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ABSTRACT

Small-angle X-ray scattering (SAXS) together with several complementary techniques, such
as differential scanning calorimetry and X-ray diffraction, have been employed to investigate
the structural features that give diverse functional properties to wheat starches (Triticum
aestivum L.) within a narrow range of enriched amylose content (35 to 43%). For these
starches, which come from a heterogeneous genetic background, SAXS analysis of duplicate
samples enabled structural information to be obtained about their lamellar architecture where
differences in lamellar spacing among samples were only several tenths of nanometer. The
SAXS analysis of these wheat starches with increased amylose content has shown that

amylose accumulates in both crystalline and amorphous parts of the lamella. Using waxy
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starch as a distinctive comparison with the other samples confirmed a general trend of
increasing amylose content being linked with the accumulation of defects within crystalline
lamellae. We conclude that amylose content directly influences the architecture of
semicrystalline lamellae, whereas thermodynamic and functional properties are brought about

by the interplay of amylose content and amylopectin architecture.

Keywords: Wheat starch, Triticum aestivum, amylose, amylopectin, small-angle X-ray

scattering, granule structure, X-ray diffraction, differential scanning calorimetry.

INTRODUCTION

Semicrystalline native starch granules display a hierarchical structural periodicity. Starch
granules have a layered organization with alternating amorphous and semicrystalline radial
growth rings of 120 to 400 nm thickness emanating from the hilum. The amorphous rings
consist of amylose and amylopectin in a disordered conformation, whereas the semicrystalline
rings are formed by a lamellar structure of alternating crystalline and amorphous regions with
a repeat distance of 9 to 11 nm (Cameron & Donald, 1992). The crystalline regions of the
lamellae are mainly formed by double helices of amylopectin side chains packed laterally into
a crystalline lattice, whereas amorphous regions contain amylose and the amylopectin
branching points. Amylopectin clusters may contain amylose molecules that pass through
both the crystalline and amorphous layers. These “tie-chain” amylose molecules are proposed
to be in a straightened conformation in crystalline regions and in a disordered conformation in

amorphous regions (Kozlov et al., 2007a; Matveev et al., 1998).
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Small-angle X-ray scattering (SAXS) techniques measure differences in electron density
distribution, whereas diffraction techniques are indicative of crystallinity of the material.
SAXS and neutron scattering have been shown to be useful for studying the arrangement of
lamellar structures in semi-crystalline starch granules (Waigh et al., 1996). SAXS patterns
from hydrated native starches show a broad scattering peak, from which the average thickness
of the lamellar repeat unit (that is the thickness of the crystalline plus amorphous layers) can
be calculated. In combination with other techniques, such as differential scanning calorimetry
(DSC) and X-ray diffraction (XRD), the thickness of the crystalline layer can be calculated
(Blanshard et al., 1984; Waigh et al., 1998, 2000a, 2000b). The position of the SAXS peak is
related to the average lamellar repeat length in granular starches, whereas peak width and
intensity are mainly dependent on the regularity of the arrangement of lamellae and the
electron density differences between the amorphous and crystalline regions of the lamellar
structure. Recent studies using SAXS and high-sensitivity DSC have increased our
understanding of the influence of amylose located within amylopectin clusters in native starch
granules (Kozlov et al., 2006). SAXS has also proved useful in helping to describe processes
such as swelling, gelatinization, retrogradation and annealing (Donald et al., 2001; Lopez-

Rubio et al., 2007; Vermeylen et al., 2005, 2006).

Several approaches aimed at obtaining wheat starches with increased amylose content have
been reported in the literature. Some of the breeding programs are based on the genetic
manipulation of the enzymes involved in starch synthesis (Kozlov et al., 2006; Morell &
Myers, 2005), whereas selecting among wheat varieties with increased amylose content for
functional characteristics has also been reported to lead towards the increase in amylose
content (Blazek & Copeland, 2008). Different breeding approaches can result in starches with

increased amylose that vary in their functional, structural and thermodynamic characteristics.
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For example, wheat varieties with increased amylose content described by Hung et al. (2007)
had levels of crystallinity comparable to starches with normal amylose content, whereas
another study using a different breeding strategy found increased amylose content to be

accompanied with a loss of crystallinity (Hung et al., 2008).

The varieties used in this study, and those described by Blazek and Copeland (2008) and
Hung et al. (2008), were obtained by genetic back-crossing of wheat cultivars grown in
Australia. The swelling power test was used as a simple screening method to select lines for
increased amylose content; hence, the genetic background of these wheat cultivars was not
uniform. These starches have been shown to have a gradation of pasting, swelling and
thermodynamic characteristics correlated to amylose content (Blazek & Copeland, 2008;
Hung et al., 2008). In this study, SAXS together with DSC, XRD and fluorophore-assisted
capillary electrophoresis, were employed to further examine structural features that provide
these starches with a wide range of functional properties within a narrow range of enriched

amylose content.

MATERIALS AND METHODS

Materials

Twelve wheat (Triticum aestivum L.) varieties selected from the set of samples described by
Blazek & Copeland (2008) were used in the study. These included ten varieties with increased
amylose content produced through the Value Added Wheat CRC Pty Ltd (VAWCRC)
breeding program, one waxy variety and starch extracted from commercial flour. This

breeding program is based on commercial Australian hard wheat cultivars of diverse genetic



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

background. Samples used in the study were grown in Eastern Australia over three growing
seasons. Starch was extracted from flour using a two-step procedure that involved enzymic
removal of proteins and subsequent extraction of free lipids with ethanol, based on the method

of Akerberg et al. (1998) as described by Blazek & Copeland (2008).

Total amylose (T-AM) and free amylose (F-AM) content were determined by iodine binding
as described by Chrastil (1987) using a calibration curve derived from a set of maize starches
with zero to 75% amylose. According to this method, total and free amylose values were
obtained from iodine binding with and without lipid extraction by ethanol, respectively.
Lipid-complexed amylose (L-AM) was calculated as the difference between T-AM and F-
AM. Amylopectin chain length distribution was determined in the laboratories of CSIRO
Plant Industry, Canberra, by fluorophore-assisted capillary electrophoresis using the Beckman

P/ACE System 5010, as described by Morell et al. (1998) and O’Shea et al. (1998).

Starch swelling power (SSP) was determined by measuring water uptake at 92.5°C by a 40
mg sample of starch according to the method of Konik-Rose et al. (2001) as described by
Blazek & Copeland (2008). The swelling power test was carried out in 0.1% AgNOj solution
to inhibit o-amylase activity. Particle size distribution was determined in the laboratories of
Allied Mills, Sydney using a Mastersizer laser diffraction instrument in wet-cell mode. Prior
to analysis, starch samples were dispersed in deionized water and filtered through a 63 um
sieve. Results are presented as the ratio of particles of diameter less than 10 pum (assumed to
be mostly B granules) to particles with diameter between 10 and 35 pm (assumed to be

mostly A granules).

Small angle X-ray scattering
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SAXS measurements were obtained with a Bruker Nanostar SAXS camera, with pin-hole
collimation for point focus geometry. The X-ray source was a copper rotating anode (0.1 mm
filament) operating at 50 kV and 24 mA, fitted with cross coupled Gobel mirrors, resulting in
a Cu K, radiation wavelength of 1.5418 A. The SAXS camera was fitted with a Hi-star 2D
detector (effective pixel size 100 pm). The sample to detector distance was chosen to be 650
mm, which provided a g-range from 0.02 to 0.3 A’', where g is the magnitude of the scattering

vector defined as:
4z
=—sin@,
=7

with A the wavelength and 26 the scattering angle. Starch samples were presented in 2 mm
sealed glass capillaries. Scattering data of starch samples were collected as starch suspensions
containing excess water above the settled starch granules. SAXS curves of waxy starch and
starch extracted from commercial flour were collected once only, whereas 9 replicate SAXS
curves of the 10 starch samples from the VAWCRC were collected using separate capillaries;
the enhanced precision offered by measuring sufficient replicates allowed subtle differences
in lamellar architecture to be discerned. The optics and sample chamber were under vacuum
to minimize air scattering. Scattering files were normalized to sample transmission, and after
subtracting background, averaged radially using macros written in the Igor software
(Wavemetrics, Lake Oswego, Oregon, USA). SAXS curves were plotted as a function of

relative peak intensity, I, versus ¢, the scattering vector.

The parameters of the SAXS peaks of the varieties with increased amylose content, namely
the thickness of the lamella and thicknesses of the crystalline and amorphous regions of the
lamella, were determined by considering the ideal lamellar model, which consists of

alternating crystalline and amorphous lamellae that are placed in stacks with dimensions that
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are large enough not to affect the small angle scattering (Balta Calleja & Vonk, 1989;
Koberstein & Stein, 1983; Strobl & Schneider, 1980). The model is assumed to be isotropic,
that is it has no preferred orientation. Extrapolated scattering curves were Fourier transformed
into a one dimensional correlation function using the CORFUNC program (part of the CCP13
suite of software). The correlation function was interpreted in terms of an ideal lamellar
morphology using Igor software and a curve fitting approach to obtain structural parameters
describing the sample, namely the long period L, (also known as Bragg spacing d or lamellar
repeat distance), hard block thickness L, and soft block thickness L,. Electron density contrast
was calculated from the one dimensional correlation function. The intensity of the scattering
peak was determined by the graphical method as described by Yuryev et al. (2004). Waxy and
commercial samples used in this study were analyzed by the same graphical method to

determine repeat distance and peak intensity.

An alternative approach is to invoke the model proposed by Daniels and Donald (2003).
However, this model utilizes eight adjustable parameters to account for the small-angle
scattering. In the absence of additional scattering information, such as that obtained with
combined neutron contrast variation methods and subsequent simultaneous global refinement,
this method produces significant uncertainties in the fitting parameters, which limits its
application. Hence, we used the simpler approach to allow comparison to be made between

samples.

X-ray diffraction

XRD measurements of starch samples were made with a Difftech Mini Materials Analyser X-

ray diffractometer (GBC Scientific Equipment Pty. Ltd.). The X-ray generator was equipped
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with a cobalt anode (A = 1.78897 A) operating at 1 kW and 3.36 mA. X-ray diffractograms
were acquired at room temperature (20 + 1°C) over the 20 range of 5° to 35° at a rate of 0.50°
20 per minute and a step size of 0.05° 20. Traces software v. 6.7.13 (GBC Scientific
Equipment Pty. Ltd.) was used to manually subtract the background representing the
amorphous portion of diffractograms. Starch crystallinity was calculated as a ratio of the
crystalline area to the amorphous area. Perfection of the crystalline structures of the samples
was assessed based on the full width at half maximum values of selected peaks typical for

type A crystallinity.

Differential scanning calorimetry

DSC measurements were made using a Modulated Differential Scanning Calorimeter MDSC
2920 instrument (TA Instruments Inc., Delaware, USA). Starch and deionized water were
weighed directly into an aluminum pan at a starch:water ratio of 1:2, and the pan was
hermetically sealed. An empty pan was used as a reference. The pans were heated from 30 to
140°C with the temperature increased at a rate of 10°C/min. The instrument was calibrated
using indium as a standard. Melting temperatures were determined from the thermograms by
means of the Universal Analysis 2000 software provided by the instrument company.
Calorimetric enthalpy (AH,,) was determined by numerical integration of the area under the
peak of thermal transition above the extrapolation lines. The average values of the
thermodynamic parameters were determined using duplicate measurements and normalized

per mole of anhydroglucose units (162 g mol™).

Scanning electron microscopy
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Electron micrographs of the starch granules were acquired with a Philips XL30 scanning
electron microscope. Samples were mounted on double-sided carbon tape, coated with gold

and imaged under an accelerating voltage of 10 kV.

Statistical analysis

All chemical analyses were performed using separate duplicate samples. Correlation analysis
was performed using XLStat software (Addinsoft, New York, NY). Pearson’s correlation
coefficients (r) were calculated between pairs of measured characteristics. A statistically
significant relationship between two variables is indicated at the level of statistical
significance of p<0.05. The minimum r value for significance at p = 0.05 for n = 10 samples
is 0.632. The starch from the waxy wheat and commercial flour were excluded from the
statistical analysis so as not to distort the correlation coefficients by artificially increasing the
range of measured characteristics. Moreover, the samples from the VAWCRC program were
grown, stored and milled under similar conditions, whereas the waxy line and commercial

sample were provided as flours.

RESULTS

Composition and pasting properties of wheat starches

The composition, swelling properties, melting temperature and chain length distribution of

amylopectin of the starches isolated from the cultivars used in this study are summarized in

Table 1. Excluding the starches from the waxy wheat and commercial flour, these starches

had between 53 and 59% of particles with size distribution between 10 and 35 pum (assumed
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to be mainly A granules). Total, free and lipid-complexed amylose content varied between 36
and 43%, 28 and 33% and 6 and 14%, respectively. Starch swelling power ranged between

5.4 and 6.9 (Table 1).

Starch extracted from the commercial flour had 35% total amylose, swelling power of 6.3 and
contained 57% of particles with size distribution between 10 and 35 wm. The waxy wheat
variety included in the study as a comparison, had 4% total amylose content and contained
48% of supposed A granules. Swelling power of the isolated waxy starch was not measurable

by the method used in this study.

Scanning electron micrographs of starch granules of the waxy variety and of the amylose-rich
varieties (SM1118 is shown as a representative) indicated there were no obvious
morphological differences between the granules of the starches examined in this study (Fig.
1). Granules smaller than 10 um in diameter - assumed to be B granules - displayed round,
ellipsoidal, as well as angular and irregular shapes. The surface of most of the granules with
diameter greater than 10 wm from all studied wheat varieties displayed indentations, which

are likely to be caused by impressions from B granules and protein bodies.

Amylopectin chain length distribution

The amylopectin chains were classified into four fractions according to chain length. These
were short chains with degree of polymerization (DP) 6 to 12, medium length chains with DP
13 to 24, long chains with DP 25 to 36, and very long chains with DP greater than 36. The
proportions of the fractions in all of the samples were 41 to 45% of short chains, 46 to 49% of

medium length chains, 7 to 9% of long chains and less than 2% of very long chains (Table 1).

10
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Starches from VAWCRC breeding program had smaller proportions of short chains and
greater proportions of long chains as compared to the waxy and commercial starches. No
apparent trends or differences were observed among the starches from VAWCRC breeding

program (Table 1).

Crystallinity and thermal characteristics

XRD patterns of the selected starches are shown in Fig. 2. All of the starches studied
displayed A-type crystallinity with peaks at 17.6, 19.9, 20.8 and 26.7° 20. Based on the full
width at half maximum of the characteristic peaks, waxy wheat displayed the most perfect
crystalline structures, whereas the commercial starch showed the least perfect crystallites. The
XRD patterns of the 10 varieties from the VAWCRC program were qualitatively very similar
and differences in total crystallinity and perfection of the crystal structures could not be
quantified due to inherent uncertainties of the method related to the definition of the
amorphous background and peak overlay. A peak fitting procedure described by Lopez-Rubio
et al. (2008) may allow calculation of starch crystallinity and contribution from the different
crystal polymorphs of starch to the total crystallinity, but the quality of the experimental data

and differences among traces were not sufficient to use this method.

DSC data showed that the gelatinization temperatures of starches isolated from the varieties
from the VAWCRC program varied from 61.5 to 65.4°C (Table 1). Waxy wheat had higher
melting temperature of 66.8°C, consistent with the increased degree of crystallinity observed
by XRD. Starch from the commercial flour had a melting temperature of 62.1°C. Based on the

area under the peak of thermal transition, the transition enthalpy of waxy starch was 1,303

11
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kJ/mol, whereas the enthalpies of the commercial starch and variety SM1046 were 996 kJ/mol

and 1,211 kJ/mol, respectively (Fig. 3).

SAXS characteristics

The SAXS patterns from several of the starches used in this study are shown in Fig. 4. The
values of the parameters obtained from the scattering profile as described in the Methods
section varied significantly among the varieties, as shown in Table 1. Long period, L,, ranged
between 91.8 and 94.7 A for the starches from the VAWCRC program. The thickness of the
crystalline region of the lamella (hard block), L., and amorphous region (soft block) thickness,
L., varied from 68.4 to 70.9 A and from 23.4 to 23.9 A, respectively (Table 1). Fig. 5 shows
nine replicate values of L, for each of the 10 samples. The variation among the replicates of
each sample was within approximately 1 A (Fig. 5). The variation in the intensity of the
scattering peak within the 9 replicates was comparable in magnitude to the variation among
individual samples (data not shown). A similar observation was made for electron density
contrast values calculated from the one dimensional correlation function. Therefore, these two

parameters were not used in the statistical correlation analysis.

As determined by the graphical method of Yuryev et al. (2004), the waxy starch and
commercial variety had repeat distances of 99.6 A and 108.3 A, respectively. As a
comparison, graphical analysis performed on one of the replicate SAXS curves of variety
SM1046 yielded a repeat distance of 110.2 A. It is worth noting that the average repeat
distance as determined by the correlation function analysis (Table 1) is about 15% smaller
than the Bragg distance d, and this is in agreement with results reported by others (Jenkins et

al., 1993; Yuryev et al., 2004).

12
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Correlations of the parameters obtained from the SAXS peak with selected chemical and
functional characteristics of the starch varieties used in this study (excluding the waxy wheat
and starch from commercial starch) are summarized in Table 2. Positive correlation
(significant at p<0.05) was found between L, and T-AM (r = 0.75, Fig. 6). Similarly,
correlations were found between hard and soft block thicknesses and T-AM, with correlation
coefficients of 0.749 and 0.669, respectively. Melting temperature and amylopectin chain

length distribution did not correlate significantly with any of the studied characteristics.

DISCUSSION

Repeatability of SAXS measurement

As shown by the spread of nine replicate values of L, for each of the 10 samples studied (Fig.
5), the repeatability of individual measurements was within a range of approximately 1 A. In
comparison, the variation of L, among the samples with amylose content between 35 and 43%
was of the order of 3 A. Uncertainty may exist as to whether the magnitude of the
experimental error allows meaningful differentiation of such samples, given their amylose
content falls within a narrow range. However, our study illustrates that SAXS may provide
information regarding the lamellar architecture in sample sets that differ in L, by only a few
angstroms and that a significant correlation exists between the lamellar repeat and amylose

content.
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The scattering intensity for a simple two phase system is proportional to the product of the
relative fractions of each phase and the scattering length density difference (Glatter & Kratky,
1982; Higgins & Benoit 1997). In agreement with this scattering theory and according to
Yuryev et al. (2004), the intensity of the scattering peak (/,,,;) depends on the amount of the
ordered semi-crystalline structures and/or on the differences in electron density between
crystalline and amorphous layers. Because the degree of crystallinity in the starches studied
did not vary significantly as shown by the XRD, we propose that the observed changes in 7,
mainly reflect the difference in the electron density between the crystalline and amorphous
regions of the lamellar structure. The fact that the variation in I, values among replicate
measurements was comparable in magnitude to the variation between samples may be
attributed to variations in packing density of individual capillaries influencing the scattering
intensity to an extent that exceeds any correlation. As a result, natural variation between
sample preparations may outweigh any real correlations. The development of a more
reproducible method to avoid such variations in the packing density of these starch slurries

would help overcome this issue.

Effect of amylose content on the structural parameters of starch granules

The results of several studies have shown that lamellar repeat distance of starches from
different botanical sources varies within a range between 9 and 11 nm, and that XRD patterns
show little variability within plant species (Kozlov et al., 2007a; Vandeputte & Delcour,
2004; Yuryev et al., 2004). However, starch granules extracted from different plant sources
are usually considered to display decreasing intensity of the scattering maximum with
increasing amylose content (Bocharnikova et al., 2003; Jenkins & Donald, 1995; Kozlov et

al., 2007a, 2007b; Sanderson et al., 2006; Yuryev et al., 2004). This trend is accounted for by

14
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a decrease in the difference in electron density between the crystalline and amorphous regions
of the lamellae with increasing amylose content. Kozlov et al. (2007b) suggested that an
increase in amylose content is accompanied both by accumulation of amylose tie-chains in
amylopectin clusters forming defects in crystalline lamellae, and by disordered amylose
chains within amorphous regions. Disordered ends of amylopectin double helices and/or
double helices not participating in the formation of crystals are also proposed to be
contributing factors to defects of the crystalline regions and, in turn, to greater disorder in the
packing of the lamellar structure (Koroteeva et al., 2007a, b; Kozlov et al., 2007b). The
occurrence of amylose-amylose double helices within the crystalline lamellar regions
containing mainly amylopectin double helices has been shown to be highly unlikely in native
starch granules and is not considered as a possible explanation for the intensity decrease

(Kalichevsky & Ring, 1987; Tester et al., 2000).

Positive correlations between L, and amylose content, and between hard and soft block
thicknesses and amylose content, indicate that amylose accumulates in both crystalline and
amorphous parts of the lamellae (Table 2 & Fig. 6). This hypothesis is consistent with current
understanding of starch synthesis, which considers that amylose and amylopectin are
synthesized simultaneously (reviewed by Morell et al., 2003). If thickness of one of the
lamellar regions remained constant as the amylose content varies, it would be more difficult to

explain how amylose and amylopectin are synthesized together and packed into the granule.

It has been reported that an increase in amylose content would be expected to be accompanied
by decreasing crystallinity, decreasing melting enthalpy and decreasing values of melting
temperature of the amylopectin crystallites in native wheat starch granules with amylose

content less than 50% (Koroteeva et al., 2007a, b; Kozlov et al., 2007b). In agreement with
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results by Hung et al. (2008), our results did not confirm these trends. Insignificant
differences in total crystallinity and the lack of correlation between T, and any of the studied
characteristics within the set of varieties from VAWCRC program indicates that there may be
several underlying factors affecting lamellar structure that may mask general trends that occur
over a wider range of amylose content. Increased defects in the crystalline lamella with
increasing amylose content may to some extent be compensated by a protective effect of
amylose in the amorphous lamellar regions on the crystallites, consistent with increased soft

block thickness being correlated with increasing amylose content.

The SAXS curves shown in Fig. 4 indicate that the contrast in electron density between hard
and soft blocks of waxy starch is significantly greater than in the other starches, even when
underlying variability in scattering peak intensity is considered. When the waxy wheat variety
was compared with the other varieties used in this study, the following trends were observed:
the waxy variety had more sharply defined XRD peaks, smaller repeat distance, higher
intensity of the SAXS peak, higher melting temperature, and higher melting enthalpy. Based
on combined results acquired by SAXS, DSC and XRD analyses, we conclude that the
differences between the waxy variety and the other samples used in this study are due to
amylose defects accumulating in the crystalline regions as well as more amylose
accumulating in the amorphous regions of lamellar structure. The higher melting temperature,
more sharply defined XRD peaks and greater intensity of SAXS peak observed for the waxy
starch are consistent with the hypothesis that amylopectin crystallites have fewer defects in
waxy starch than in amylose-rich starches. The larger lamellar repeat distance observed for
the non-waxy starches provides evidence for more amylose accumulating in both crystalline

and amorphous regions of the lamellae in amylose-rich starches.
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Starch extracted from commercial flour had amylose content between that of waxy wheat and
the set of wheat varieties from VAWCRC. Accordingly, intensity of the scattering peak and
repeat distance of the commercial starch was between that of waxy wheat and the VAWCRC
varieties. However, perfection of XRD peaks, melting temperature and transition enthalpy
were lower than in starches from the VAWCRC varieties. We propose that crystallinity and
thermal characteristics, but not electron density contrast and lamellar thicknesses, of the
commercial starch may have been affected by commercial milling, for example by inclusion

of a grain tempering step.

Lamellar spacing, as indicated by L, did not increase continuously with increasing amylose
content, but rather the 10 samples segregated into two groups, with a step increase in L,
between them (Fig. 6). The two groups were not differentiated by growing season, and hence
this distribution is likely to reflect underlying genetic variation and/or environmental

influences on the expression and activities of enzymes involved in starch synthesis.

Over a wide range of amylose content, three main factors are considered to influence the
structural parameters of native starch granules at the nanoscale: (i) amylose defects located in
the crystalline region of the lamellae (both as amylose tie-chains and amylose-lipid
complexes), (ii) the amount of amylose within the amorphous regions of the lamellae, and (iii)
chain length distribution of amylopectin chains (Koroteeva et al., 2007a, b; Kozlov et al.,
2007b). When structural characteristics of the group of amylose-rich starches used in this
study were compared with waxy wheat starch, the general trend described by Kozlov et al.
(2007b) was confirmed. However, our results indicate that increasing amylose content within
a narrow range of elevated amylose content is not necessarily accompanied by increased

accumulation of crystal defects. In general, the structure of wheat starches from different
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varieties, and their functional properties, appear to be determined by amylose content, but fine
structural variations brought about by differences in genetic background introduces

uncertainty into the prediction of functional properties from amylose content alone.

CONCLUSIONS

Analysis of starches with amylose content between 35 and 43% showed SAXS may provide
information regarding the lamellar architecture in sample sets that differ in L, by only a few
angstroms and that a significant correlation exists between the lamellar repeat and amylose
content. The results of the SAXS analysis of the wheat starches were consistent with amylose
accumulating in both crystalline and amorphous parts of the lamellae. We conclude that
amylose content directly affects the organization of semicrystalline lamellae within granules,
whereas thermodynamic properties are influenced more by the interplay between amylose

content and amylopectin architecture.
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Table 1. Summary of the properties of the starches used in this study.

Total (T-AM), free (F-AM) and lipid-complexed (L-AM) amylose content, and swelling
power of starch (SSP) were determined as described in the text. The percentage of A granules
was calculated from the particle size distribution as particles with diameter between 10 and
35 um. Melting temperature, 7, was determined by DSC. Amylopectin chain length
distribution was divided into four groups according to the DP, as described in the text. Long

period L,, hard block thickness L. and soft block thickness L, calculated from SAXS curves

as described in the text.

T-AM
(%)

A

aranules

(%)

DP6-12
(%)

DP 13-24 DP25-36

(%)

Lp
(A)

Waxy starch
Commercial starch
Diamondbird

Ega Hume
Batavia
Pelsart
SM1118
Minto
OA24-328-1
0OA24-328-3
OA24-198-3
SM1046

35.2
36.1
36.8
37.1
37.8
38.8
39.2
40.2
41.2
42.0
42.8

31.9

30.1
31.0
33.1
33.4
28.6

48.1
57.3
58.2
58.0
55.9
53.2
57.1
55.5
57.5
59.2
55.9
58.6

43.6
45.0
43.0
41.9
41.5
42.0
41.7
41.5
42.3
41.8
41.2
43.2

46.9
46.2
47.0
47.7
48.4
48.0
48.6
48.4
47.7
47.7
47.9
47.3

_k_k
o

o
D OO NN oo

93.38
92.91
91.82
92.64
92.94
92.53
94.31
94.22
94.73
94.13
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Table 2. Correlation matrix between physicochemical and structural characteristics, based on
the 10 samples used in this study. Values in bold indicate significant correlations at a
significance level alpha=0.05, minimum r to be significant at p=0.05 for n = 10 samples is
0.632. Total (T-AM), free (F-AM) and lipid-complexed (L-AM) amylose content, and
swelling power of starch (SSP) were determined as described in the text. The percentage of A
granules was calculated from the particle size distribution as particles with diameter between
10 and 35 wm. Melting temperature, 7,,, was determined by DSC. Amylopectin chain length
distribution was divided into four groups according to the DP, as described in the text. Long
period L,, hard block thickness L. and soft block thickness L, calculated from SAXS curves

as described in the text.

T-AM F-AM L-AM SSP A-granules Tm DP 6-12 DP 13-24 DP 25-36 DP>36
Lp 0.752 0.299 0.483 -0.481 0.482 -0.135 0.239 -0.538 0.336 0.049
La 0.669 0.421 0.330 -0.467 0.512 -0.016 -0.017 -0.254 0.391 0.148
Lc 0.749 0.267 0.501 -0.472 0.463 -0.156 0.285 -0.581 0.316 0.028
Tm 0.368 -0.044 0.360 0.113 -0.070 1 -0.291 0.475 -0.189 0.141
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Figure captions

Figure 1. SEM micrographs of waxy wheat starch granules (a) and SM1118 starch granules
(b).

Figure 2. X-ray diffraction patterns of wheat varieties used in this study. Waxy wheat (a),
commercial starch (b) and. SM1046 (c).. The traces have been offset for clarity of

presentation.

Figure 3. DSC gelatinization characteristics of selected wheat varieties used in this study.

Heat flow was measured in cal/sec/g and the traces have been offset for clarity of

presentation. Starch to water ratio 1:2, heated at 10°C/min.

Figure 4. SAXS patterns of several of the starch varieties used in this study. The traces were

obtained as described in the Methods section.

Figure 5. Variability in long period based on nine replicates shown for 10 samples used in this

study.

Figure 6. Amylose content vs. long period. Error bars show standard deviations based on nine

replicates.
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