
Introduction

In spite of latter achievements in understanding of enzy-

matic reactions occurring during biosynthesis of starch

polysaccharides (amylose, amylopectin), the processes

of formation of starch semi-crystalline structures are

poorly known. According to classical approaches of

physical chemistry, the structure of polymer crystals de-

pends on the degree of polymerization of molecules,

their concentration in mother water as well as on tem-

perature conditions of crystallization. These presenta-

tions have found acknowledgement at investigation of

starch spherulitic crystals [1, 2] and the structure of

starches grown at different environmental conditions

[3, 4]. Particularly, it has been shown that rise of envi-

ronmental temperature leads to formation of more per-

fect starch crystals with higher melting temperatures. If

perfection of starch crystals is determined only by con-

ditions of crystallization, annealing of starches extracted

from one cultivar but grown at different environmental

temperatures should eliminate difference in melting

temperatures. However, the analysis of published data

shows that this difference remains sufficiently signifi-

cant for annealed starches [5, 6]. As starch is biological

object, it could be supposed that besides physico-chemi-

cal factors genetic factors can also exert influence on

structure of crystals forming during starch biosynthesis.

Generally, it can be proposed that there is a relationship

between the number of active enzymes, controlling

amylose and amylopectin biosynthesis, their activity

and starch granule structure. The hypothesis concerning

influence of activity of different isoenzymes on struc-

ture of starches has been also noted by Tester [7]. At

present, however, these hypotheses are lacking in exper-

imental evidences.

Models of different levels of starch granule organi-

zation and assembly structures have been proposed

[8–16]. At present, the cluster model giving adequate

description of the structure of amylopectin and normal

starches is generally accepted. According to the model,

the structural periodicity in semi-crystalline starch gran-

ules is formed by repeating layers of amorphous back-

ground, consisting of amylopectin and amylose macro-

molecules in unordered conformation, and semi-crystal-

line growth rings. The latter consist of periodically ar-

ranged crystalline and amorphous lamellae formed by

amylopectin clusters. For amylopectin and normal

starches the overall thickness of the cluster is 9–10 nm

[8, 12, 14, 16] and the thickness of crystalline lamella is

~5–6 nm [16–18]. The crystalline lamella consists of

crystallites formed by ordered double helices from

amylopectin A-chains [8–18]. In contrast to the crystal-

line lamella, the amorphous lamella consists of long

amylopectin B-chains [15, 17]. The detailed analysis of

the model shows that the role of amylopectin

macromolecules in the structural organization of starch

granules is comparatively well known, whereas the

function of the amylose and its exact localization in

starch granules remains uncertain [19–21].
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Recently it has been shown that Naegeli dextrins

(amylopectin clusters) extracted after the first stage of

acidic hydrolysis of different starches contain amylose

molecules [22]. These results have confirmed the as-

sumption published earlier [17, 18, 23, 24] that amylose

molecules play the role of defects located within amylo-

pectin clusters and penetrating both crystalline and

amorphous lamellae. In amorphous lamellae these

amylose molecules are in unordered conformation,

while in crystalline lamella the same molecules are rea-

sonably rigid (‘string-type’) [23]. Such molecules are

generally called amylose ‘tie-chains’ and could be con-

sidered as defects in respect to the amylopectin clusters.

Biosynthesis of native starch granules under a

decrease of soil temperature during maturation of

starch containing plants leads to accumulation of de-

fects (amylose ‘tie-chains’) in starch granules and a

decrease of the melting temperature of starch crystal-

line lamellae [3, 18]. Additionally, when passing

from amylopectin to normal and further to amylose

rich (30–50% amylose) wheat starches, decrease in

the melting temperature of crystalline lamellae is ob-

served [25]. The latter result is expected since accord-

ing to the fusion theory of semi-crystalline synthetic

polymers, melting of crystals begins from their de-

fects [26, 27]. However, such behavior is not ob-

served for all starches. Particularly, for wheat starches

from near isogenic lines an increase of amylose con-

tent from 2.1 to 19.5% is accompanied by insignifi-

cant changes in the melting temperature of crystalline

lamellae, while further increase of amylose leads to

drastic decrease of the melting temperature [28]. Con-

sidering the fusion theory of semi-crystalline poly-

mers and the cluster model for structure of starch

granules [8, 12, 14–16, 26], it could be supposed that

these differences are due to different localization of

amylose molecules in amylopectin cluster. However,

calorimetric data in the work of Mangalika et al. [28]

were obtained at quite high concentrations of

starch-water dispersions (30%). It means that the

melting process of starch crystalline lamellae could

not be considered as quasi-equilibrium (the influence

of concentration of starch dispersions on melting

properties of starches is well known [17]), and it does

not allow to use different physical approaches for de-

scription of the melting process of starches. Since the

environmental factors during maturation were the

same for all wheat cultivars described [28], it could be

supposed that hypothesized altered localization of

amylose macromolecules is due to differences in en-

zymatic activity controlling amylose biosynthesis,

namely, due to different combinations of active gran-

ule-bound starch synthase (GBSS I) isoforms.

GBSS I, also known as ‘waxy’ protein, is the key

enzyme for amylose biosynthesis [29]. In bread

wheat, three GBSS I isoforms (Wx-A, Wx-B, Wx-D

proteins) are encoded by three waxy loci, Wx-A1,

Wx-D1, and Wx-B1 [30]. Presence of one or more

non-functional GBSS I alleles (null alleles) leads to

loss of one or more GBSS I isoforms resulting in re-

duction or absence of amylose in starch granules. By

purification and electrophoretic separation of wheat

GBSS I, the identification of the protein products of

the three Wx loci was possible [31], showing the exis-

tence of GBSS I polymorphism among wheat acces-

sions and allowing the identification of waxy wheat

types. The efficiency of each locus on amylose pro-

duction is different, the highest potency shown by

Wx-B1, followed by Wx-D1 and Wx-A1 [32, 33]. At

present, intensive investigations concerning GBSS I,

structure, thermodynamic and functional properties of

wheat starches are realized worldwide [25, 28–33]. Ir-

respective of differences in proposed mechanisms of

amylose biosynthesis [34, 35], it is supposed that

GBSS I located in amylopectin matrix elongate

amylose chains that are pulled out to amorphous

lamellae and/or amorphous background. However,

the problems concerning influence of different com-

binations of active GBSS I isoforms on structure and

thermodynamic properties of starches remain uncer-

tain. Solution of these problems is important since it

provides valuable information about the role of

GBSS I enzymatic activity in structure formation of

starch granules [36].

The aim of this work is experimental confirma-

tion of the hypothesis concerning the effect of differ-

ent combinations of GBSS I isoenzymes on the

thermodynamical and structural properties of wheat

starches from near-isogenic lines (containing one,

two or three null GBSS I alleles, i.e. single, double

and triple null wheat lines). Different physico-chemi-

cal approaches usually applied for studying structural

features of synthetic polymers and starches, as well as

acidic hydrolysis of starches, were used to clarify the

proposed hypothesis.

Experimental

Materials and methods

Plant materials

A spring wheat cultivar Chinese Spring (CS) and its

near-isogenic partial and waxy lines developed

through a doubled-haploid method were used [37].

The Wx protein profiles of wheat types were studied

elsewhere [28] and are shown in Table 1. Each of the

seven types was grown at the same environmental

conditions at the National Agricultural Research Cen-

ter for the Hokkaido region, Hokkaido, Japan in 2001

under standard field management. The plants were
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covered by a transparent plastic roof to prevent rain

damage two weeks before maturity. Plants were indi-

vidually harvested at maturity. Usually in work of

such type, starches from wild type wheat are consid-

ered as control object for investigation. However,

since amylose synthesis in wild type wheat is con-

trolled by three GBSS I isoenzymes, it will undoubt-

edly only put additional difficulties due to complica-

tion of system investigated. Therefore we exclude

advisedly starch extracted from wild type wheat at the

first stage of the investigation.

Starch preparation

Grain samples of each waxy type were milled on ex-

perimental mill (Buhler Inc., Uzwil, Switzerland) to

produce 60% extraction. Flour (50 g) was mixed with

~30 mL of water to form a dough ball, which was kept

in cold distilled water for 1 h. The dough ball was then

kneaded in water until all starch granules were ex-

tracted. The starch suspension was sieved using a

45 mm sieve. The filtrate was allowed to stand for at

least 3 h to precipitate starch. The supernatant was dis-

carded and the starch sediment was washed twice with

water and 80% acetone, and then air-dried. The mois-

ture content (~12% for all starches) was estimated by

oven-drying of 1 g of sample at 115°C for 3 h.

Amylose content

The amylose content in native starches was determined

by the Concanavalin A method [38] using an amylose/

amylopectin assay kit (Megazyme Inc., Wicklow, Ire-

land). The analysis was repeated five times. The

amylose content in native starches is shown in Table 1.

Apparent amylose content in crystallites produced

after acidic hydrolysis of native starches was determined

by iodine-binding as described in Shibanuma et al. [39].

The blue value at 680 nm of absorption spectra of iodine

starch complex was determined by using Beck-

man DU-640 spectrophotometer. As Shibanuma et al.

reported, the average BVs of amylose and amylopectin

isolated from five wheat samples were 1.24 and 0.100,

respectively, these BVs were used in the calculation of

the apparent amylose content [39].

Lintnerization

Starch granules were solubilized with 2.2 M HCl

(0.025 g mL–1), according to Robin et al. [8], at

29.5°C. During lintnerization, the samples were

shaken periodically. The samples were taken at deter-

mined time intervals (24 h) whereupon the super-

natant was discarded and the sediment was washed

out by water to pH 6.5. The amount of starch was esti-

mated by drying the sediment at 115°C to constant

mass. The amount of solubilized substance formed

during lintnerization of native starches (S/%) was cal-

culated from Eq. (1) as:

S
A A

A
� �0

0

100
–

%dw (1)

where A0 is the initial mass of starch and Adw is the

quantity of unsolubilized starch (dry mass). After 13

(for Wx-B starch) and 15 (for Wx-AB and Wx-ABD

starch) days of hydrolysis the samples were taken,

washed out by water to pH 6.5 and then dried at room

temperature.

High-sensitivity DSC

Calorimetric investigations of starch dispersions in wa-

ter (0.3% dry matter, sample volume 0.5 cm3 in sealed

cells) were performed using a high sensitivity differen-

tial scanning microcalorimeter DASM-4 (Puschino,

Russia) over the temperature range of 10–120°C with a

heating rate of 2 K min–1 and excess pressure of

2.5 bar. Deionized water was used as a reference mate-

rial. The heat capacity scale was calibrated using the

Joule–Lenz effect for each run. It was shown previ-

ously, that under experimental conditions used, correc-
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Table 1 Wx protein profile of wheat types from near-isogenic lines, amylose content in extracted starches, cooperative melting
unit (�) and thickness of crystalline lamellae (Lcrl) for investigated wheat starches

Wheat type
Wx protein profile*

Amylose content/% �/anhydroglucose residue Lcrl /nm
Wx-A1 Wx-B1 Wx-D1

Wx-A – + + 22.4 14.7 5.1

Wx-B + – + 22.0 15.5 5.4

Wx-D + + – 21.1 13.2 4.6

Wx-AB – – + 18.6 16.7 5.8

Wx-AD – + – 19.5 13.4 4.7

Wx-BD + – – 17.1 15.8 5.5

Wx-ABD – – – 2.1 12.3 4.3

Mean value 14.6�1.5 5.1�0.6

*Wx protein profiles were determined in the work [28]. (+) and (–) indicates presence and absence of Wx proteins



tions for dynamic lag and residence of the samples in

calorimetric cell were not necessary, moreover,

gelatinization of starch-water dispersions could be

considered as quasi-equilibrium process [40]. Addi-

tionally, for starches with symmetric DSC curves, the

two-state model is applicable for the description of the

melting process of crystalline lamellae [40, 41]. This

model implies that there is a reversible transition be-

tween native and molten states. Accordingly, parame-

ter of cooperativity, which corresponds to the minimal

number of monomers undergoing the transition, could

be determined [23, 40, 41].

The melting temperature (Tm) was attributed to

the temperature of the maximum on the DSC curve.

The heat capacity jump (�Cp

exp
) during the melting

process was determined by linearly extrapolating the

partial heat capacity change of the native Cp

n and mol-

ten Cp

m states to the melting temperature Tm and was

calculated as follows:

�C C Cp

exp

p

m

p

n
� – (2)

Calorimetric enthalpy (�Hm) was determined as

the area under the peak above the extrapolation lines.

The average values of the thermodynamic parameters

were determined using five measurements at 95% sig-

nificance level and normalized per mole of anhydro-

glucose units (162 g mol–1). The error in determina-

tion of Tm is 0.1 K, values for �Hm and �Cp

exp
were de-

termined with the error of not more than 5%.

Values for van’t Hoff enthalpy (�HvH) were cal-

culated according to previously published papers

[17, 23, 41] as:

�H vH=2R1/2Tm(Cp–0.5�Cp

exp
)1/2 (3)

where R is gas constant, Tm is the melting temperature

of starch crystalline lamellae, Cp is the difference be-

tween the maximum ordinate on the DSC curve and the

value of Cp

n , linearly extrapolated to the melting tem-

perature Tm. Values for the parameter of cooperativity

(�) and the thickness of crystalline lamellae (Lcrl) were

calculated according to the following equations:

�=(�HvH)/(�Hm) (4)

Lcrl=0.35� (5)

where �Hm is the experimental melting enthalpy of

crystalline lamellae and �H vH is the van’t Hoff

enthalpy; the pitch height per anhydroglucose residue

in the double helix is 0.35 nm [42].

Results and discussion

Original DSC curves related to the melting of aque-

ous wheat starch dispersions (Fig. 1) show the typical

endothermic transitions [17, 18, 24, 25, 40, 43]. The

low-temperature endothermic transition is attributed

to melting of the crystalline lamellae, while the high

temperature peak is ascribed to the dissociation of the

amylose–lipid complexes and/or the melting of sin-

gle-helical Vh-type crystallites. Because of low

amylose content in amylopectin starch from waxy

wheat, the second transition is absent for this type of

starch. Generally, all the thermodynamic melting pa-

rameters related to both crystalline lamellae and

amylose–lipid complexes (Figs 1 and 2) are in agree-

ment with previously published data for wheat

starches [14, 17, 23, 25, 28, 43–45].

The decreasing trend both in the melting enthalpy

and the melting temperature of crystalline lamellae is

observed with increasing amylose content in native

wheat starches (Fig. 2). According to previously pub-

lished works [25, 28, 46], decrease in the melting

enthalpy can be explained by decreasing degree of

crystallinity in starches usually observed when passing

from amylopectin to normal and further to amy-

lose-rich wheat starches. In contrast to changes ob-

served in the melting enthalpy, an explanation for a de-

crease of the melting temperature is a comparatively

complex problem. These changes can be due to three

different but, apparently, interconnected reasons

namely: (i) genetic factors, i.e. different activities of

starch-synthesizing enzymes, (ii) differences in growth

temperature during maturation of starch containing

plants [3, 47], and (iii) differences in localization of

amylose macromolecules inside starch granules.
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Fig. 1 DSC curves of water dispersions of wheat starches with

different amylose content



The first reason could be rejected as the starches

were from near isogenic lines and have common ge-

netic background. It is well known that smallest po-

tency in amylose production is shown by Wx-A1a al-

lele, followed by Wx-D1a and Wx-B1a alleles

[33, 37]. The conclusion is in agreement with the re-

sults presented in Table 1 for the investigated starches.

Comparison of data presented in Table 1 for wheat

types containing Wx-A1a, Wx-D1a and Wx-B1a al-

leles (i.e. double null lines) with their melting tempera-

tures shows that a decrease of the melting temperature

of starches are in agreement with a potency of

synthases producing amylose during biosynthesis. This

could mean that the thermodynamic melting parame-

ters of crystalline lamellae principally depend on the

type of amylose-producing synthases. A decrease in

the melting temperature of starches can also be due to

an accumulation of defects in crystalline lamellae be-

cause of decrease in soil temperature during the growth

of starch containing plants [17, 18]. However, it is

worth noticing that the investigated wheat cultivars

were grown at the same environmental and soil condi-

tions, so the second reason also does not take place.

According to the theory for semi-crystalline syn-

thetic polymers [26], the melting temperature can be

calculated using the Thomson–Gibbs’ equation:

T T H Lm m

0

i m

0

crl crl� [ – /( )]1 2� �� (6)

where Tm

0 and �H m

0 are the melting temperature and

the melting enthalpy, respectively, of a hypothetical

crystal with unlimited size (a perfect crystal), �i is the

free surface energy of face side of crystalline

lamellae, while �crl and Lcrl are the density and the

thickness of the crystal, respectively. The analysis of

Eq. (6) shows that the melting temperature of semi-

crystalline synthetic polymers is a function of three

following variables: the polymorphous structure of

starches, the thickness of crystalline lamellae (Lcrl)

and the free surface energy of crystals face side (�i).

The �i value is mainly governed by the surface en-

tropy that is proportional to the content of defects

[26]. Since starch granules are related to semi-crystal-

line compounds, the application of this equation to

describe the changes in melting temperature of crys-

talline lamellae is acceptable. In fact, this approach

was already applied for a description of thermody-

namic properties of a number of starches [17, 18, 25].

It is well known that polymorphous structure of wheat

starches remains invariable in the range of amylose

content from 1.5 to 39.5% [25, 29, 46]. Moreover, the

calculations of the cooperative melting unit and the

thickness of crystalline lamellae for the investigated

starches show that, irrespective of amylose content,

values for cooperative melting unit (�) and Lcrl values

are constant (�=14.6�1.5 anhydroglucose residues,

Lcrl=5.1�0.6 nm; Table 1) and does not depend signifi-

cantly on the combinations of active GBSS I iso-

forms. The conclusion is in agreement with data for

other cultivars of wheat starches (�=13.3�1.6 an-

hydroglucose residues, Lcrl=4.7�0.5 nm) [17, 23, 25].

It follows that changes in the melting temperature of

crystalline lamellae on increase of amylose content

for investigated starches is due to changes in the val-

ues of the free surface energy of crystals face side (�i).

The fact that defects exist within wheat starches

could be confirmed through the estimation of the

hydration contribution to the overall heat capacity

jump �Cp

exp
. According to Matveev et al. [23], experi-

mental heat capacity jump (�Cp

exp
) observed during

gelatinization of native starches is the sum of two com-

ponents, the first related to glass-transition of amor-

phous polysaccharide chains (�Cp

gtr
) and the second at-

tributed to hydration of polar groups in starch macro-

molecules during melting of crystalline lamellae

( ).�Cp

hydr
It is known, that glass transition temperature
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Fig. 2 Thermodynamic melting parameters of crystalline

lamellae vs. amylose content in native mutant wheat

starches (�Cp

hydr – heat capacity jump related to starch

hydration during gelatinization, Eq. (7))



(Tg) for starch polysaccharide chains located in amor-

phous background at excess water is in the range from

–45 to –20°C [17, 48]. Additionally, glass-transition

process of unordered polysaccharide chains within

amorphous lamellae is in same temperature interval as

melting process of crystalline lamellae, with the Tg to

Tm ratio being in the range from 0.5 to 0.97–1

[17, 23, 24, 49]. It was shown previously [17, 23], that

the �Cp

gtr
value is 12.5�2.8 J mol–1 K–1, irrespective of

starch origin and polymorphous structure, being in ac-

cordance with the law of constant heat capacity jump

proposed by Wunderlich for low and high molecular

mass organic glasses [50]. Hence, �Cp

hydr
could be

evaluated as follows:

�Cp

hydr
=�Cp

exp
–�Cp

gtr
(7)

where �Cp

exp
and �Cp

gtr
are the experimentally deter-

mined heat capacity jump across the melting curve of

native starches and the heat capacity jump related to the

glass-to-rubber transition, respectively. As can be seen

from Fig. 2, the changes in the �Cp

hydr
vs. amylose con-

tent can be approximated by exponential function with

reasonably high correlation coefficient (R=0.923). As

was previously shown, �Cp

hydr
for most normal starches,

including wheat starches selected through usual breed-

ing, does not exceed 18.5 J mol–1 K–1 [17, 23, 25]. As

can be seen from Fig. 2, similar values are obtained for

starches containing from 1.5 to 19.5% while further in-

crease of amylose content leads to an increase of the

�Cp

hydr
values. For waxy and normal maize, and for high

amylose barley starches, �Cp

hydr
is in the 27.1 to

56.1 J mol–1 K–1 range. Such differences, according to

Yuryev et al. [17] and Matveev et al. [23], can be re-

lated to the higher content of defects (amylose

tie-chains, in particular) in crystalline lamellae of maize

and barley starches. As can be seen from Fig. 2, the

�Cp

hydr
values for the investigated starches increase with

rise of amylose content in starches and reach maximal

values of approximately 29 J mol–1 K–1. These values

are comparable with those for maize and barley starches

that have high amount of defects. Summarizing ob-

tained data, it could be stated that at an increase of

amylose content in wheat starches, an increase of the

�Cp

hydr
values is due to an accumulation of defects such

as amylose ‘tie-chains’. Taking into consideration the

mechanisms of amylose biosynthesis proposed by

Smith et al. [34] and Ball et al. [35], amylose

‘tie-chains’ correspond to amylose chains ‘frozen’ in

crystalline lamellae, i.e., amylose chains that are not

pulled out to amorphous lamellae and/or amorphous

background during structure formation of starch gran-

ules. As can be seen from Fig. 2, the most significant

accumulation of defects in starches is apparently ob-

served at amylose content of 	19.5%. Additionally,

our calculations show that changes in the melting tem-

perature of crystalline lamellae correlate satisfactorily

(correlation coefficient of linear regression is –0.89)

with changes in the �Cp

hydr
for the starches investi-

gated. This means that these parameters (Tm, �Cp

hydr
)

can be considered as interconnected.

Taking into consideration: (i) Eq. (6) describing

the changes in melting temperature of semi-crystalline

synthetic polymers and some starches; (ii) that at in-

creased amylose content �Cp

hydr
correlates with the con-

tent of defects [17, 23]; (iii) that there is an interconnec-

tion between the Tm and the �Cp

hydr
values, it could be

supposed that the trend in changes of the melting tem-

perature of crystalline lamellae (Fig. 2) is determined by

an accumulation of amylose ‘tie-chains’.

The analysis of changes of thermodynamic pa-

rameters (Tm and �Cp

hydr
) shows that depending on

amylose content, the investigated starches can be sub-

divided into three groups. Amylopectin starch can be

related to first (control) group, amylose synthesis in

amylopectin starch is not controlled by known

synthases (triple null line starch). The second (‘transi-

tional’ group) include starches containing 17.1, 18.6

and 19.5% amylose, i.e. starches with insignificant de-

viations in thermodynamic parameters in comparison

with the data for amylopectin starch. In starches from

the second group amylose biosynthesis is controlled by

only one GBSS I isoform (double null line starches),

encoded by Wx-A1, Wx-B1 or Wx-D1 loci, depending

on wheat cultivar. Starches containing 	21% amylose

are related to the third group. For these starches, there

are large deviations of the thermodynamic parameters

in comparison with amylopectin starch. Two GBSS I

isoenzymes (encoded by Wx-A1 and Wx-B1, Wx-A1

and Wx-D1, or Wx-B1 and Wx-D1 loci) take part in

amylose biosynthesis of starch from the third group

(single null line starches). Taking into account that:

(i) the fusion of crystals begins from defects

[26, 27, 50], (ii) as a rule, defects are associated within

amylopectin clusters [17, 18, 23, 24], (iii) the �Cp

hydr

values characterize the content of defects in crystalline

lamellae [17, 23, 25], (iv) in contrast to single null line

starches, the Tm and �Cp

hydr
values for triple and double

null line starches are similar to each other (Figs 2b

and c), it can be supposed that amylose macromolecules

in double null line starches are predominantly located in

the amorphous background and/or amorphous lamellae,

oriented transverse to the lamellar stack, according to

Gidley’s opinion [51]. Amylose molecules in single null

line starches can be located both in amylopectin clus-

ters, playing the role of defects, and in amorphous back-

ground/amorphous lamellae. It is worth noting that

amylose macromolecules located within amorphous

lamellae could not be considered as defects and, respec-

tively, could not influence on the melting temperature of

crystalline lamellae [52]. The different localization of
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amylose macromolecules was confirmed through the

acidic hydrolysis of starches.

Figure 3 shows the typical curves of solubili-

zation process of starch in the diluted hydrochloric

acid as a function of time [8, 21, 53–55]. As can be

seen from Fig. 3, irrespective of amylose content in

starches, the hydrolysis proceeded in two stages that

can be approximated by two linear functions. The first

is ascribed to hydrolysis of macromolecules located

in the amorphous background and possibly in amor-

phous lamellae, while the second function describes

hydrolysis of macromolecules arranged in crystal-

lites. After the first stage of hydrolysis, when amor-

phous regions of the granules are almost hydrolyzed,

crystallites could be extracted (Fig. 3, open symbols)

and further analyzed by DSC (Fig. 4). The rates of

acidic hydrolysis of starches on first and second

stages, content of substances located in amorphous

regions and apparent amylose content in crystallites

produced after acidic hydrolysis (ACcrystall) are pre-

sented in Table 2. Presence of amylose macromole-

cules in crystallites is expected. For example, the dif-

ferences in the amylose content of crystallites pro-

duced after acidic hydrolysis of different legume

starches were determined in the previous paper [54].

It was shown, in particular, that crystallites from

wrinkled pea (64% amylose) and lentil (45%

amylose) contained ~36 and ~16% amylose, respec-

tively, while crystallites from adzuki bean and smooth

pea lacked amylose macromolecules.

The rates of starch hydrolysis on both stages

(1st stage – hydrolysis of amorphous background and

amorphous lamellae, 2nd stage – hydrolysis of crystal-

lites) of the process should depend on the localization

of amylose macromolecules (amorphous background

or amylopectin clusters) as well as on the rate of pene-

tration of H3O
+ ions into granules through semi-crys-

talline growth rings. As noted above, single null line

starches apparently contain a larger amount of de-

fects. Since these defects play the role of ‘channels’

facilitating penetration of H3O
+ ions inside the gran-

ule, the rate of acidic hydrolysis on both stages of pro-

cess should be higher for single null line starches,

whereas the rates of hydrolysis for double and triple

null line starches should be lower. As can be seen

from Table 2, on both stages the rates of acidic hydro-

lysis for Wx-B starch (single null line starch) is higher

(on 23.6% at the first stage and on 29.7% at the sec-

ond stage) in comparison with the corresponding rates

for Wx-ABD (triple null line starch) and Wx-B (dou-

ble null line starch) starches. Considering the errors in

the measurements, the rates of hydrolysis for double

and triple null line starches are equal. It follows that at
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Fig. 3 Lintnerization of wheat starches with different amylose

content. Open symbols mark the samples that were

taken for further analysis

Table 2 Amylose content in native wheat starches, rates of acidic hydrolysis on first (rabgr) and second (ramylopeccl) stages, con-
tent of substances located in amorphous regions (Cabg), apparent amylose content in crystallites produced after acidic
hydrolysis (ACcrystall)

Wheat type
Amylose
content/%

rabgr, amount of dissolved
substances/% day–1

ramylopeccl, amount of dissolved
substances/% day–1 Cabg /% ACcrystall /%

Wx-B 22.0 5.5�0.3* (0.995**) 2.42�0.01 (0.999) 28�4 5.4

Wx-AB 18.6 4.0�0.3 (0.989) 1.6�0.2 (0.978) 47�7 2.1

Wx-ABD 2.1 4.4�0.2 (0.993) 1.8�0.2 (0.992) 55�5 ~0

*errors in determination of the rates of acidic hydrolysis are given for 95% confidence interval, **correlation coefficient of linear

regressions, describing experimental data is indicated within parenthesis



first approach we can indeed assume that the amylose

molecules in the latter case are predominantly located

in amorphous regions, while for single null line

starches amylose is located both in amorphous back-

ground and crystallites.

If our assumptions are valid, we could expect the

following at an increase of amylose content in

starches: 1) non-linear increase in the content of sub-

stance located in amorphous regions (Cabg, Fig. 3),

and 2) after the first stage of hydrolysis, amylose con-

tent in crystallites of double and triple null line

starches should be similar and significantly less in

comparison with single null line starch. Indeed, in

consideration of the error in the measurements, the

data presented in Table 2 show that the changes in the

Cabg observed at increase of amylose content can not

be described by linear function. Unfortunately, the

calibration used for determination of apparent

amylose content [39] did not allow the calculation of

amylose content in crystallites from triple null line

starch. However, as can be seen from Table 2, the ap-

parent amylose content in crystallites from single null

line starch is 2.6 times larger than in crystallites from

double null line starch, i.e. single null line starch con-

tain 2.6 times more defects (amylose ‘tie-chains’) in

comparison with double null line starch.

Thus, the data of acidic hydrolysis of starches

from three different groups are in agreement with

DSC data and confirm the hypothesis concerning dif-

ferent localization of amylose in starches from differ-

ent groups. However, it is worth noting that there are

conflicting data concerning the influence of amylose

on rates of acidic hydrolysis. For example, investiga-

tions of maize and legume starches have shown that

amylose content did not correlate with the initial rate

of acidic hydrolysis [54, 56]. At the same time, stud-

ies of rice starches have shown that the susceptibility

to acidic hydrolysis is inversely correlated with

amylose content [57, 58]. Analysis of obtained results

and previously published data [53–58] suggests that

either our hypothesis is not universal for all starches

or previous investigations did not take into account a

possibility of different localization of amylose mac-

romolecules within starch granules.

Figure 4 shows the DSC-traces of crystallites

produced after acidic hydrolysis. The melting process

of crystallites from triple null line wheat starch is a

single endothermic transition, whereas the DSC-trace

of crystallites from single and double null line

starches shows two endothermic transitions describ-

ing melting of two ordered structures. One of them

can be ascribed to melting of crystalline lamellae,

while the second transition can be attributed to the

dissociation of amylose–lipid complexes or the melt-

ing of Vh-type crystals [17, 44]. It is well known that

in contrast to melting of starch crystals, the melting

process of amylose–lipid complexes as well as

Vh-type structures is reversible [17, 59]. Therefore it

can be expected that during reheating of the samples

of lintnerized starches from single and double null

lines only one endothermic transition corresponding

to the peak with higher melting temperature from the

first scan should be observed. Indeed, this can be seen

from the DSC-traces of reheated samples (Fig. 4).

This means that crystalline lamellae of double and

single null line starches contain amylose– lipid com-

plexes or Vh-type ordered structures, while in crystal-

line lamellae of triple null line starch such structures

are absent. Summing up, amylose macromolecules in

crystallites or amylopectin clusters can be both in the

form of amylose ‘tie-chains’ not contributing to the

melting enthalpy and in the form of single helical

complexes with starch lipids or in the form of ordered

Vh-type structures [59]. Certainly, these conclusion

are valid for Wx-B and Wx-AB wheat starches, but

for wheat starches of other types an additional investi-

gation is needed.

At the same time it should be noted, that the

melting temperatures both for crystalline lamellae and
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Fig. 4 DSC traces of lintnerized wheat starches. Arrows indi-

cate the endothermic transition attributed to dissocia-

tion of amylose–lipid complexes



amylose–lipid complexes (Fig. 4) for lintnerized

starches are lower than for native starches (Figs 1

and 2). This can be explained by decrease of the

thickness of these structures during acidic hydrolysis.

Estimation of thickness of crystals (Eqs (4) and (5))

shows that the Lcrl value for lintnerized starches is

3.2 nm, while in native starches the mean Lcrl value is

5.1 nm (Table 1). Additionally, taking into account

that (i) melting temperature of amylose complexes

with fatty acids depend on a length of hydrocarbon

radical [60], (ii) melting temperature of complexes in

crystallites of lintnerized starches (Fig. 4) is lower

than those in native starches (Fig. 1), it can be sup-

posed that within crystallites amylose forms com-

plexes with lipid molecules possessing shorter hydro-

carbon radicals compared to lipid molecules located

within amorphous background.

Summarizing the data concerning thermodynamic

melting parameters for crystalline lamellae of investi-

gated starches and the data of acidic hydrolysis, it

could be supposed that depending on the combinations

of active GBSS I isoforms, amylose macromolecules

are located in different regions of wheat starch gran-

ules. If active GBSS I isoenzymes are absent, amylose

macromolecules are located, predominantly, in amylo-

pectin clusters thereby playing the role of defects ori-

ented along the lamella stack (starches of the first

group). If the biosynthesis of amylose is controlled by

only one synthase, amylose molecules are located, pre-

dominantly, in the amorphous background in unor-

dered conformation (starches of the second group). If

the biosynthesis of amylose is controlled by two

synthases, amylose macromolecules can be arranged

both in amylopectin clusters and amorphous back-

ground (starches of the third group).

It is possible to suppose that localization of

amylose macromolecules within starch granule de-

pends directly from the rate of its biosynthesis. When

the biosynthesis rate is relatively high, the concentra-

tion of amylose macromolecules during formation of

amylopectin cluster is also high. Both processes pro-

ceed simultaneously and amylose chains will be in-

corporated in amylopectin cluster producing crystal-

line defects. When the amylopectin biosynthesis rate

is higher than of amylose, amylose molecules are

forced out by growing amylopectin and are located

mainly in the amorphous background. The amylose

biosynthesis rate depends directly from the GBSS I

isozymes activity. So it is quite clear that two Wx

gene loci could produce more GBSS I enzyme than

only one locus, the amylose biosynthesis proceeds

quicker resulting in higher amylose content as well as

its altered location within starch granules.

Additionally the data presented allow calcula-

tion the amylose content in crystallites of investigated

wheat starches. One should return to Thomson–

Gibbs’ equation (Eq. (6)) and calculate the �i values

using the following: Tm

0 (366.5 K), �H m

0 (35.5 J g–1)

and �crl (1.48 g cm–3) for A-type spherolitic crys-

tals [61] and Lcrl (mean value=5.1 nm) from Table 1.

The changes of the �i values vs. amylose content in

starches are shown in Fig. 5a. It is worth noting that

generally calculated �i values are in agreement with

earlier published data for other wheat starches [25].

Since the �i value is mainly governed by the sur-

face entropy that is proportional to the content of de-

fects [26], an increase of the �i values at increasing

amylose content in starches is an expected result. It is

worth noticing that the character of the �i changes

(Fig. 5a) is similar to observed changes of �Cp

hydr
vs.

amylose content (Fig. 2c) which, as above mentioned,

reflects accumulation of defects in starches at in-

crease of amylose content. It is an additional argu-

ment that increase of amylose content in starches

leads to accumulation of defects in crystallites.

It is well known that starch is a semi-crystalline

compound and its melting temperature is determined

by imperfection of crystalline structures. As was

shown above, such defects consist of amylose mole-

cules located in crystallites. It means that the ob-
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Fig. 5 Free surface energy of a – crystals face side for native wheat

starches vs. total amylose content in starches, b – amylose

content in crystallites and c – melting temperature of native

wheat starches vs. amylose content in crystallites



served changes in melting temperature vs. total

amylose content (Fig. 2b) should be presented as a

function of amylose content in crystallites.

It could be supposed that dependence shown on

Fig. 5a could be approximated by exponential func-

tion. Indeed, the results of such approximation

(y0=1.15�10–6, A=4.7�10–10, x0=3.75, R=0.92) are rea-

sonably good. Assuming that the function describing

the changes of the �i vs. amylose content in crystal-

lites is exponential, the values of amylose content in

crystallites for Wx-B and Wx-AB starches are 5.4 and

2.1%, respectively, while for Wx-ABD the value is

close to zero (Table 2), we can calculate parameters

of the new function, assuming that this function

should pass through three key points with �i

(1.16�10–6 J cm–2, 1.22�10–6 J cm–2, 1.37�10–6 J cm–2,

Fig. 5a) and amylose content in crystallites (0, 2.1 and

5.4%), respectively. The result of this calculation is

the following: y0=1.31e–6, A=3.66e–8, x0=3.0,

(R=0.99). Using these parameters the values of

amylose content in crystallites for other types of mu-

tant starches could be easily calculated. The function

describing the changes in �i vs. amylose content in

crystallites is shown in Fig. 5b. Generally, calculated

values of amylose content in crystallites are in agree-

ment with data by Nakazawa and Wang [22] obtained

during the study of Naegeli dextrins.

Obtained data allow representation of the ob-

served changes in Tm values as a function of amylose

content in crystallites (Fig. 5c). This function reflects

the changes in melting temperature in native wheat

starches according to Thomson–Gibbs’ equation.

Conclusions

Application of different physico-chemical approaches

to describe the changes in the thermodynamic melting

parameters of native wheat starches with different

combinations of GBSS I isoforms and different

amylose content, as well as acidic hydrolysis of

starches and thermodynamic properties of lintnerized

starches allow one to suggest that an effect of different

combinations of GBSS I isoenzymes acting in amylose

biosynthesis is realized through different localization

of amylose molecules within wheat starch granules,

that reflects in structural and thermodynamic proper-

ties of native wheat starches as well as in the rates of

acidic hydrolysis and amylose content in crystallites.

For starches from double null line wheat types (one ac-

tive GBSS I isoform), amylose is predominantly ar-

ranged within amorphous background or amorphous

lamellae oriented transverse to the lamellar stack and

only insignificant amounts are located within amylo-

pectin clusters as amylose tie-chains. For starches from

single null line wheat types (two active GBSS I

isoforms), larger amounts of amylose are located in

amylopectin clusters and influence on melting temper-

ature of crystalline lamellae of starches in greater ex-

tent compared with triple and double null line starches.

Irrespective of starch type, amylose tie-chains are ar-

ranged in crystalline lamellae of amylopectin clusters

and can be considered as defects influencing on the

thermodynamic melting parameters and the rates of

acidic hydrolysis of native starches. It is worth noticing

that changes in the melting temperature of starches, ac-

cording to Thomson–Gibbs’ equation, are determined

by amylose content in crystallites (amylopectin clus-

ters). Additionally, amylopectin clusters probably con-

tain complexes of amylose with lipids, which have

shorter hydrocarbon radicals compared to amylose–lipid

complexes in amorphous background.
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