article, an integrated methodology combining chemical,
nzymatic and chromatographic approaches is applied to explore
he branching architectures of the molecular populations present
n HAMS and normal maize starch (NMS). The resulting 2D macro-

olecular distributions are interpreted in terms of the underlying
tarch biosynthetic processes and properties, such as digestibility,
elated to the nutritional benefits of the starch. The present work
omplements previous studies on ae starches by Jiang, Campbell,
lanco, and Jane (2010) and Li et al. (2008).

. Materials and methods

.1. Materials

Three commercial maize starches with different AM contents
ere purchased from Penford Australia Ltd. (Lane Cove, NSW,
ustralia): one NMS  and two HAMS (Gelose 50 or G50, and Gelose
0 or G80). Their AM contents range between 30 and 35%, 48 and
4%, and 58 and 83%, respectively, the reported value depending
n the analytical techniques (Vilaplana et al., 2012).

.2. Chemical fractionation of the starches

Parent (or unfractionated) starch samples (labelled NMS-ST,
50-ST, and G80-ST) were chemically fractionated with n-butanol

o isolate their AM and AP populations, adapting established alcohol

ractionation methodologies (e.g. Schoch, 1942; Lansky et al., 1949;
lucinec & Thompson, 1998). Each starch (1 g) was defatted prior to
-butanol fractionation by dissolving the starch in 100 mL  dimethyl
ulfoxide (DMSO) solution (90%, v/v) in a boiling water bath for 1 h,
lymers 113 (2014) 539–551

subsequent stirring at room temperature for an additional 16 h, and
precipitation with five volumes of absolute ethanol. The precipitate
was resuspended with 100 mL hot deionized water, and the pH was
adjusted to 6 using a phosphate buffer. The starch suspension was
refluxed in a boiling water bath for 1 h with stirring prior to the
addition of 20 mL  n-butanol and refluxing continued for an addi-
tional 30 min. The sample was  then cooled slowly in an insulated
box to room temperature for about 30 h prior to centrifugation.
The precipitate contains mainly the AM component (labelled as
NMS-AM, G50-AM, and G80-AM) with long linear chains that form
helical complexes with n-butanol, whereas the supernatant consti-
tutes mainly the AP component (labelled as NMS-AP, G50-AP, and
G80-AP), whose branches are too short to form complexes with n-
butanol. The short-branched component in the supernatant was
further purified by repeating the n-butanol fractionation proce-
dure twice and collected through precipitation with five volumes
of absolute methanol. Both AM and AP components were washed
with absolute ethanol prior to vacuum filtration and drying.

2.3. Size fractionation and debranching of starch

The 2D distributions of the parent (unfractionated) starch sam-
ples and the AP and AM fractions were obtained using a previous
procedure combining 2D offline SEC and enzymatic debranching
(Vilaplana & Gilbert, 2010a, 2010b, 2011). In brief, the unfraction-
ated starch samples and their AM and AP fractions were dissolved in
an SEC eluent, consisting of DMSO (ACS grade, Merck, Kilsyth, VIC,
Australia) with 0.5% w/w  LiBr (ReagentPlus, Sigma–Aldrich, Castle
Hill, NSW, Australia) to a concentration of 10 g L−1 in a thermomixer
(Eppendorf, Hamburg, Germany) set at 80 ◦C for 8 h with agitation
at 350 rpm. Size fractionation was  performed by preparative SEC
using GRAM Precolumn, GRAM 30 and GRAM 3000 preparative
columns, from Polymer Standards Service (PSS, Mainz, Germany)
thermostated at 80 ◦C. The preparative SEC set-up was  calibrated
by the injection of pullulan standards (see Section 2.4 for fur-
ther details), which allowed the calculation of the preparative SEC
weight distributions, w(log Vh)PREP. Each starch size fraction was
collected manually at different elution volumes, precipitated using
five volumes of absolute ethanol, and centrifuged at 4000 × g. The
starch in each size fraction was debranched using isoamylase from
Pseudomonas sp. (Megazyme International Ltd., Bray, Co. Wick-
low, Ireland) following a method described elsewhere (Hasjim,
Cesbron-Lavau, Gidley, & Gilbert, 2010), and freeze-dried prior to
redissolution in the SEC eluent.

2.4. Offline analytical size-exclusion chromatography

The different fractions after chemical fractionation with n-
butanol and after size fractionation by preparative SEC, both in
their native (branched) state and debranched state after isoamy-
lase treatment, were characterised using analytical SEC (Agilent
1100 equipment, Agilent Technologies, Waldbronn, Germany), fol-
lowing a previous procedure, with minimal shear scission of the
AP fraction in the “branched” set-up and enhanced separation
in the “debranched” set-up (Cave, Seabrook, Gidley, & Gilbert,
2009). Detection was  carried out using a multiple-angle laser light
scattering detector (MALLS, BIC-MwA7000, Brookhaven Instru-
ment Corp., Holtsville, NY, USA), and a refractive index detector
(RID-10A, Shimadzu, Kyoto, Japan) thermostatted at 45 ◦C. The
separation of the branched samples was carried out using com-
bined GRAM Precolumn, GRAM 30, and GRAM 3000 analytical
columns (PSS, Mainz, Germany) with DMSO containing 0.5% w/w

LiBr at 80 ◦C and at a flow rate of 0.3 mL  min−1, and the anal-
ysis of the debranched samples was  performed with combined
GRAM Precolumn, GRAM 10, and GRAM 1000 analytical columns
(PSS) with DMSO containing 0.5% w/w  LiBr at 80 ◦C and at a flow
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Fig. 1. SEC weight [w(log Vh)] and weight-average molecular weight [Mw(Vh)] dis-
F. Vilaplana et al. / Carbohyd

ate of 0.6 mL  min−1. Mark–Houwink calibration was  performed by
njection of pullulan standards (PSS). The Mark–Houwink param-
ters for pullulan in DMSO with 0.5% w/w LiBr at 80 ◦C are

 = 2.427 × 10−4 dL g−1 and a = 0.6804 (Kramer and Kilz, PSS, Mainz,
ermany, private communication). The data recorded from the
nalytical SEC separations and multiple detection were analysed
sing WinGPC software (PSS) and further processed to obtain
he SEC weight distribution w(log Vh), the branch chain-length
istributions w(log Xde) and N(Xde), the size dependence of the
eight-average molecular weight Mw(Vh), and the 2D macro-
olecular size/branch chain-length distributions w(log (Vh, Xde))

Gaborieau, Gilbert, Gray-Weale, Hernandez, & Castignolles, 2007;
ilaplana & Gilbert, 2010a, 2010b). The macromolecular size distri-
utions of branched samples are presented against hydrodynamic
adius (Rh), with Vh = 4/3�Rh

3 obtained from Mark–Houwink cal-
bration of the elution volumes, and their branch chain-length
istributions from debranched samples are presented against aver-
ge degree of polymerisation (DP) (Xde, where the subscript “de”
ndicates debranched starch) from light scattering calibration.

. Results and discussion

.1. Chemical fractionation of maize starches

Fractionation of starch using n-butanol is expected to generate
wo macromolecular fractions with different branch chain-lengths:
he precipitated populations with long linear branches that are

ainly attributed to AM and the populations with short branches in
he supernatant that mainly originated from AP (Lansky et al., 1949;

histler & Doane, 1961). Fig. 1 shows the SEC weight distributions
(log Vh) (which is the same as w(log Rh) within an arbitrary con-

tant) and the size dependence of weight-average molecular weight
istributions Mw(Rh) of the three parent starch samples (NMS-ST,
50-ST, and G80-ST) and their AM and AP fractions obtained from
-butanol precipitation. The distributions for NMS  show that n-
utanol can effectively precipitate the AM component of Mw around
06 with minor AP contaminations of larger Mw (around 108), and
ost AP molecules remain in the supernatant. The separation of

he AM fractions through n-butanol precipitation is also successful
or the HAMS varieties (G50 and G80). Interestingly, the w(log Vh)
istributions of the AP fractions in the HAMS varieties show very
eterogeneous distributions of branched populations throughout

 wide range of macromolecular size, which can be assigned to
he AP and IC populations. The hydrodynamic sizes of AP fractions
rom HAMS, however, are smaller than expected. These anoma-
ous results might have been caused by molecular degradation
nd/or incomplete redissolution after n-butanol fractionation prior
o injection into the analytical SEC set-up. The recoveries of the
tarch molecules after SEC separation were measured for the par-
nt samples (NMS-ST, G50-ST, and G80-ST) and their AM and AP
ractions. The ST and AM fractions for all three starch materials and
he AP fraction from NMS  (NMS-AP) offered quantitative recovery
>95%), whereas the AP fractions from the HAMS (G50-AP and G80-
P) showed a lower recovery (around 60%). The lower recovery is an

ndication of the degradation and/or the incomplete redissolution
f the AP fractions from HAMS. However, this does not affect the
ranch chain-length distributions and the constructed 2D distribu-
ions of HAMS. The debranched samples have smaller molecules
han their branched counterparts, increasing their solubility and
acilitating the redissolution. Furthermore, although cleaving one
r two inner branches of a starch molecule can greatly reduce its

olecular size (such as by half and third, respectively, if the new
olecules are about the same size), the amount of intact branches is

ar more than that of cleaved branches, leaving no apparent changes
n the branch chain-length distribution.
tributions of parent (or unfractionated) maize starches and their fractions after
chemical fractionation using n-butanol, as functions of hydrodynamic radius.

Fig. 2 shows the number N(Xde) and weight w(log Xde) chain-
length distributions of the parent starches (NMS-ST, G50-ST, and
G80-ST), and of their AM and AP fractions from n-butanol pre-
cipitation treatment. In general, the chain-length distributions
of all samples exhibit the characteristic multimodal pattern of
debranched starch. The AP branches (between Xde ∼ 5 and 100)

from all samples show a bimodal distribution of single-lamellar
branches (AP1, between Xde ∼ 5 and 35) and lamella-spanning
branches (AP2, between Xde ∼ 35 and 100), whereas the AM
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Fig. 2. Branch chain-length distributions of parent (or unfractionated) maize starches and their fractions after chemical fractionation using n-butanol precipitation, as
f ber N

b
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unctions of average degree of polymerisation Xde: (a) weight w(log Xde) and (b) num

ranches (between Xde ∼ 100 and 20,000) from the parent starch
amples and their AM fractions show a multimodal curve. The AP
ractions contain mainly short-branched populations, attributed to
P and IC. The efficiency of the n-butanol fractionation in sepa-
ating the macromolecular populations with short branches from
hose with long linear branches is verified from these chain-length

istributions. Interestingly, all AM fractions contain traces of short
ranches, which may  arise from AP impurities and/or from the
resence of short branches in AM as “immature clusters” (Takeda,
hitaozono, & Hizukuri, 1990). These assignments will be further
(Xde) distributions.

examined below from the 2D distributions obtained from size frac-
tionation using preparative SEC. All parent starch samples (NMS-St,
G50-St, and G80-St) also exhibit a shoulder for large chain length
(Xde > 5000) that is somewhat reduced in the precipitated fractions
after n-butanol treatment (NMS-AM, G50-AM, G80-AM). This could
be caused by either partial degradation of the larger AM branches

during n-butanol treatment or incomplete DMSO/LiBr redissolu-
tion after the fractionation and ethanol precipitation. This result
highlights again the harsh nature of the chemical fractionation
treatment on the larger starch molecules. The effect of n-butanol
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ig. 3. SEC weight distributions [w(log Vh)] using preparative SEC and fraction colle
he  broken vertical lines delimit the collected fractions in correspondence with the

ractionation on the macromolecular architectures of both AM and
P constitutes an interesting study that should be conducted sep-
rately in detail.

.2. Size fractionation of maize starches and construction of
wo-dimensional distributions

Size fractionation of the parent starch samples (NMS-ST, G50-ST,
nd G80-ST) and their AM and AP fractions from n-butanol precip-
tation was performed using preparative SEC. The preparative SEC

eight distributions w(log Vh)PREP and the fraction collection inter-

als are shown in Fig. 3 and Supplementary information Table S1.
he preparative SEC weight distributions match their correspond-
ng analytical SEC weight distributions in Fig. 1, confirming that the
rocedure was successful and therefore suitable to obtain the 2D
ntervals of the different parent maize starches as well as their AM and AP fractions.
itions in Supplementary information Table S1.

macromolecular size/chain-length distributions for different par-
ent starches and their AM and AP fractions. Each size fraction was
debranched using isoamylase and then characterised using analyt-
ical SEC to obtain their branch chain-length distributions (Fig. 4).
Structural parameters extracted from the branch chain-length dis-
tributions were the number- and weight-average DPs (Xde,n and
Xde,w, respectively) for each branch population (AP1, AP2, and AM
branches), and the peak height ratio of the longer to the shorter
AP branches (AP2/AP1). These results for NMS, G50, and G80 are
shown in Tables 1–3, respectively.
3.3. Two-dimensional distributions for normal maize starch

The chain-length distribution of debranched NMS-ST exhibits
clearly separated zones of AP and AM branches (Fig. 4). The
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Table  1
Structural features of normal maize starch fractions collected from size fractionation.

Sample R̄h (nm) AP1 branches (Xde ∼ 5–35) AP2 branches (Xde ∼ 35–100) Height ratio AM branches (Xde ∼ 100–20,000)

X̄de,n X̄de,w X̄de,n X̄de,w AP2/AP1 X̄de,n X̄de,w

Parent or unfractionated starch (NMS-ST)

Whole – 16 17 47 48 0.56 905 1134
F1  224 17 18 45 46 0.54 – –
F2  115 16 17 48 48 0.55 – –
F3  69 17 17 47 46 0.52 2597 2758
F4 41 16 17 48 48 0.58 2257 2418
F5  23 17 18 48 48 0.54 2259 2485
F6  14 17 18 53 54 0.69 1604 1712
F7  8 17 18 48 51 0.61 765 836
F8  5 17 18 49 50 0.61 302 338
F9  3 20 20 – – – 162 179
Amylose fraction (NMS-AM)
Whole – 17 18 46 47 0.85 850 969
F1  214 17 18 47 48 0.56 – –
F2 69 17 18 48 49 0.56 1710 1872
F3  30 16 17 49 49 0.56 3048 3272
F4  18 17 18 53 54 0.72 2097 2242
F5  12 18 19 54 55 0.77 1327 1468
F6  8 17 18 58 59 1.25 736 827
F7  5 18 19 – – – 320 435
F8  3 – – – – – 144 160
Amylopectin fraction (NMS-AP)
Whole – 17 18 47 48 0.58 1818 1982
F1  186 16 16 46 47 0.54 – –
F2  54 16 17 48 49 0.57 – –
F3  26 16 17 46 47 0.56 2512 2592
F4 17 17 18 47 48 0.57 1924 2159
F5  12 16 16 48 56 0.59 1145 1146
F6  8 17 18 51 53 0.67 – –
F7  5 17 18 52 53 0.68 – –
F8  2 18 19 49 50 1.00 – –

Table 2
Structural features of Gelose 50 starch fractions collected from size fractionation.

Sample Rh (nm) AP1 branches (Xde ∼ 5–35) AP2 branches (Xde ∼ 35–100) Height ratio AM branches (Xde ∼ 100–20,000)

Xde ,n Xde ,w Xde ,n Xde ,w AP2/AP1 Xde ,n Xde ,w
Parent or unfractionated starch (G50-ST)

Whole – 17 18 55 57 1.11 629 797
F1  204 19 19 55 56 1.03 – –
F2  93 18 19 54 56 1.04 – –
F3  63 18 19 54 56 1.10 – –
F4  41 18 19 56 58 1.12 5080 5128
F5  23 19 19 56 58 1.14 2350 2598
F6  13 19 19 58 60 1.23 1100 1190
F7  8 19 19 59 61 1.28 666 722
F8  5 19 20 54 55 1.51 295 323
F9  2 – – – – – 68 83
Amylose fraction (G50-AM)
Whole – 19 20 44 45 1.31 423 508
F1  229 20 20 53 55 1.05 – –
F2  76 18 19 54 55 1.03 3354 3613
F3  34 17 18 55 56 1.18 3089 3308
F4  20 18 19 55 57 1.15 2325 2330
F5  13 20 20 57 58 1.42 1206 1332
F6  9 18 19 58 59 – 680 738
F7  6 – – – – – 304 337
F8  3 – – – – – 109 167
Amylopectin fraction (G50-AP)
Whole – 19 20 55 57 1.18 1440 1781
F1  204 19 19 53 54 0.94 – –
F2  78 18 19 55 56 1.04 – –
F3  41 18 19 56 56 1.08 – –
F4  28 18 19 56 57 1.10 1955 2041
F5  19 18 19 55 57 1.09 1345 1411
F6  12 18 19 59 61 1.13 636 688
F7  7 18 19 59 61 1.18 447 483
F8  3 18 19 55 57 1.51 256 269
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Fig. 4. SEC weight chain-length distributions [w(log Xde)] after preparative SEC size fractionation (corresponding to Fig. 3) and isoamylase debranching of the parent maize
starches and of their AM and AP fractions. The samples without preparative SEC size fractionation are displayed by black lines; coloured distributions are the collected size
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ractions. The distributions of the size fractions fall well under the umbrella of the
olour  in this figure legend, the reader is referred to the web  version of this article.)

tarch fractions with larger macromolecular sizes (F1–F4, branched
h ∼ 40–225 nm,  Table 1) are mainly composed of short (AP-type)
ranches. For Fractions F2–F4, branches of DP Xde ∼ 200–300 are
bserved, which may  belong to AP populations with extra-long
hain branches, as it has been previously reported for starches from

ifferent botanical sources (Hanashiro, Matsugasako, Egashira, &
akeda, 2005). These extra-long chain branches are not noticeable
n the chain-length distribution of the parent NMS-ST sample prior
o size fractionation because they are masked by AM branches.
pective sample without size fractionation. (For interpretation of the references to

The peak height ratio (AP2/AP1) is relatively constant from Frac-
tions F1 to F5, with an average of 0.55, and slightly increases for
F6–F8 (Table 1), indicating a larger proportion of longer lamellae-
spanning AP branches for fractions with lower macromolecular
sizes. This fact could be ascribed to the presence of IC (Baba & Arai,

1984; Kasemsuwan et al., 1995; Li et al., 2008) – macromolecules
with a branching structure similar to AP, but with the macromolec-
ular size similar to AM – as discussed later in detail. AM branches
appear from Fractions F4 to F9 (branched Rh ∼ 3–40 nm,  Table 1),
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Table  3
Structural features of Gelose 80 starch fractions collected from size fractionation.

Sample Rh (nm) AP1 branches (Xde ∼ 5–35) AP2 branches (Xde ∼ 35–100) Height ratio AM branches Xde ∼ 100–20,000)

Xde ,n Xde ,w Xde ,n Xde ,w AP2/AP1 Xde ,n Xde ,w
Parent or unfractionated starch (G80-ST)

Whole – 20 21 – – – 548 609
F1  302 19 20 56 58 1.06
F2 69 19 20 57 58 1.07 1985 2159
F3 30 19 20 58 60 1.18 2259 2380
F4  18 20 21 59 61 1.24 907 979
F5  11 20 21 63 65 1.43 796 875
F6  7 20 21 64 66 1.73 470 523
F7  5 21 22 84 88 3.05 422 448
F8 3  23 23 59 66 – 260 232
F9 1  – – – – – 62 72
Amylose fraction (G80-AM)
Whole – 20 21 42 43 – 400 406
F1  148 23 23 60 62 1.20 1239 1425
F2  32 21 22 65 67 1.32 2216 2325
F3  17 23 23 65 78 1.68 1194 1294
F4  11 21 22 76 78 2.42 816 899
F5  8 23 23 – – – 545 604
F6  5 – – – – – 246 288
F7  4 – – – – – 166 200
F8 2  – – – – – 141 161
Amylopectin fraction (G80-AP)
Whole – 22 26 60 61 1.20 – –
F1  186 20 23 59 60 0.89 – –
F2  54 21 24 57 58 0.98 – –
F3 26 21 25 60 62 1.15 2252 2462
F4  17 22 26 62 64 1.21 1526 1684
F5 12 21 25 62 64 1.25 537 634
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F6  8 22 26 63
F7  5 21 29 61
F8  2 – – 40

nd the main peak of the chain-length distributions shifts to lower
P (shorter AM branches) with decreasing branched macromolec-
lar size. This observation has also been reported for normal rice
tarch (Vilaplana & Gilbert, 2010b).

The NMS-AM sample shows that long (AM-type) branches are
learly distinguished in the chain-length distributions (Fig. 4),
xhibiting a multimodal shape that could originate from differ-
nt biosynthetic pathways of AM in the maize kernel, such as
nvolvement of starch branching enzymes (SBE) or different iso-
orms of granule-bound starch synthase (GBSS). Fractions with
arger macromolecular sizes, such as Fractions F1 and F2 (branched
h ∼ 70–215 nm,  Table 1), also show short (AP-type) branches.
hese short branches may  be AP contaminations in the NMS-
M fraction obtained from the n-butanol precipitation treatment,
hich can be clearly observed in the SEC weight distribution of the

ranched sample from NMS-AM fraction (Fig. 1). However, traces
f short branches in the range of the DP of AP branches can be found
n every NMS-AM size fraction, indicating the presence of IC traces
n these fractions and/or AM populations with a small number of
hort (AP-type) branches that have been reported as “immature
lusters” (Takeda et al., 1990).

The NMS-AP fraction from the n-butanol chemical fractionation
onsists mainly of short (AP-type) branches (Fig. 4). The pres-
nce of AP with extra-long chain branches (between Xde ∼ 200 and
00) can be observed, especially in Fractions F1 and F2 (branched
h ∼ 50–185 nm,  Table 1), similar to that observed from Fractions
2–F4 of NMS-ST. Long AM-type branches are not observed in
ny size fractions of NMS-AP sample. All size fractions of NMS-AP
ample have similar average DP Xde ,n and Xde ,w for both single-
amellae (AP1) and lamellae-spanning (AP2) branches regardless

f the branched macromolecular size (Table 1), suggesting that the
wo distinct populations of AP branches are important for starch
ranular structure and the formation of semicrystalline lamellae.
owever, the AP2/AP1 ratio shows interesting behaviour similar to
65 1.36 – –
63 2.15 – –
44 – – –

NMS-ST, as mentioned above. The AP2/AP1 ratio remains practi-
cally constant at a value of 0.55 from Fractions F1 to F4 (branched
Rh ∼ 20–185 nm,  Table 1) and progressively increases for the frac-
tions with smaller macromolecular sizes (branched Rh ∼ 2–20 nm),
which might have originated from IC, instead of AP.

The 2D macromolecular size/chain-length distributions of the
NMS  samples (NMS-ST, NMS-AM, and NMS-AP) are presented in
Fig. 5. A clear separation between the two  topological “moun-
tains” assigned to AP and AM macromolecular populations can
be observed as the result of both chemical and size fractionation
in the 2D distributions. Small “foothills” can also be observed in
the 2D distributions, corresponding to the minor populations of
AP with extra-long chain branches and IC, but their presence is
minor compared to the major components. These 2D distributions
are similar to that obtained from normal rice starch in our previ-
ous paper (Vilaplana & Gilbert, 2010b), where a clear topological
distinction between the AP and AM populations could be clearly
observed, together with small “foothills” corresponding to AP with
extra-long chain branches and IC. This indicates that normal starch
varieties have topological distributions with distinct AM and AP
populations, and trace amounts of hybrid components.

3.4. Two-dimensional distributions for high-amylose starches

The chain-length distributions of parent (or unfractionated)
HAMS (G50-ST and G80-ST) prior to chemical fractionation exhibit
a multimodal shape with no clear separation between the short
(AP-type) branches and the long (AM-type) branches (Fig. 4), differ-
ent from what was  observed for NMS-ST. This indicates that HAMS
contain larger amounts of IC species, as has been widely reported

(e.g. Jane et al., 1999; Li et al., 2008). The size fractions with larger
macromolecular sizes (Fractions F1–F3 for G50-ST and Fractions
F1–F2 for G80-ST; branched Rh ∼ 65–300 nm,  Tables 2 and 3, respec-
tively) are composed mainly of short branches, similar to those of
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Fig. 5. Two-dimensional SEC weight distributions [w(log (Rh , Xde))] of normal maize
starch based on macromolecular size and branch chain-length. The black lines cor-
respond to the experimental data from each collected size fraction obtained using
preparative SEC. The coloured surface is obtained by Renka–Cline random gridding.
A  clear separation between the AP and the AM “mountains” can be observed in the
surface plots, together with the small “foothills” corresponding to the IC and AP
w
t

N
i
b
a
p
A
h
D
o

ith extra-long chain branches. (For interpretation of the references to colour in
his figure legend, the reader is referred to the web  version of this article.)

MS-ST, that are assigned to AP populations and can be divided
nto two peaks, i.e. single-lamella AP1 and lamellae-spanning AP2
ranches. The amounts of these short branches are substantial in
ll size fractions, where the positions (or DP ranges) of AP1 and AP2
eaks are similar regardless of macromolecular sizes although the

P2/AP1 ratio changes. The average DPs of AP1 and AP2 of HAMS are
igher than those of NMS, with G80 exhibiting the highest average
P (Xde,n ∼ 20 and Xde ,n ∼ 59 for AP1 and AP2, respectively). More-
ver, the AP2/AP1 ratios of HAMS are about double from those of
lymers 113 (2014) 539–551 547

NMS, showing that AP populations in HAMS contain larger propor-
tions of lamellae-spanning AP branches than that in NMS, which
can be related to their biosynthesis, as discussed below.

Long (AM-type) branches appear in larger proportions in HAMS
fractions than in NMS  fractions (Fig. 4). They are mainly present in
the size fractions of G50-ST and G80-ST with smaller macromolec-
ular sizes (branched Rh ∼ 3–40 nm,  Tables 2 and 3, respectively)
and all size fractions of G50-AM and G80-AM. The main peak
of the chain-length distributions shifts to lower DP (shorter AM
branches) with decreasing branched macromolecular size, similar
to that observed from NMS  and that previously reported for normal
rice starch (Vilaplana & Gilbert, 2010b). Traces of short (AP-type)
branches can be found in every size fraction from the material pre-
cipitated by n-butanol, indicating again the presence of AP traces in
the size fractions with larger macromolecular sizes (such as Frac-
tion F2 of G50-AM), the presence of IC traces in the size fractions
with smaller macromolecular sizes, and/or the presence of “imma-
ture clusters” in all size fractions of G50-AM and G80-AM.

A remarkable feature in the chain-length distributions of HAMS
is the substantial amount of IC starting from Fractions F4 of G50-ST,
G80-ST, G50-AP, and G80-AP (Fig. 4), with branched Rh ∼ 1–40 nm
(Tables 2 and 3 for G50 and G80, respectively). These IC are charac-
terised by having similar average DP of the single-lamella branches
(AP1) to AP components found in fractions with larger macromolec-
ular sizes, but larger average DP of lamella-spanning branches (AP2)
and higher AP2/AP1 ratio than AP. This feature could be used to
distinguish between the branching structure of AP and IC.

This complex and heterogeneous branching architecture of the
different macromolecular populations present in HAMS is clearly
seen in the 2D distributions for G50-ST and G80-ST (Figs. 6 and 7,
respectively), with no clear separation between the AP and AM
“mountains” and a broad “intervalley” region attributed to IC.
However, the chemical fractionation with n-butanol allows the
independent analysis of the AM topologies in the G50-AM and G80-
AM fractions separated from the IC and the identification of the
topological features of both AP and IC in the G50-AP and G80-AP
fractions. No clear topological separation can be observed in either
2D plots from ST and AP fractions for both branched components in
HAMS, indicating a continuum of all macromolecular populations
in HAMS.

3.5. Macromolecular populations in maize starches

The different macromolecular populations in maize starches are
shown in Fig. 8 and are now discussed based on the 2D distri-
butions,. which “tease apart” features such as longer amylopectin
chains hidden under an amylose CLD.

3.5.1. Amylopectin
AP is the main macromolecular component in NMS  and it is

present in smaller amounts in HAMS mutants. Its typical bimodal
distribution of short branches, consisting of single-lamellae and
lamellae-spanning branches with constant average DP Xde ,n and
Xde,w, is preserved throughout macromolecular sizes (Tables 1–3),
excluding the fractions containing IC. This behaviour has been
reported previously from 2D distribution of normal rice starch
and discussed in terms of biosynthetic control of the chain dis-
tribution of AP branches throughout its macromolecular sizes,
preserving the semicrystalline cluster organisation necessary for
the formation of starch granules and for the survival of the grain

(Vilaplana & Gilbert, 2010a, 2010b; Wu  & Gilbert, 2010; Wu,  Morell,
& Gilbert, 2013; Wu,  Ral, Morell, & Gilbert, 2014). The AP2/AP1
value is also preserved throughout all macromolecules sizes,
although it is different between NMS  and HAMS, indicating that the
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Fig. 6. Two-dimensional SEC weight distributions [w(log (Rh , Xde))] of G50 starch
based on macromolecular size and branch chain-length. The black lines correspond
to  the experimental data from each collected size fraction obtained using prepara-
tive  SEC. The coloured surface corresponds to the mathematical distributions after
Renka–Cline random gridding. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web  version of this article.)

Fig. 7. Two-dimensional SEC weight distributions [w(log (Rh , Xde))] for G80 starch
based on macromolecular size and branch chain-length. The black lines correspond
to  the experimental data from each collected size fraction obtained using prepara-

tive  SEC. The coloured surface corresponds to the mathematical distributions after
Renka–Cline random gridding. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

macromolecular structure of AP is tightly controlled by starch
biosynthetic enzymes.
3.5.2. Amylopectin with extra-long chain branches
These extra-long chain branches of AP have been reported to be

elongated by GBSS enzyme, which is the enzyme responsible for
the synthesis of AM (Hanashiro et al., 2008). It is also possible that
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Fig. 8. Macromolecular populations found in norma

n SBE cleaves an AM molecule and transfers the cleaved molecule
o AP as a new branch, but this biosynthetic phenomenon has not
een yet verified experimentally.

.5.3. “True” linear and branched amylose
The existence of branched macromolecular populations in

M–apart from the linear �-glucan chains, traditionally named
s “true AM”–has been documented for many decades. Pioneer-
ng work by Takeda and Hizukuri (1987), Takeda, Hizukuri, and
uliano (1989) and Takeda, Maruta, and Hizukuri (1992) identi-
ed and quantified the molar ratios, the number of branches, and
he chain-length distributions of branched AM macromolecules,
hich are dependent on the botanical sources of the starches. The

hain-length range of AM branches is broad, ranging from malto-
exaose (Xde = 6) to Xde ∼ 20,000. In the chain-length distributions
f debranched AM size fractions from each starch (NMS-AM, G50-
M, and G80-AM), the size fractions with larger macromolecular
izes have longer branches, and the chain length progressively
ecreases with decreasing macromolecular sizes. It seems that the

arger macromolecular size of AM is due to longer AM branches
han larger number of branches. However, the results from the
resent study cannot determine the ratio of the linear and branched
M macromolecular populations in each size fraction, as they
re present throughout the range of macromolecular sizes and
p to this point there is no available chromatographic technol-
gy able to unambiguously separate the linear and branched AM
opulations. In this direction, chromatographic modes such as
olecular-topology fractionation (MTF) (Edam, Meunier, Mes, Van
amme, & Schoenmakers, 2008) or temperature-gradient interac-
ion chromatography (TGIC) (Lee, Chang, Harville, & Mays, 1998)
ave been reported to separate branched polystyrenes based on
heir degree of branching, but major technological developments
re needed to implement these techniques on starch.
S) and high-amylose maize starches (G50 and G80).

3.5.4. Immature clusters
Short AP-like branches are observed in every size fraction from

the AM samples obtained by n-butanol precipitation from all
starches, suggesting that besides the possibilities of AP and IC traces
in the AM size fractions, there might be AM molecules with short
branches. The presence of a macromolecular population resem-
bling the architecture of an immature AP cluster that has been
elongated by GBSS (Fig. 8) has been previously reported (Takeda
et al., 1990). Another possibility is that these are immature AM
branches that have not been elongated properly to mature long
branches.

3.5.5. Intermediate component
The presence of IC in normal starches (Klucinec & Thompson,

1998; Perez & Bertoft, 2010; Vilaplana & Gilbert, 2010b) and in
greater abundance in mutant starches, such as HAMS or ae maize
mutants (Kasemsuwan et al., 1995; Wang, White, Pollak, & Jane,
1993) has been well documented in the literature. The results from
the present study (Figs. 4–7 and Tables 2 and 3) reveal the differ-
ences in the branching structures between AP and IC in addition
to the difference in their macromolecular sizes. The AP2/AP1 value
of AP remains constant regardless of macromolecular sizes. How-
ever, the AP2/AP1 value (or the proportion of AP2 branches) in
IC increases with decreasing branched macromolecular size. The
higher amount of AP2 branches in HAMS compared with NMS
might be due to the higher proportion of IC rather than the structure
of AP in HAMS. IC also appears to have a slightly higher average DP
of AP2 branches than AP, although the average DP of AP1 branches
is similar between the two populations. This is consistent with that

reported previously (Li et al., 2008). It seems that the chain-length
distribution of AP branches is important for the crystalline struc-
ture of starch for the survival of the grain, and that the AP2/AP1 of
AP is tightly controlled by starch biosynthetic enzyme machinery.
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n the other hand, it seems that the altered activity of SBE in HAMS
revents IC maturing into AP and results in an abnormal structure
hat is less controlled by biosynthetic enzymes and that may  not be
nvolved in crystalline structure, as ae mutant starches have a lower
egree of crystallinity than NMS  (Cheetham & Tao, 1998; Matveev
t al., 2001).

HAMS or ae mutant maize starches contain larger amounts
f resistant starch (RS). The architecture of the RS residues after
n vitro enzyme digestion has been assigned to two  populations
y Jiang et al. (2010) and Li et al. (2008): a larger population
ith degree of polymerisation (DP) X ∼ 1000 and few branches

hat seems to originate from AM,  and a smaller population of
lmost-linear chains with DP X ∼ 60 that seems to originate from
ndigested IC. Our findings indicate that the reported higher
mount of RS in HAMS can be indeed partially linked to the unique
ranching structure of IC, beside the large amount of AM.  Upon
nzyme digestion, the longer branches of IC compared to those of
P are more likely to form double helices and closely packed crys-

alline structures that cannot be easily accessed by enzymes, thus
enerating larger amounts of RS.

. Conclusions

The two-dimensional (2D) macromolecular distributions for
igh-amylose maize starches (HAMS) obtained here reveal
xpected structural features. These include both the higher amylose
AM) content and the marked presence of intermediate component
IC), which is a macromolecular population with similar hydro-
ynamic size to AM but with similar chain length to amylopectin
AP), albeit having a higher ratio of lamellae-spanning branches
ith slightly longer chain-length. Hence there are substantial dif-

erences not only in the macromolecular sizes, but also in the
ranching structure between AP and IC. Tight biosynthetic control
reserves the chain-length distribution of AP and the ratio of single-

amella to lamellae-spanning branches, which is fundamental for
he crystalline structure of starch granules. However, amylose-
xtender (ae)  mutants have a larger proportion of IC with longer
amellae-spanning branches and with a varying ratio of single-
amella and lamellae-spanning branches. This variable branching
tructure of IC could arise from the altered branching activities of
BE in HAMS, which may  hinder the crystalline arrangement of
he IC branches and prevent the IC molecules to mature into full-
ized AP molecules. The presence of short AP-like branches was  also
onfirmed in the AM fractions, suggesting the presence of imma-
ure clusters, such as immature AP that is “accidentally” elongated
y granule-bound starch synthases (GBSS) and/or AM molecules
ith short branches that have not been elongated to mature long

ranches. These conclusions are made possible because the 2D
ethod reveals features that are often masked in 1D distributions.
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