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Abstract

Starch is the major component of wheat flour and serves as a multifunctional ingredient in food industry. The objective of
the present study was to investigate starch granule size distribution of Chinese wheat cultivars, and to compare structure
and functionality of starches in four leading cultivars Zhongmai 175, CA12092, Lunxuan 987, and Zhongyou 206. A wide
variation in volume percentages of A- and B-type starch granules among genotypes was observed. Volume percentages of
A- and B-type granules had ranges of 68.4-88.9% and 9.7-27.9% in the first cropping seasons, 74.1-90.1% and 7.2-25.3%
in the second. Wheat cultivars with higher volume percentages of A- and B-type granules could serve as parents in breeding
program for selecting high and low amylose wheat cultivars, respectively. In comparison with the B-type starch granules,
the A-type granules starch showed difference in three aspects: (1) higher amount of ordered short-range structure and a
lower relative crystallinity, (2) higher gelatinization onset (T ) temperatures and enthalpies (AH), and lower gelatinization
conclusion temperatures (T), (3) greater peak, though, and final viscosity, and lower breakdown viscosity and pasting
temperature. It provides important information for breeders to develop potentially useful cultivars with particular functional
properties of their starches suited to specific applications.

Keywords: bread wheat, A- and B-type starch granules, short-range molecular order, relative crystallinity, gelatinization
and pasting properties

1. Introduction

Starch is the major component of wheat flour and serves as
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a multifunctional ingredient in food industry. Starch occurs
as granules in the endosperm of wheat grain. The granule
shape, size and its hierarchical structure are important de-
terminants of starch functionality (Lindeboom et al. 2004;
Park et al. 2004). Wheat starch consists of two distinct
forms of granules: A- and B-type granules. The A-type
starch granules are disk-like or lenticular in shape with a
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diameter of >10 ym, while the B-type starch granules are
less than 10 ym in diameter and spherical or polygonal in
shape (Vermeylen et al. 2005; Ao and Jane 2007; Kim and
Huber 2008; Wang et al. 2014). In wheat, A-type granules
contribute to more than 70% total weight of the starch
(Bechtel et al. 1990; Peng et al. 1999; Shinde et al. 2003),
whereas B-type granules comprise up to 90% of granules
in number (Raeker et al. 1998).

The proportions of B- and A-starch granules, by weight,
volume and number, differ among genotypes (Raeker et al.
1998; Li et al. 2001). A wide range of variation (17-50%)
for B-starch granule volume was observed in bread wheat,
suggesting possibilities of genetic manipulation of granule
size distribution (Stoddard 1999). The B-granules occupied
volumes in a range of 28.5-56.2% for hard red winter and
hard red spring wheat (Park et al. 2009). The volume per-
centages of A- and B-type starch granules were 52.7-65.5%
and 34.5-47.3% in seven Chinese wheat cultivars (Dai et al.
2009). In several studies, environmental stress such as tem-
perature (Liu et al. 2011), water deficit (Dai et al. 2009; Zhang
et al. 2010), nutrient supplementation (Ni et al. 2012; Li et al.
2013), and light intensity (Li et al. 2010) significantly changed
starch granule size distribution and amylose content in wheat.

Wheat starch A- and B-type granules differ in composi-
tion, chain length distribution of amylopectin, relative crystal-
linity, microstructure (e.g., surface pores, channels, cavities),
and they have been summarized in details (Soulaka and
Morrison 1985; Fortuna et al. 2000; Chiotelli and Le Meste
2002; Bertolini et al. 2003; Shinde et al. 2003; Van Hung and
Morita 2005; Geera et al. 2006; Kim and Huber 2008; Kim
2009; Salman et al. 2009). The differences in these struc-
tural characteristics lead to variations in swelling, gelatiniza-
tion, retrogradation and pasting properties of the two types
of starch granules (Eliasson and Kaelsson 1983; Fortuna
et al. 2000; Chiotelli and Le Meste 2002; Shinde et al. 2003;
Geera et al. 2006; Soh et al. 2006; Kim 2009). A-type gran-
ules have higher gelatinization enthalpy, amylose content,
pasting parameters such as peak, trough, breakdown, final
and setback viscosities, and lower gelatinization onset and
peak temperatures, whereas B-type granules have higher
lipid-complexed amylose content and swelling power, broad-
er gelatinization ranges, and lower gelatinization enthalpy
(Sahlstrom et al. 2003; Geera et al. 2006; Soh et al. 2006;
Kim and Huber 2010a; Yin et al. 2012). Shinde et al. (2003)
and Soh et al. (2006) observed that peak and final viscosities
of wheat starch reduced with increasing proportion of B-type
granules. Thus, the proportion of A- and B-type granules im-
pacts wheat starch structural characteristics and functional
properties. However, there are yet inconsistent reports on
amylopectin chain-length distribution, relative crystallinity,
and microstructure of A- and B-type wheat starch granules
(Vermeylen et al. 2005; Liu et al. 2007; Salman et al. 2009).

Much of this inconsistency is likely attributable to the different
genotypes used in previous reports. In addition, there are
very little information available on amylopectin chain-length
distribution, relative crystallinity and microstructure of A- and
B-type starch granules in Chinese cultivars.

The objective of the present study was to investigate
starch granule size distribution in Chinese wheat cultivars,
and to assess A- and B-type starch granule characteristics of
four leading cultivars in morphology, amylose content, chain
length distribution of amylopectin, short-range molecular
order, relative crystallinity, and gelatinization and pasting
properties. The results of this study will help breeders to
develop potentially useful cultivars with particular functional
properties of their starches suited to specific applications.

2. Materials and methods
2.1. Experimental materials

Atotal of 345 Chinese leading cultivars and advanced lines,
including 66 from the Northern China Plain zone, 251 from
the Yellow and Huai Valley zone, 12 from the middle and
low Yangtze Valley zone, 3 from the southwestern China
zone, and 13 introductions from other countries were grown
in Anyang, Henan Province in two seasons, including 245
and 208 genotypes in 2010-2011 and 2011-2012 cropping
seasons, respectively. Only 108 genotypes were grown
in two consecutive cropping seasons. They were used
to determine the distribution of A- and B-type starch gran-
ules. Among them, four leading cultivars Zhongmai 175,
CA12092, Lunxuan 987, and Zhongyou 206 collected from
the same field in 2012-2013 season in Beijing were used
to analyze morphology, amylose content, chain length distri-
bution of amylopectin, short-range molecular order, relative
crystallinity, and gelatinization and pasting properties of the
A- and B-type starch granules. Zhongmai 175, Lunxuan 987
and Zhongyou 206 have been released in the Northern
China Plain zone, and CA12092 is an advanced line cur-
rently including in the regional yield trials. Zhongmai 175
is characterized by high yielding potential and broad ad-
aptation, soft kernel, excellent noodle, and steamed bread
qualities, and is currently a leading cultivar and also serves
as a check cultivar in the regional yield trials. Zhongyou 206
possessed hard kernel, strong gluten and excellent bread-
making quality. CA12092 and Lunxuan 987 showed high
yielding potential and broad adaptation, hard kernel, but
poor gluten quality, and averaged qualities for noodles and
steamed bread.

2.2. Flour milling

Grain hardness was measured on 300-kernel sample with a
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Perten Single Kernel Characterization System (SKCS) 4100
(Perten Instruments, Springdfield, IL, USA). The tested sam-
ples were tempered overnight to 14.5 and 16.5% moisture
for soft and hard wheat, respectively. 200 g grain samples
from each genotype were milled using a Brabender Quadru-
mat Junior mill (Brabender Inc., Duisberg, Germany). Grain
samples of Zhongmai 175 and CA12092 were tempered
overnight to 14.5% moisture, and those of Lunxuan 987
and Zhongyou 206 were also tempered overnight to 16.5%
moisture and milled using the same mill as mentioned above.

2.3. Starch isolation

Starch was extracted according to the methods of Liu et al.
(2007) and Park et al. (2005) with minor modifications, the
tailings were centrifuged twice and all the starch portions
were combined. To separate gluten from starch, dough
was made by mixing 6 g of flour with 4 g of distilled water,
stood for 10 min, and then washed with 60 mL of water.
The gluten was washed twice with 20 mL of water to ensure
the complete separation of all the starch. The combined
starch suspensions were filtered using a nylon cloth (75 pm
openings). The resulting starch filtrate was centrifuged at
2500xg for 15 min, and the supernatant was discarded.
The precipitate was divided into two portions and the upper
gray-colored tailings were transferred to another tube. Water
was added into the lower light-colored portions and slurries
were centrifuged again. These steps were repeated until
there were no gray-colored tailings on top of the starch.
The collected tailings from each repeat were re-suspended
and centrifuged twice. Then, the top layer was discarded
as described above. The resulting starch from the above
steps was combined and freeze-dried. The dried starch
granules were ground lightly with a mortar and pestle and
passed a 100-mesh sieve.

2.4. Fractionation of A- and B-type starch granules

Large A- and small B-type starch granules were separated
from prime starch by repeated suspensions in six cycles
(Park et al. 2005). The sediment comprised mainly A-type
starch granules and the supernatant contained mainly
B-type granules. The sediment and supernatant were
centrifuged for 15 min (4 000xg), and the A- and B- starch
granule factions were collected, respectively. The fractions
were frozen, lyophilized, and ground with a household coffee
mill to pass through a 149-um mesh sieve.

2.5. Granule size distribution
The proportion of A- and B-type granules in wheat starch was

determined using a Sympatec Helos/Rodos laser diffraction
particle size analyzer (Sympatec GmbH, Clausthal-Zeller-

feld, Germany), and the data were calculated as the volume
percentage (%) occupied by starch granules. Granules with
size of <10.0 ym and between 10.1-35.0 ym in diameter
were classified as B- and A-type starch granules, respec-
tively (Peng et al. 1999). Granules with diameters >35.0 pm
were considered to be impurities or compound granules.
Each sample was measured twice, and the differences
between two measurements of B-type granule contents
were less than 0.5%.

2.6. Granule morphology

Starch samples were fixed onto the surface of double-sided,
carbon-coated adhesive tape attached to an aluminium stub.
The mounted starch samples were coated with gold prior to
imaging in a scanning electron microscope (SU1510, Hitachi
High-technologies Corporation, Japan). The accelerating
voltage was 10.0 kV.

2.7. Starch crystallinity

Starch crystallinity was measured using a Panalytical X’
Pert Pro X-ray diffractometer (PANalytical, Holand) with a
Co-K, source (A=0.1789 nm) operating at 45 kV and 35 mA.
The detailed operating conditions and sample treatment
before measurement were described elsewhere (Wang et al.
2009). The relative crystallinity was quantitatively estimated
as a ratio of the crystalline area to the total area between
4-40°(20) using the Origin software (ver. 7.5, Microcal Inc.,
Northampton, MA, USA).

2.8. Chain length distribution of amylopectin

Chain length distribution of amylopectin was analyzed us-
ing a high-performance anion-exchange chromatography
equipped with a pulsed amperometric detector (HPAEC-
PAD) (Dionex Corporation, Sunnyvale, CA) according to the
method of Liu et al. (2007). 18 mg starch was dispersed
in 6 mL of sodium acetate buffer (pH 3.5) by stirring in a
boiling water bath for 20 min. After cooling, isoamylase
solution (10 yL) was added. The sample was incubated at
37°C with slow stirring for 16 h. The enzyme was inacti-
vated by boiling the samples for 15 min. The sample was
filtered (0.45 ym nylon syringe filter) and injected into the
HPAEC-PAD System.

The HPAEC-PAD System consisted of a Dionex DX2500
equipped with an ED50 electrochemical detector with a gold
working electrode, GP50 gradient pump, LC30 chromatog-
raphy oven, and AS40 automated sampler (Dionex Corpora-
tion, Sunnyvale, CA, USA). The standard quintuple potential
waveform was employed, with the following periods and
pulse potentials: T1=0.20 s, E1=0.1 V; T2=0.40 s, E2=0.1 V,
T3=0.41s, E3=-2V,; T4=0.43 s, E4=0.6 V; T5=0.44 s,
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E5=-0.1V. Data were collected using Chromeleon software,
ver. 8.00 (Dionex Corporation, Sunnyvale, CA, USA). The
mobile phase was prepared in deionized water with helium
sparging and contained eluent A (100 mmol L-' NaOH)
and eluent B (50 mmol L-' sodium acetate in 100 mmol L~
NaOH). Flow rate was 1.0 mL min™'. Linear components
were separated on a Dionex CarboPac™ PA100 column
with gradient elution (0-5 min, 40% A; 15-50 min, 70%
A; 15-50 min, 70% A+30% B) at a column temperature of
26°C and a flow rate of 1 mL min-'. A CarboPac™ PA100
guard column was installed in front of the analytical column.

2.9. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of wheat starch samples were obtained
using a Tensor 27 FT-IR spectrometer (Bruker, Germany)
equipped with a DLATGS detector. The sample prepara-
tion and operation conditions were described elsewhere
(Wang et al. 2014). The ratios of absorbance at 1045 cm="/
1022 cm™" were used to characterize the short-range
ordered structure of starch.

2.10. Amylose content

0.1 mg of starch sample was dissolved in 1 mL of 95%
ethanol (v/v) and 9 mL of NaOH solution (1 N) and placed
overnight in a refrigerator at 4°C. Distilled water was add-
ed to make up 100 mL in a volumetric flask containing the
dissolved starch sample. The amount of amylose was de-
termined using an automated chemistry analyzer (FS3100,
Ol Analytical, USA) according to the operator’s manual.
Rice amylose and amylopectin from the China National
Rice Research Institute, Chinese Academy of Agricultural
Sciences were used to establish a calibration curve using
a set of starches with amylose concentrations of 1.5, 10.4,
16.2, 19.3, and 22.5%. An additional rice starch with 26.5%
amylose was used as the control sample.

2.11. Thermal analysis

Thermal transition analysis of starch samples was made
using a differential scanning calorimeter (DSC 200 F3,
NETZSCH, Germany) equipped with a thermal analysis
data station and data recording software, according to the
method of Wang and Copeland (2012). About 3 mg of
starch granules were weighed into 40 pL aluminum pans.
Distilled water was added to the starch with a microsyringe
to obtain a starch/water ratio of 1:3 in the DSC pans. Care
was taken to ensure that the starch samples were com-
pletely immersed in the water by gentle shaking before the
pans were sealed, reweighed and left overnight at room
temperature before analysis. An empty pan was used as
a reference. The pans were heated from 30 to 115°C at a

scanning rate of 10°C min~". The instrument was calibrated
using indium as a standard. The onset (T,), peak (Tp) and
conclusion (T, ) temperatures and the enthalpy change (4H)
were determined through data recording software.

2.12. Pasting properties

The pasting profiles were analyzed using a newport scientific
rapid visco analyser 3 (RVA-3) (Newport Scientific, Austra-
lia). Starch slurries containing 8% (w/w) starch (dry weight)
in a total weight of 28 g were held at 50°C for 1 min before
heating at a rate of 6°C min~' to 95°C, holding at 95°C for
5 min, and then cooling at a rate of 6°C min~' to 50°C and
held at 50°C for 2 min. The speed of the mixing paddle
was 960 r min for the first 10 s, then 160 r min~* for the re-
mainder of the experiment. Peak viscosity (PV), viscosity
at trough (also known as minimum viscosity, MV) and final
viscosity (FV) were recorded, and breakdown (BD, which
is PV minus MV) and setback (SB, which is FV minus MV)
were calculated using the Thermocline software provided
with the instrument.

2.13. Statistical analysis

All testings were conducted at least twice and the results
were reported as the mean value and standard deviations
excluding the X-ray diffraction, chain length distribution of
amylopectin and FT-IR measurements. Mean, standard
deviation, variable coefficient and Duncan’s test (P<0.05)
were conducted using the SPSS 17.0 Statistical Software
Program (SPSS Inc. Chicago, IL, USA).

3. Results

3.1. Starch granule size distribution of Chinese
cultivars

Significant differences in granule size distribution for A- and
B-type granules were observed in the tested cultivars (Ta-
ble 1). The volume percentages of A- and B-type granules
had a range of 68.4-88.9% and 9.7-27.9% in 2010-2011
cropping season, 74.1-90.1% and 7.2-25.3% in 2011-2012
cropping season. This suggested that improvement for
starch quality could be achieved through breeding given
the wide variation for starch granule distribution present
in Chinese wheat cultivars. The A-starch granules in most
cultivars exhibited the volume percentage of 74.0—-82.0%
and 78.0-86.0%, while the B-type starch granules in most
cultivars showed the volume percentage of 14.0-20.0%
and 12.0-18.0% in 2010-2011 and 2011-2012 cropping
seasons, respectively (Fig. 1). This indicated that crop-
ping season had impacts on starch granule distribution in
Chinese cultivars.
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Table 1 Mean, range, standard deviation (SD), and coefficient of variance (CV%) of the volume percentages of A- and B-type

starch granules in the tested cultivars

Season No. of cultivars Starch granule” Mean Range SD CV (%)
2010-2011 245 A 79.0 68.4-88.9 3.46 4.4
B 18.9 9.7-27.9 3.13 16.5
2011-2012 208 A 82.6 74.1-90.1 3.02 3.7
B 16.4 7.2-25.3 3.21 19.6

A, the volume percentages of A-type starch granules (%); B, the volume percentages of B-type starch granules (%).
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Fig. 1 The frequency distribution of percentage volumes of
A- and B-type starch granules in the tested cultivars. The
horizontal axes indicate the percentage volumes of A- or B-type
starch granules (%).

Twenty-two cultivars with higher volume percentage of
A-type granules and lower volume percentage of B-type
granules were selected. Other 22 cultivars also showed
higher volume percentage of B-type granules and lower vol-
ume percentage of A-type granules. Name of these cultivars
are listed in Table 2. Among them, Wheatear, Zhou 9811-1,
Ruzhou 0319, and Chuanmai 42-white with higher volume
percentage of A-type granules and lower volume percentage
of B-type granules, and 07CA266 and Bainong 64 with higher
volume percentage of B-type granules and lower volume
percentage of A-type granules were found in two consecutive
cropping seasons. They could serve as crossing parents for
selecting high amylose cultivars in breeding programs due to
A-type granules with more amylose relative to B-type granules
(Liu et al. 2007), which increase the resistant starch in wheat

suitable for improving public health (Rahman et al. 2007).
Meanwhile 07CA266 and Bainong 64 could also become
crossing parents for selecting low amylose wheat cultivars
that can positively contribute to noodle quality improvement.
For the above other cultivars only grown in single cropping
season, further investigation will be needed to confirm starch
granule distribution of them.

3.2. Characterization of A- and B-type starch granules
in four cultivars

Granule morphology The granular morphologies of A- and
B-type granules separated from starch of Zhongmai 175,
CA12092, Lunxuan 987, and Zhongyou 206 were similar,
as observed from the representative images of Zhongmai
175 in Fig. 2. A-type starch granules displayed a disk-like
shape with diameter in the range of 10—-30 ym. In contrast,
B-type granules displayed a spherical shape with diameter
less than 10 um, and granules with diameter of about 5 pm
were predominant. The morphology of the starch was in
agreement with previous reports (Jane et al. 1994; Song
and Jane 2000; Yoo and Jane 2002; Wang et al. 2014).

FT-IR spectroscopy Similar FT-IR patterns were also
observed for unfractionated, A- and B-type starch granules
from four cultivars, hence only FT-IR spectra of Zhongmai
175 is presented (Fig. 3-A). The deconvoluted FT-IR spec-
trum in the range of 800—1200 cm™ of the B-type starch
granules differed greatly from that of unfractionated and
A-type starch granules (Fig. 3-B). The 1047 cm~'/1 022 cm™
ratios of unfractionated starch, A- and B-type starch granules
are presented in Table 2. Interestingly, A-type large granules
showed the highest 1047 cm~/1022 cm™' ratios, whereas
B-type small granules presented the lowest values. This
indicated that A-type large granules had a larger amount of
ordered short-range structure than B-type small granules.

3.3. Branch chain-length distribution of amylopectin

The amylopectin chain length distribution of the starches
was classified into four categories: short chains with degree
of polymerization (DP) 6—12, medium length chains with DP
13-24, long chains with DP 25-36, and very long chains
with DP>36 (Table 3). Amylopectin of unfractionated, A- and
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Table 2 Cultivars with higher volume percentage of A- and B-type granules in two consecutive cropping seasons

Cropping season Cultivars” A B Cultivars? AY B4
2010-2011 Wheatear 88.9 9.7 Yumai 34 7.7 27.9
Zhoumai 26 87.4 10.7 07CA266 724 27.2
Fumai 8 87.1 11.8 Xin 9408 73.3 26.7
Zhi4001 86.8 10.8 BAY24 72.8 26.7
Zhou9811-1 86.5 11.8 Jagger 731 26.5
U07-6308 86.0 12.9 AAY08 71.8 26.1
04Zhong70 85.4 13.3 CA9507-dwarf 72.9 26.0
Zhou 18 85.2 13.3 08CA137 68.6 253
Yubao 2 85.1 12.5 10CS4801 74.8 24.8
Ruzhou 0319 84.8 13.8 Xin 05-1241 74.8 24.7
Chuanmai 42-white 84.7 13.5 Bainong 64 68.4 24.3
2011-2012 Zhouheimai 1 90.1 7.2 Tainong 2413 741 25.3
Wheatear 90.0 8.4 Luomai 05123 74.6 24.8
Brula 87.9 11.3 Luyuan 502 75.2 24.3
Ruzhou 0319 87.9 10.3 Shixin 733 76.8 22.6
09CA86 87.5 10.6 Kenong 2011 76.9 22.6
Luomai 6082 87.2 11.8 Pubing 3228 76.1 22.6
Luomai 24 87.2 10.6 Zimai 12 76.1 225
Chuanmai 42-white 87.1 11.0 Shixin 828 77.3 22.3
Yan 4110 87.1 11.8 Tainong 9862 77.2 222
Zhou 24 87.1 11.2 07CA266 77.8 21.6
Zhou 9811-1 86.7 11.5 Bainong 64 77.7 21.2

") Cultivars with higher volume percentage of A-type granules and lower volume percentage of B-type granules.
? Cultivars with higher volume percentage of B-type granules and lower volume percentage of A-type granules.

¥ A, the volume percentages of A-type starch granules (%).
4B, the volume percentages of B-type starch granules (%).

Fig. 2 Scanning electron micrographs of A-type (left) and B-type (right) granules in Zhongmai 175. Scale bar=5.0 um.

B-type starch granules contained a higher proportion of me-
dium chains with DP 13-24 (47.1-65.8%) and short chains
with DP 6-12 (16.3-36.5%), and a smaller proportion of long
chains with DP 25-36 (11.1-17.9%) and very long chains with
DP>36 (0—1.9%). Differences in chain length distribution of
amylopectin of A- and B-type granules separated from four
cultivars were observed. The A-type granules of Zhongmai
175 and Zhongyou 206 contained less branch chains of DP
6-12 and more branch chains of DP 13-24 than did the
B-type granules, in general agreement with the results from
Ao and Jane (2007) and Salman et al. (2009). However, the
A-type granules of CA12092 and Lunxuan 987 contained

more branch chains of DP 6—12 and less branch chains of DP
13-24 than did the B-type granules, consistent with the report
by Vermeylen et al. (2005). In contrast to B-type granules, the
A-type granules of four cultivars had lower branch chains of
DP 25-36 and DP>36. These data indicate that amylopectin
molecules of the A- and B-type granules have distinct fine
structures, and they are likely genetically controlled during
their biosynthesis (Peng et al. 2000).

3.4. X-ray crystallinity

Unfractionated, A- and B-type starch granules of four cul-
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Fig. 3 Fourier transform infrared spectroscopy (FT-IR) average spectra (A) and the subtraction spectra (B) of unfractionated starch,
A- and B-starch granules in Zhongmai 175.

Table 3 Ratio between 1047 and 1022 cm™ of fourier transform infrared spectroscopy (FT-IR) spectra, relative crystallinity and
branch chain length distribution for unfractionated starch, A- and B-starch granules of four wheat cultivars

Cultivar Starch source 1047 cm™/ Relgt!ve Distribution (%)"
1022cm™  crystallinity (%)  pp 6-12 DP 13-24 DP25-36  DP>36
Zhongmai 175 Unfractionated starch 0.86 a 256b 250a 59.2b 144 c 15¢
A-granules 0.90 a 247 ¢ 233c¢ 60.4 a 146b 1.7b
B-granules 0.74b 273 a 24.7b 58.4 ¢ 151 a 1.8a
CA12092 Unfractionated starch 0.88 a 251b 283 a 58.7¢c 12.0c¢ 10c
A-granules 0.89a 236¢c 26.7b 59.4 b 12.8b 1.1b
B-granules 0.79b 26.7 a 16.3 ¢ 65.8 a 16.1a 19a
Lunxuan 987 Unfractionated starch 0.88 a 248b 34.7 a 53.3¢c 11.1b 09b
A-granules 0.90a 23.7¢c 31.8b 56.4 b 109c¢ 09b
B-granules 0.79b 254 a 202¢c 63.8 a 14.6 a 15a
Zhongyou 206 Unfractionated starch 0.89a 246b 20.8¢c 61.4 a 179 a Ob
A-granules 0.90 a 234c¢ 26.8b 59.4b 131¢c Ob
B-granules 0.80b 258 a 36.5a 471 ¢ 16.4 b 0.7 a

YDP, degree of polymerization
Values followed by the same letter in the same column are not significantly different (P<0.05). The same as below.

tivars presented similar XRD patterns, as observed from 1000

the representative patters of Zhongmai 175 (Fig. 4). Four 900 . — Unfractionated
— A-type granules

characteristic diffraction peaks were noted at 26 15.5, 17 4, 2> 800 - —— B-type granules

18.7, and 23° (Fig. 4), indicating the presence of A-type % 700 -

crystalline polymorphs in wheat starches. The relative E 600 -

crystallinity of B-type starch granules was the highest, while g 9004

it was the lowest for A-type starch granules (Table 3). The g 400 {

result indicated that B-type starch granules had a larger 8 300,

amount of crystallites than A-type starch granules, consistent ?88 ]

with Ao and Jane (2007). 0 10 20 30 40
Diffraction angle (26)
3.5. Thermal properties

Fig. 4 X-ray diffraction patterns of unfractionated starch, A- and
DSC data showed that the gelatinization temperatures of B-starch granules in Zhangmai 175.
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unfractionated, A- and B-type starch granules of four wheat
cultivars varied from 54.2 to 69.3°C, and the gelatinization
enthalpy changes were in the range of 8.1-11.1 (Table 4).
No significant difference was found for gelatinization param-
eters changes of the A- and B-type starch granules among
four cultivars. A-type starch granules relative to B-type
starch granules exhibited higher gelatinization onset (7)),
temperature and enthalpy changes (AH), but lower gelati-
nization conclusion temperatures (T,).

3.6. Pasting properties

Amylose content and pasting parameters of unfractionated,
A- and B-type starch granules from four wheat cultivars
are shown in Table 5. A-type starch granules had a higher
amylose content (31.4—33.3%) than B-type starch granules
(29.9-32.5%), in agreement with reports by Soulaka and
Morrison (1985), Peng et al. (1999) and Shinde et al. (2003).
A-type starch granules exhibited greater peak, trough, and
final viscosities, and lower breakdown viscosity and pasting
temperature than B-type starch granules. This was consis-

tent with previous reports (Franco et al. 2002; Shinde et al.
2003; Ao and Jane 2007), suggesting greater swelling power
of A-type starch granules.

4. Discussion
4.1. Starch granules size distribution

Previous studies indicated that starch granule size distribu-
tion was mainly affected by environmental factors such as
growing season temperature, rainfall patterns and humidity,
growth locations, and sustained or episodic environmental
stresses (Raeker et al. 1998; Dai et al. 2009; Beckles et al.
2014), generally consistent with our observations that some
differences were found in the volume percentage of A- and
B-type starch granules of most cultivars grown at the same
location among two cropping seasons. Moreover, a wide
variation in volume percentages of A- and B-type starch
granules among cultivars grown in the same environment
was observed in the present study, indicating genotype can
play a major role in determining the variation in granule size

Table 4 Thermal properties of unfractionated starch, A- and B-starch granules in four wheat cultivars”

Cultivar Starch T,(°C) Tp (°C) T.(°C) AH (J g™")
Zhongmai 175 Unfractionated starch 574 a 62.1a 67.7 a 9.0a
A-granules 56.5a 61.5b 66.6 b 92a
B-granules 545b 61.0c 68.6 a 8.1b
CA12092 Unfractionated starch 56.7 a 62.4 a 68.4b 10.8 a
A-granules 56.6 a 62.0b 67.5¢c 11.1a
B-granules 54.3b 62.3 a 70.1a 9.2b
Lunxuan 987 Unfractionated starch 56.5 a 62.6 a 68.9b 10.5a
A-granules 56.7 a 62.1a 68.6 b 10.6 a
B-granules 542 b 61.6b 70.4 a 9.6b
Zhongyou 206 Unfractionated starch 57.0a 63.1a 69.3b 104 a
A-granules 56.5a 62.6 b 68.6 ¢ 10.3b
B-granules 55.3b 62.1¢c 69.9 a 10.2 b

R T, and T, onset, peak and complete temperature, respectively; AH, enthalpy change.

Table 5 Amylose and rapid visco analyzer (RVA) parameters of unfractionated starch, A- and B-starch granules in four wheat cultivars

Cultivar Sample Amylose  Peak viscosity Trough  Breakdown Final viscosity Pasting
(%) (cP) (cP) (cP) (cP) temperature (°C)
Zhongmai 175 Unfractionated starch 29.7b 1848 b 1326 b 523 b 1929 b 925a
A-granules 325a 2454 a 2043 a 412 b 2497 a 88.4c
B-granules 30.2b 1232c 430c 802 a 1275 ¢ 90.6 b
CA12092 Unfractionated starch 31.8a 2002 b 1326 b 588 a 2201 b 87.1b
A-granules 319a 2230 a 2043 a 275¢c 2358 a 87.2b
B-granules 30.4b 1534 c 430c 442 b 1688 ¢ 95.4 a
Lunxuan 987 Unfractionated starch 32.3b 2045b 1739b 306 a 2295b 88.1b
A-granules 33.3a 2370 a 2134 a 236 b 2609 a 84.4c
B-granules 32.5ab 860 c 560 c 300 a 988 c 95.2a
Zhongyou 206 Unfractionated starch 31.2a 2306 b 1813 b 493 b 2567 b 89.7 a
A-granules 314 a 2643 a 2333 a 310¢c 2857 a 849c
B-granules 299b 1398 c 754 c 645 a 1548 ¢ 85.6 b
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distribution of wheat starch, in agreement with previous
reports (Dengate and Meredith 1984; Stoddard 2000, 2003).

4.2. FT-IR spectroscopy, X-ray crystallinity and
branch chain-length distribution of amylopectin

The FT-IR spectrum of starch is sensitive to changes in
structure of a short-range molecular level (double helices).
The absorbance bands at 1022 and 1047 cm~" are char-
acteristics of amorphous and ordered structures in starch
(Van Soest et al. 1995). Thus, the ratio of 1047 cm-'/1022
cm~' can be used to characterize the short-range molecular
order of double helices in starches (Van Soest et al. 1995;
Capron et al. 2007).

In the present study, A-type starch granules presented a
higher ratio of 1047 cm~'/1022 cm~" than B-type starch gran-
ules, indicating the presence of a larger amount of ordered
short-range double helices in A-type starch granules. This
was in general agreement with the chain length distribution
of amylopectin in Zhongmai 175 and Zhongyou 206, show-
ing that A-type starch granules have a higher proportion of
intermediate chains (DP 13-24). The length of amylopectin
chains acceptable for the formation of double helices is in
the range of 10-25 glucosyl residues, preferentially 12—18
(Genkina et al. 2007). For A-type starch granules, higher
proportion of intermediate chains would result in the for-
mation of more double helices, causing a higher IR
ratio of 1047 cm~'/1022 cm~' compared with B-type starch
granules. However, inconsistent results were observed for
starches from CA 12092 and Lunxuan 987. These inconsis-
tencies observed between molecular order and chain length
distribution of starch granules suggested that the molecular
order of starch granules is not determined solely by starch
chains that may form double helices. B-type starch granules
presented higher relative crystallinity compared with A-type
starch granules, in agreement with reports from Ao and Jane
(2007) and Sahal and Jackson (1996). Generally, the higher
IR ratio of 1047 cm~'/1022 cm™, the higher relative crystallinity
starch granules have. In this study, A-type starch granules
with higher IR ratio of 1047 cm~"/1022 cm~' yet presented
lower relative crystallinity. The different result might be due
to the impact of amylose molecules on the conformation
of amylopectin double helices. Kozlov et al. (2007) found
that an increase in amylose content is accompanied by
accumulation of amylose tie-chains in amylopectin clusters
forming defects in crystalline lamellae. Disordered ends of
amylopectin double helices not participating in the formation
of crystals are also proposed to be contributing factors for
defects of the crystalline regions and for greater disorder in
the packing of the lamellar structure (Koroteeva et al. 20074,
b). A-type starch granules have higher amylose content,
which would result in the formation of more defects of the

crystalline regions, thus leading to lower relative crystallinity.
Our results also corroborated the fact that starch crystal-
lites are formed by the long-range regular array of double
helices, and that double helices content are higher than
relative crystallinity.

4.3. Thermal and pasting properties

DSC measures the heat required for the melting of double
helices or starch crystallites following granule swelling during
gelatinization (Wang and Copeland 2012; Wang and Cope-
land 2013). DSC gelatinization parameters are influenced by
the molecular structure of amylopectin, amylose/amylopectin
ratio, crystalline/amorphous ratio, or a combination thereof
(Noda et al. 1998). The enthalpy change primarily reflects
the loss of molecular order (double helices) rather than
the melting of starch crystallites (Cooke and Gidley 1992).
A-type starch granules presented higher onset temperature
and enthalpy change than did B-type starch granules. The
higher enthalpy change of A-type starch granules could be
attributed to the higher amount of ordered short-range mo-
lecular structure. Our results were in agreement with Ao and
Jane (2007). However, Liu et al. (2007) reported that A-type
starch granules had lower gelatinization temperature, and
Ghiasi et al. (1982) found that A- and B-type starch granules
had similar gelatinization temperature regimes. Thus, further
investigation is needed to confirm the association between
starch granules and gelatinization property.

A-type starch granules had greater peak, trough and
final viscosities, and lower breakdown viscosity and pasting
temperature than B-type starch granules, in agreement with
reports by Sahlstrom et al. (2003), Ao and Jane (2007) and
Kim and Huber (2010b). Pasting properties of starch are
affected by starch granule size, amylose and lipid content,
and amylopectin structure. Amylopectin is primarily respon-
sible for granule swelling, whereas amylose and lipid restrict
the swelling (Tester and Morrison 1990). The B-type starch
granules had more lipids than the A-type starch granules,
and lipids can form helical complexes with amylose, which
restricted granule swelling (Ao and Jane 2007). Thus, the
B-type starch granules developed lower peak viscosity at
a higher pasting temperature.

5. Conclusion

A wide variation in volume percentages of A- and B-type
starch granules was observed in Chinese wheat cultivars.
Volume percentage of A- and B-type granules had ranges
of 68.4-88.9% and 9.7-27.9% in 2010-2011, 74.1-90.1%
and 7.2-25.3% in 2011-2012. Wheatear, Zhou 9811-1,
Ruzhou 0319 and Chuanmai 42-white with higher volume
percentage of A-type granules and lower volume percentage
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of B-type granules, and 07CA266 and Bainong 64 with higher
volume percentage of B-type granules and lower volume
percentage of A-type granules could serve as parents
in breeding program for selecting high and low amylose
wheat cultivars, respectively. The unfractionated, A- and
B-type starch granules in four leading cultivars presented
significant differences in granule morphology, IR ratio of
1047 cm~'/1022 cm™', amylopectin chain length distribution,
relative crystallinity, gelatinization, and pasting properties.
Some differences were also observed for amylopectin chain
length distribution of A- and B-type granules separated from
starches of four tested cultivars. The A-type granules starch
had a higher amount of ordered short-range structure, but
a lower relative crystallinity as compared with the B-type
starch granules. The A-type granules starch displayed
higher gelatinization onset (T, ) temperatures and enthalpies
(AH), and lower gelatinization conclusion temperatures (T,)
than the B-type starch granules. The A-type starch granules
compared to the B-type granules starch had greater peak,
though, and final viscosity, and lower breakdown viscosity
and pasting temperature.
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