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ABSTRACT
Native Green Arrow pea, Eston lentil, Othello pinto bean, black bean and Express field
pea starches were heat treated at 100°C for 16h at a moisture content of 30%. The heat
treatment did not change granule size or shape. The surfaces of Green Arrow pea and Eston lentil
starches were modified after heat Heat amylose leaching (Green
Arrow pea>Express field~Eston lentil>black bean~pinto bean) and the swelling factor (Eston

lentil~Express field pea>Green Arrow pea>black bean~pinto bean). The X-ray diffraction
intensities increased in Green Arrow pea starch, but decreased in the other starches (Express field
pea>black bean>pinto bean>Eston lentil). However, the X-ray pattern of all starches remained
unchanged after heat treatment. Differential scanning calorimetry of the heat treated samples
showed ing of the inizati range and a shifting of the endothermal
transition towards a higher temperature (Eston lentil~Express field pea>black bean~pinto bean).
However, the gelatinization enthalpy (aH) of all starches ined The ibilit

towards hydrolysis by porcine p i ylase i on heat (black
bean>Eston lentil>Express field pea>pinto bean>Green Arrow pea). The action of a-amylase on
the starches decreased aH in Eston lentil and Express field pea starches. However, aH decreased
only marginally in pinto bean and black bean starches. Acid hydrolysis (2.2N HCI) increased on
heat treatment (black bean>Express field pea~Eston lentil~pinto bean>Green Arrow pea). The
results showed that bonding forces within the amorphous regions of the granule, crystallite
orientation and the granule surface (in Green Arrow pea and Eston lentil) are altered during heat

treatment. The magnitude of these changes being dependent upon the starch source.
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CHAPTER 1.
INTRODUCTION
Food legumes are the dicotyledonous seeds of plants belonging to the family
Leguminosae. There are over 600 genera and 13,000 species belonging to this family of plants
(Hoover and Sosulski, 1991). However, only about 20 species are commonly grown throughout
the world (Salunkhe & Kadam, 1989). The word legume comes from the latin word "legumen"
meaning seeds harvested in pods (Salunkhe & Kadam, 1989). Food legumes are often
differentiated on the basis of their fat content: (i) pulses or grain legumes are those which are low
in fat (1.0-7.2%), such as lima bean and lentil, (ii) whereas leguminous oilseeds, such as soybean
and peanut, contain higher levels of fat (15-50%) (Salunkhe & Kadam, 1989; Salunkhe e al.,

1989). Pulses such as lentil, lima bean, and chick are grown as ial sources of protein

which are used for direct consumption (Endres, 1989). Commercial sources of leguminous
oilseeds include soybean and peanut, which are grown not only for their protein, but also for their
oil content (Endres, 1989).

Food legumes are widely distributed throughout all parts of the world. Legumes are
cultivated in India, Japan, China, Korea, Sri Lanka, Mexico, Pakistan, Bangladesh, Africa, Brazil,
the United States and Canada, for example. Some of the major food legumes cultivated
throughout the world include soybean and peanut (Salunkhe & Kadam, 1989; Endres, 1989), dry
bean, smooth pea, wrinkled pea, chickpea and lentil (Hoover & Sosulski, 1991; Bhatty, 1988).
Legumes are grown on all continents throughout the world, probably because of their nitrogen
fixing ability (Kadam & Salunkhe, 1989). Consequently, nitrogen based fertilizers may not be

necessary for legume cultivation.



Food legumes have been historically important protein foods in developing countries
(Salunkhe & Kadam, 1989; Hoover & Sosulski, 1991). In fact, legumes are commonly referred
to as "poor man's meat" since they are cheap sources of protein. The protein content of food
legumes ranges anywhere from 15% (chickpea) to 45% (soybean) (Salunkhe et al., 1985).
Although legumes are considered good sources of protein, the value of the protein is somewhat
limited since legumes are notably deficient in sulphur-containing amino acids as well as tryptophan
(Gupta, 1983). Legumes also contain proteinase inhibitors which, if not destroyed during

cooking, lower protein digestibility (Liener, 1983).

Although legume cultivation in ping ies is ies old, it is ively new in

Canada. Lentil, for example, was first introd into southern i and m

the 1970's. The Canadian lentil crop exhibited tremendous growth during the 1970's and 1980's.
In 1987, lentil was grown on 200,000 ha in Saskatchewan, compared to only 2000 ha in 1971
(Bhatty, 1988). Today, lentil production in Canada is quite successful. Saskatchewan, for
example, produced 425,700 tonnes of lentil in 1995 (Anonymous, 1996). In fact, market

opportunities over the next 20 years indicate that there is a potential market for 700,000 MT of

green and 700,000 MT of red lentil ion in h (A 1996). Potential
market opportunites also exist for chickpea production in Saskatchewan.
Legume ion in Canada is in the prairie provinces, parti in

Saskatchewan. Most of Canada's legume production consists of pulses (low fat legumes) such as

dry pea (wrinkled and smooth), dry bean (white and coloured) and lentil (green, red and

gold/yellow). Legume ion is ing i i i in Canada for the following
reasons: (i) exports of dry peas for livestock feed to the European Economic Community is



4
increasing, and (ii) people are becoming more aware of the nutritive value of legumes and pulses.
Some of the beneficial properties of pulses include their low fat content, high fibre content,
gluten-free properties, and high folic acid content (Anonymous, 1996). The starch fraction of
legumes, such as lentil, also exhibits a low glycemic index (Jenkins ez al., 1980), thus making
legumes and legume starches useful in the treatment of diabetes (Bhatty, 1988).

During the 1970's, there was a growing interest in the production of grain legumes in the
prairie provinces in order to meet a growing industrial demand, primarily for protein feed (Vose et
al., 1976). It was soon discovered that grain legume flours could be air-classified to obtain a fine
protein fraction and a coarse starch fraction (Vose, 1977; Vose ez al., 1976; Sosulski & Youngs,
1979; Colonna ez al., 1980). During the 1970's and early 1980's, extensive investigations were
carried out on the structure and functional properties of legume flours, protein isolates and
concentrates (Sosulski et aL, 1976; D'Appolonia, 1977, Jeffers et al., 1978; Sosulski et al., 1978;
Sosulski & Flemming, 1979; Sosulski & Young's, 1979; Vose, 1980; Sumner e al., 1981) in an
attempt to meet the industrial demand for protein feed. Until recently, however, there has been
very little investigation into the utilization of the starch fraction of grain legumes (Colonna et al.,
1982; Colonna & Mercier, 1984; 1985; Singh ez al, 1989; Hoover & Sosulski, 1991; Hoover et
al., 1991; Gujska, 1994; Hoover & Manuel, 1995). In fact, Colonna and coworkers (1981) have
shown that highly purified starch fractions can be isolated from pea and broad bean flours using an
alkaline solution to completely remove any residual protein. Since legumes are high in starch (a
by-product of protein isolates and concentrates), utilization of the starch fraction will be
economically important (Morad et al,, 1980). Presently, legume starches have found limited
commercial food use, with the exception of mung bean starch which is used in the manufacture of



noodles (Singh ez al, 1989). This is probably due to the lack of information conceming the

and physicochemical ies of these starches, and also to their poor functional

properties (Hoover & Sosulski, 1985a; Tjahjadi & Breene, 1984).

Heat-moisture treatment of starches at restricted moisture levels (18-30%) and high
temperature (100°C) for 16 hours has been shown to alter the structure and physicochemical
properties of normal maize, waxy maize, high amylose maize, wheat oat, bariey, potato, yam,
pigeon pea and laird lentil starches (Sair & Fetzer, 1944; Sair, 1967; Donovan et al., 1983; Kulp
& Lorenz, 1981; Lorenz & Kulp, 1981, 1982; Hagiwara et al., 1991; Stute, 1992; Hoover &
Vasanthan, 1994; Hoover & Manuel, 1996; Franco et al., 1995; Kawabata et al., 1994; Maruta et

al., 1994; Hoover et al., 1994). Most of the above studies have been on cereal and tuber

starches, hence only limited i ion is available on changes within the amorphous
and crystalline regions during heat-moisture treatment of legume starches.

Legume starches are known to vary in their amylose content, levels of amylose-lipid
complexes, and in the extent of interaction between the starch components within the native
granule (Hoover & Sosulski, 1991). Therefore, studies on legume starches would provide a
deeper insight into the nature and extent of starch chain interactions during heat-moisture
treatment.

Lorenz and Kulp (1981) have shown that heat-moisture treatment changes the

functionality (thickening power, baking and cake making potential) of wheat and potato starches.

However, no work has been reported on the i of heat-moi: on the
functionality of legume starches. Such a study is important, since legume starches are presently
not utilized in foods due to their poor functional properties.



1.1  Purpose
Presently, legume starches have found limited use in foods due to their poor functional
is one method of physical modification which may improve

Heat:
the functioanl properties of legume starches. However, in order to understand the effect of heat-

moisture treatment on the functionality of legume starches, researchers must first understand how

sucha b the and physicochemical ies of these starches. In this
study, changes in amylose leaching, granular swelling, X-ray intensities, gelatinization

h istics and granular ility towards is by acid and ylase following
h sty (30% moi: 100°C, 16 hours) of Green Arrow pea (wrinkled pea),

black bean, pinto bean, Express field pea (smooth pea) and Eston lentil starches were
on the i of heat-moi on the ionality of legume starches.




CHAPTER 2.
LITERATURE REVIEW

2.1 Starch

Commercial sources of starch include potato, corn, waxy corn, wheat, tapioca and
arrowroot. Commercial starch has many industrial applications such as its use in the manufacture
of textiles, paper, adhesives, pharmaceuticals, building materials and various food stuffs. Starch
has found a wide variety of uses in the manufacture of foods primarily because of its ability to
produce viscous pastes when heated in the presence of excess water (Swinkels, 1985). Some of
the functional properties of starch in foods include the gelling of puddings, the thickening of
gravies, the setting of cakes, moisture retention in cake toppings, and colloidal stabilizers in salad
dressings (Hoseney, 1994).

Starch, a homopolysaccharide of «-D-glucose, is the major storage carbohydrate in most
higher plants. In plant reserve organs, such as seeds, tubers, stems and leaves, starch is deposited

in the form of granules that range in size from 1 to 100 um and vary in shape depending on the

botanical source (Biliaderis, 1991). Granule iti and sup
are i icall i However, the mechanism by which plant
genetic information is translated into a specific granule iti logy and

is not well understood (Biliaderis, 1991).
2.2 Components of Starch

Starch granules are mainly composed of a-D-glucan polymers, linked via a-(1-4) and a-
(1-6) glucosidic bonds, and minor non-carbohydrate constituents which inciude proteins and



lipids. The functional properties of starch are mostly due to the two major carbohydrate
amylose and in, and to the physical organization of these

macromolecules within the starch granule (Biliaderis, 1991). Therefore, the structure of starch

must be regarded at two distinct levels: (i) the molecular level and (i) the organizational level of

the starch granule.
2.2.1 Carbohydrate Components

As stated, the fraction of starch consists of two major glucose

amylose and ? i 1985; Bornet, 1993; Biliaderis, 1991;
Manners, 1985). Amylose (Fig. 2.1) is essentially composed of long, linear glucose chains which
are linked through the a-(1-4) glucosidic bond. Amylopectin (Fig. 2.2), however, consists of

short linear segments which are a-(1-4) linked with numerous branch points occurring at the a-
(1-6) linkages. The amount of each starch fraction present will vary depending on the origin of
the starch. Most starches generally contain 20-30% amylose and 70-80% amylopectin (Manners,
1985). The properties of amylose and amylopectin vary widely and are compared in Table 2.1.
2211 Amylose

The view that amylose is essentially a linear homopolymer of a-D-glucose linked via a~(1-
4) glucosidic bonds is well documented (Davis, 1994; Bornet, 1993; Biliaderis, 1991; Manners,
1985; Eliasson & Larsson, 1993; Swinkels, 1985; Hoseney, 1994; Cura & Krisman, 1990;
Krisman & Cura, 1991). The molecular weight of amylose ranges from 50,000 to 1,000,000 and
its average chain length is ~1000 (Biliaderis, 1991; Davis, 1994), but it may range from 600-6000
glucose units (Bornet, 1993). Amylose molecules have a reducing end and a non-reducing end,

and may be present as



FIG. 2.1 Structure of the amylose component of starch. A - diagram of a portion of an
amylose molecule. B - enlarged view of A, showing the chemical formula.
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FIG. 2.2

of the 1 i of starch. A - diagram of a portion of an
amylopectin molecule. B - enlarged view of a portion of A showing the chemical
formula, including the branch point.
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Table2.1  Properties of Amylose and Amylopectin
PROPERTY AMYLOSE AMYLOPECTIN
Molecular Weight (g/mol) 50,000 - 10° 105-10°
Glycosidic Linkages Mainly a-(1-4) a~(14) and a<(1-6)
Molecular Shape Essentially linear; Slightly Highly Branched; Short linear
branched segments
Degree Polymerization
(# glucose units) ~10° 10%-10°
Average Chain Length ~10* 20-25
(# glucose units)
Iodine Colouration Deep Blue Purple/Red Brown
b 600-660 530-550
Stability of Aqueous solution Retrogrades (unstable) Stable
DIGESTIBILITY
B-amylase ~70 ~55
a-amylase ~100-110 ~90-100
Debranching enzyme + B- ~100 ~75

(Manners, 1985; Biliaderis, 1991; Davis, 1994).
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single or double helices that can contain lipid inclusions (Davis, 1994). The characteristic blue
colour given by iodine and starch is also thought to be due to the formation of an amylose

inclusion complex. The and tertiary of amylose mol are stabilized by
hydrogen bonds and van der Waals forces (Davis, 1994).

A slight degree of branching has been found in some amyloses (Manners, 1985, 1989).
The branched nature of amylose accounts for its incomplete -amylase degradation (Cura et al.,
1995). The B-amylolysis limit of wheat amylose, for example, is only 77-79% (Lii & Lineback,
1977). B-amylase hydrolyses «-(1-4) linkages but cannot hydrolyse nor bypass «~(1-6) linkages.
Therefore, the incomplete hydrolysis of amylose by this enzyme indicates that amylose must also
contain a~(1-6) linkages (Eliasson & Larsson, 1993).

The incomplete degradation of amylose by B-amylase was first illustrated by Peat and
coworkers (1952) who proposed the presence of a-(1-3) linkages to explain the results.
However, Banks and Greenwood (1966) later illustrated, using bacterial pullulanase, that amylose
contains a-(1-6) linkages. Based on studies of various starches, Hizukuri and coworkers (1981)
determined that amylose contains between 9 and 20 branch points per molecule. More recent
evidence (Curd & Krisman, 1990) indicates that approximately 1.0-2.0% of the glucose in
amylose is contained in a-(1-6) branch points. Fractionation studies (Krisman & Curd, 1991)
indicate that the amylose population may vary between strictly linear and somewhat branched in
various starches. Using both enzyme and chemical (methylation) analyses, Cura and coworkers
(1995) confirmed that amylose is slightly branched, and that the branch points are a-(1-6) linked.

Although amylose is slightly it behaves ially as an entity
(Eliasson & Larsson, 1993; Hoseney, 1994). Amylose exhibits this type of behaviour since its




branches are quite long and very few (Hoseney, 1994). X-ray scattering data indicate that
amylose chains are highly disordered but short range helical structures might exist (Braga et al.,
1985). In solution, amylose behaves as a random coil which may form single or double helices
(Davis, 1994) which are capable of forming helical inclusion complexes. Each amylose molecule
may actually contain several of these inclusion complexes (Eliasson & Larsson, 1993). It is the
long linear nature of amylose which is responsible for its ability to form helical inculsion
complexes with iodine, organic acids and alcohols, fatty acids, lipids and hydrocarbons (Hoseney,
1994; Swinkels, 1985). The characteristic blue colour given by iodine and starch is thought to be
due to polyiodide ions (eight ions) residing in the central core of the amylose helix (Hoseney,
1994).

Amylose solutions are not very stable since the amylose has a strong tendency to

ystallize by forming i bonds (Eliasson & Larsson, 1993). In fact,
retrograded starch material is predominantly composed of amylose. The term retrogradation as
used to refer to starch solutions means a return from a solvated, dispersed amorphous state to an
i or crystalli ition (Swil 1985). The tendency of amylose to

retrograde is mostly due to its long linear nature (Hoseney, 1994), which allows dissolved
amylose molecules to align themselves in a parallel fashion, thereby facilitating the formation of
interchain hydrogen bonds between hydroxyl groups on adjacent molecules (Swinkels, 1985).
Amylose also retrogrades in starch gels during storage of the gel. Amylose molecules laterally

associate, as they do in solution, to form aggregated, crystalline regions.



22.1.1.1 Legume Amyloses
The amylose content of starch will vary depending on the botanical origin. Generally,

ilabl

cereal starches contain 15-26% amylose, although some high amyi I starches are
which contain 50 to 70% amylose (Bornet, 1993: Hoover & Manuel, 1996). Legume starches
contain anywhere from 24 to 64% amylose (Hoover & Sosulski, 1991). Table 2.2 summarizes

the properties of legume and cereal amyloses. The data shown for legume amyloses may not be

accurate, since many have i i difficulties in isolating

homogeneous fractions of amylose and amylopectin. Recently, Oates (1990) showed that

addition of bromelain to isolated mung bean amylose i by the p of
Takeda ez al., 1986) resulted in a pure sample of amylose, free of any contaminating high
molecular weight material. Therefore, in light of these findings, the molecular structure of legume
amyloses must be re-examined.

Information on the molecular weight (MW), degree of polymerization (DP) and chain
length (CL) of legume amyloses is limited. Legume amyloses have molecular weights ranging
from 165,000 to 312,000, compared to 260,000 and 200,000 for wheat and corn amyloses,
respectively, (Table 2.2). The degree of polymerization of amylose has been determined only on a
few legume starches (DP = 578 - 1300), and is generally higher than those of wheat (DP =270 -
1300) and com (DP = 295 - 960) amyloses (Biliaderis ez al., 1979, 1981; Banks & Greenwood,
1967; Naivikul & D'Appolonia, 1979; Kawamura, 1969; Lai & Varriano-Marston, 1979) (Table

2.2). The B-amylolysis limits of most legume amyloses exceed 85% (Biliaderis et al., 1981)

(higher than for cereal the ion being /! of wrinkled pea (79-84.7%)

(Biliaderis et al, 1979, 1980, 1981; Banks & Greenwood, 1967) and mung bean (78.4%)



Table 2.2 Properties of legume and cereal amyloses.

STARCH SOURCE
PROPERTY LEGUMES* WRINKLED WHEAT® CORN*
PEA*
Molecular Weight 165, 000 to 125, 000 260, 000 200, 000
312, 000

Iodine Binding 16t0 22 17.99 to 19.20 18510199 19.2
Capacity (%) (amylomaize)
Todine Colouration 625 to 630 625 660 ~660
Az (n)
Degree 578 to 1900 1000 to 1100 270 to 1300 295 to 960
Polymerization
(# glucose units)
B-amylolysis Limit >85 79.0to 84.7 77.0t079.0 77
(%) (amylomaize)
Limiting Viscosity > 180 136 to 150 330 170
Number [n]
(mL/g)

* Banks & Greenwood, 1967; Biliaderis et al, 1979, 1980, 1981; Naivikul & D'Appolonia, 1979;
Lai & Varriano-Marsten, 1979; K: 1969; Colonna et al., 1981b.

® Medcalf & Gilles, 1965; Lii & Lineback, 1977; Banks et al., 1973; Lineback & Rasper, 1988;
Sterling 1978; Banks & Greenwood, 1975; Fleche 1979; Schoch, 1969; Melvin, 1979;

Glicksman, 1969; Greenwood & Thomson, 1962).

© Banks et al., 1973, 1975; Sterling 1978; Banks & Greenwood, 1975; Fleche 1979; Schoch,
1969; Melvin, 1979; Glicksman, 1969; Greenwood & Thomson, 1962.
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(Naivikul & D/Appolonia, 1979; Biliaderis e al, 1979). This indicates that legume amyloses are
less branched than wheat (77-79%) and corn amyloses (~77%) (Table 2.2). The limiting viscosity
numbers (1) of legume amyloses are generally higher (> 180 mlL/g) than that of comn amylose
(179 mlL/g) (Table 2.2), the exception being amyloses of wrinkled pea (136-150 mL/g) (Biliaderis
etal., 1979, 1980, 1981; Banks & Greenwood, 1967) and navy bean (174 mL/g) (Naivikul &
D/Appolonia, 1979; Biliaderis et al., 1979) starches.
2212 Amylopectin

Amylopectin, although similar to amylose in composition, both being primarily composed
of «-(1-4) linked D-glucose molecules, varies significantly from amylose in molecular size, shape

and structure. pectin, having a weight of ~107-10° (Banks & Greenwood, 1975),

is much larger than amylose. In fact, it is one of the largest known molecules in nature.
Macromolecules of amylopectin may contain up to 10° glucose units (Bornet, 1993). Like
amylose, amylopectin is largely composed of linear «-(1-4) linked D-glucose chains with
branching occurring at the a—(1-6) glucosidic linkages. The in the two

is that amylopectin contains 4-6% (Bornet, 1993; Hoseney, 1994) of these branch points versus

amylose which contains only 1-2%. The average chain length of amylopectin is 20-25 glucose
units (Manners, 1985; Hoseney, 1994), but may be greater than 200 in some wheat varieties
(Kobayashi e al., 1986). Most legume amylopectins have an average chain length in the range of
20-24 (Biliaderis et al., 1981). Colonna and Mercier (1984) have shown that legume
amylopectins have longer external chain lengths than cereal amylopectins.

‘The main features of amyl in were ined by ion analysis

between 1935 and 1940. , the fine of amylopectin is still not
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understood. This may be due to variations in i isolated from different
sources. [n any case, amylopectin molecules differ with respect to their molecular weight and
molecular shape (Lelievre ez al., 1986), the number of branches per molecule, the length of the
branches, and the branching pattern (French, 1972).

The weight of in will vary d ing on the botanical source

(Eliasson & Larsson, 1993). He -, variations in pectil weight will also occur
depending on the method of determination used. Lelievre and coworkers (1986) used the
Svedberg equation to determine the molecular weight of wheat starch amylopectin in
dimethylsulfoxide (DMSO) and in water. [n DMSO, the molecular weight was ~ 1 X 107

compared to 6 X 107 in water. , light- i in aqueous solvents
indicate the molecular weight of amylopectin to be ~ 4 X 10* (Whelan, 1971).

Molar mass studies of various sources of amylopectin report that the ratio of Mw/Mn

(weight average molecul: igh average weight) is ~300, which indicates
that a wide range of molecular sizes exist (Lelievre et al., 1986). The molecular weight
differences observed by the above methods may be due to the shape and behaviour of amylopectin
in the different solvents. Pulsed field gradient nuclear magnetic resonance measurements indicate
that wheat starch amylopectin molecules in DMSO are highly planar and behave as oblate
ellipsoids (Lelievre ef al., 1986). The same amylopectin molecules in aqueous systems tend to
aggregate into a more spherical shape with a volume increase ~ 400 times that of a single
molecule (Callaghan & Lelievre, 1985).

The fine of amyl in is not clearly und d. When one considers the size
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of the molecule it is easy to comprehend why. Amylopectin is one of the largest known molecules
in nature, with a molecular weight of ~ 107 to 10* and an average CL of 20-25, and, therefore,
several thousand chains per molecule. Consequently, it is not possible to accurately determine its
structure. Between 1935 and 1940, however, three models describing possible structures of

amylopectin were proposed: (i) the Haworth (ii) the and; (iii) the
Meyer structure (Fig. 2.3). These models possible for small within
a much larger molecule and, therefore, are not accurate depictions of amylopecti it

Several years after the above models were Peat and (1956)

that all three structures contained three different types of chains: (i) A chains, which are linked to
the molecule through a~(1-6) linkages, while all other linkages are «-(1-4) linked; (ii) B chains,

which are linked in the same manner as A chains, but also carry other chains (A &/or B) through
a~(1-6) linkages and are designated as Ba or Bb chains; and (iii) C chains, of which there is only

one per molecule and which carries the only reducing end group in the molecule (Fig. 2.4). The

A/B chain ratio in the can be esti by treating in with B-amylase,
followed by ing with a ination of i and and subjecting the
of! is to hy (Ring ef al, 1993). The A/B chain ratio has recently
been determined to be ~ 1/1 to 1.5/1 for several i ins (Manners & h 1981;
Manners, 1985, 1989).
The most recent models of pectil include a revised Meyer

model, or Whelan elongated model, by Whelan and coworkers (1970), and several cluster-type
models (French, 1972; Robin et al., 1974, Manners & Matheson, 1981). The Whelan elongated

modelisa ination of the and Itis i with an A/B



FIG. 2.3

Three models d ing possible of amyle in. A - the Haworth
B - the Staudi and C - the Meyer structure. (Adapted
from Banks & Green wood, 1973; Manners, 1985).
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FIG. 2.4

Identification of A, B, and C chains of amylopectin. (Adapted from Hoseney,
1994).
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chain ratio of 1/1, and is assymmetrical and can therefore explain some of the differences in
physical properties between amylopectin and glycogen, such as the higher viscosity of

in and its behaviour on i i & Math 1981). However,

studies on the ing of amylopectin with indicate that amylopectin has a

relatively compact, assymmetrical tree-like structure rather than an open elongated structure

(Whelan, 1976; Rovsky et al., 1979).
The most widely accepted model of amylopectin is the cluster-type model (Fig. 2.5) of
French (1972), Robin and coworkers (1974), and Manners & Matheson (1981). All three cluster-
type models indicate that amylopectin is composed of compact parts of oriented chains, or
clusters, which are or regularly and that the clusters are linked by

long chains which extend into two or more clusters (Hizukuri, 1986). Current evidence on the

hs istics of pectin best support the cluster-type models. The A/B chain

ratio of many amylopectin molecules is 1/1. This ratio is more consistent with a cluster-type
model as opposed to an elongated model (Manners & Matheson, 1981). The cluster-type model

also supports the physical properties, observed structural features and the mode of biosynthesis in

the starch granules (Manners & 1981). Gel ion high perft liquid
studies on debranched in (Hizukuri, 1986) reveal a polymodal chain
length di: ion of amyl in which is consi: with that depicted in the cluster models.

Hizukuri (1986) also showed that the distribution characteristics of chain lengths are inconsistent
with the Haworth, Staudinger, and Meyer models of amylopectin (Fig. 2.3), but are consistent
with the cluster model of French (Fig. 2.5).

In ison to amylose, pectin solutions do not exhibit a strong tendency to




FIG. 25 The cluster model of in showing the di ion of in clusters,
hnﬂrmylose,ﬁ'eehpldsmdamylosﬂipidmmplmvmhmdxemmmde
(Adapted from French, 1972; Robin et al., 1974; Manners & Matheson, 1981).
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however, ion will occur under the right conditions (Eliasson & Larsson,

1993). Amylopectin binds very little iodine (Table 2.1) due to its short average chain length (Ring
et al., 1987) and, therefore, forms a red-brown complex with iodine which has a Amax of 530-540
nm (Banks & Greenwood, 1975). Thus, the iodine binding behaviour of amylopectin provides a

method for ing the purity of amylopectin (Ring et al., 1987).

22121 Legume Amylopectins

The characteristics of legume and cereal amylopectins are characterized in Table 2.3. The
overall chain length of most legume amylopectin is in the range of 20-24. However, that of
wrinkled pea amylopectin has been reported to be 34 (Table 2.3). The iodine binding capacity of
legume amylopectins is higher than that of cereal amylopectins (Table 2.3). Colonna and Mercier
(1984) have shown, in their studies on amylopectins from smooth pea and wrinkled pea starches,
that differences between cereal and legume amylopectins are more probably due to the external
chain lengths being longer in the latter (since the A, of the iodine complexes of the respective B-
limit dextrins are identical) than to contaminant amylose (since the debranched material from the
legume amylopectins gave only one peak at the elution volume on sepharose CL 2B in contrast to
amylose). The above authors have also shown the existence of a high percentage (18.9%) of an
intermediate material (branched) of low molecular weight in wrinkled pea starch. This was
present only in trace quantities (0.4%) in smooth pea starch. The ratio of short (DP 15) to long
(DP 45) linear chains in the intermediate fraction was 3.6, in contrast to 9.6 for wrinkled

pea and 8.1 for smooth pea amylopectins.
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Table 2.3 Properties of legume and cereal amylopectins.

STARCH SOURCE

PROPERTY LEGUMES* WHEAT® CORN®
Molecular Weight 80.6 X 10° (smooth pea) ~250 X 10° -
(g/mol) 19.4 X 10° (wrinkled pea)
Iodine Binding 0.9 (smooth pea) <10-20 -
Capacity (%) 1.7 (wrinkled pea)
Todine Colouration 540 to 560 530 to 550 ~570 (waxy)
A (am) of
Degree of Not reported 2X 10° 2X10°
Polymerization
(# glucose units)
Chain Length 20t0 24 17t0 25 28
(# glucose units) 34 (wrinkled pea) ~19 (waxy)

44 (amylomaize)

B-amylolysis Limit 56.1to0 66.5 ~55.0 ~57.2 (waxy)
%)
Limiting Viscosity 126 to 131 90 to 150 35 to 100 (waxy)
Number [n] (ml/g) 114 (wrinkled pea)

* Colonna & Mercier, 1984; Colonna et al., 1981; Biliaderis er al., 1981.

*Banks & Greenwood, 1967b, 1973, 1975; Lii & Lineback, 1977; Hizukuri et al., 1983; Lelievre
et al., 1986; Kobayashi et al., 1986.

© Banks & Greenwood, 1967b, 1973, 1975.
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2.2.2 Non-carbohydrate Components
Starch contains non-carbohydrate components, which are often referred to as "minor”
constituents because they are present at levels of 1% or less (Eliasson & Larsson, 1993). The

most i minor rbohyd: i of starch include proteins and lipids

(Lineback & Rasper, 1988). The origin of these non-carbohydrate components is not clear, but it
is thought that they may originate from two possible sources: (i) as trace components of the
starch itself, or (ii) as contaminants that are not completely removed during starch isolation
(Lineback & Rasper, 1988). Although the non-carbohydrate components are present in very
small amounts, they can still greatly affect the properties of starch.
2221 Proteins

Nitrogen present in starch is generally considered to be present as protein, but it may also
be part of the starch lipids (Lineback & Rasper, 1988). Therefore, the protein content of purified
starch can be estimated from the non-lipid nitrogen content (Eliasson & Larsson, 1993). In wheat
starch, the protein content has been estimated to be 0.1-0.25% (Eliasson & Larsson, 1993),
‘whereas a broader range has been reported for legume starches, 0.05-1.12% (El Faki et al.,
1983a; Hoover & Sosulski, 1985a; Lai & Varriano-Marston, 1979). Generally, as the purity of
the starch increases, the nitrogen and/or protein content decreases (Lineback & Rasper, 1988).

The protein composition of starch will vary with the starch source, but is mainly
dependent on the method of starch preparation (Eliasson & Larsson, 1993). Starch proteins may
be present in starch in various forms: (i) as enzymes trapped within the starch granule, which may
be remnants of starch biosynthesis, or enzymes needed for starch hydrolysis during seed
germination; (ii) as granule surface proteins; or (iii) as internal granule proteins, (Eliasson &



26
Larsson, 1993; Lineback & Rasper, 1988; Lowy et al,, 1981).
The enzymes present as starch proteins include @- and B-amylases. Alpha-amylase is an
d which randomly breaks a—(1-4) idic linkages, thereby quickly reducing the size
of the starch molecules and, consequently, the viscosity of starch suspensions is rapidly decreased
(Eliasson & Larsson, 1993). Beta-amylase is an exoenzyme which breaks a-(1-4) glucosidic

linkages by hydrolyzing starch from the nonreducing end, and thus releasing maltose. Beta-
amylase, unlike c-amylase, cannot bypass a-(1-6) glucosidic linkages, and will, therefore, leave
B-limit dextrins (Eliasson & Larsson, 1993).

Starch granule surface proteins are easily extracted with salts such as sodium dodecyl
sulphate (SDS) (Lowy et al., 1981; Gough ez al., 1985). Greenwell and Schofield (1986)
extracted such a protein from several wheat starches. The protein had a molecular weight of
15, 000 and was positively with end softness in wheat. A different granule

surface protein, which is also found in wheat starch, has a molecular weight of 30,000, no enzyme
activity, and represents 8% of the total protein in wheat starch (Eliasson & Larsson, 1993).
Internal granule proteins can only be extracted after the starch has been gelatinized (Lowy
etal., 1981) These proteins have been shown (by gel electrophoresis with SDS-PAGE) to have
molecular weights ranging from 30,000 to 57,200 (Seguchi & Yamada, 1989).
2222 Lipids
Lipids associated with starch granules have been differentiated on the basis of selective
solvent extraction methods (Morrison, 1983). Starch granule lipids can be classified either as
non-starch lipids or as starch lipids. The non-starch lipids can be easily extracted from

ungelatinized starch granules by a cold solvent (Morrison, 1981), such as water-saturated butanol
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at ambient temperature. However, true starch lipids, which are much more difficult to extract,
can only be letel from inized starch granules using hot solvent, such as n-

propanol-water (3:1) at 90-100°C (Morrison, 1981).

The non-starch lipids are surface lipids which occur as spherosomes and membrane lipids
which may be present on the granule surface in situ within the plant tissue (Vasanthan & Hoover,
1992) (prior to starch extraction), or they may be monoacyl non-starch lipids which have become
bound to the carbohydrate surface of starch granules, possibly as amylose-inclusion complexes
(Morrison, 1983). Surface lipids (easily extracted) include both non-starch as well as starch

lipids. However, solvent i i do not distinguish between the two types of

surface lipids. Therefore, all lipids found on the surface of starch granules are usually considered
to be starch lipids (Galliard & Bowler, 1987). Surface lipids consist of triglycerides, free fatty

acids, glycolipids and holipids (Morri: 1981; Galliard & Bowler, 1987).

Internal starch lipids are the true starch lipids, and are very difficult to extract. Internal
lipids reside within the starch granule interior, and are thought to exist as amylose-inclusion
complexes (Morrison, 1983; Acker, 1977), or may reside in the spaces between amylose and

! in. Inorder to extract the internal lipids, the granule must be sufficiently

swelled. Internal starch lipids are predominantly monoacyl lipids, which primarily include
lysophospholipids and free fatty acids (Hargin & Morrison, 1980; Morrison, 1983).
Both surface and internal lipids may be present in starch in two forms: (i) the free state or

(ii) the bound state. Free lipids are easily extracted by solvent systems at ambient temperatures

(Morrison, 1981). Bound lipids are linked to starch either as amyls incl

complexes (Acker, 1977) or via ionic or hydrogen bonding to hydroxyl groups of the starch
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components (Vasanthan & Hoover, 1992). Bound lipids are difficult to extract and their removal
from starch may require prolonged extraction with hot aqueous alcoholic solvent (Morrison,
1981), or disruption of the granular structure by acid hydrolysis (Goshima et al., 1985).

2.3 The Amylose-Lipid Complex

Amylose is known to form crystalli with polar and P

np these exhibit a istic V-amyl (Biliaderis & Galloway,
1989). Amylose can form strong helical inclusion complexes (Fig. 2.6) with a variety of
compounds in aqueous solution (Banks & Greenwood, 1975; Kugimiya & Donovan, 1981) such
as iodine, alcohols and fatty acids (Kugimiya & Donovan, 1981). However, it is the interaction of

starch with lipids which is of most interest to food processors since interactions can significantly

alter the ies of food products. F ion of the amylose-lipid complex, for example, has

been used to slow down the rate of staling in bread (Krog & Jensen, 1970), to prevent stickiness
in mashed potatoe granules (Hoover & Hadziyev, 1981), and to control texture in extruded
starch-containing products (Meuser ef al., 1984). The formation of amylose inclusion complexes
has also been used to separate amylose from amylopectin (Schoch, 1945), and to estimate the
amylose content of starch (Banks & Greenwood, 1975).

The dominant interaction between starch and lipids gives the amylose-lipid complex
(Eliasson & Larsson, 1993) (Fig. 2.6). In cereal starches, monoacyl lipids are usually present as
inclusion complexes with the amylose component of the starch (Acker & Becker, 1971; Morrison,
1978). In fact, all long chain monoacyl lipids are probably capable of forming inclusion

complexes with amylose, under suitable conditions (Morrison, 1988). Amylose-lipid complexes
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Schematic illustration of an amylose-lipid inclusion complex with the hydrocarbon
tail of the lipid (monoacyl lipid) residing within the hydrophobic interior of the
amylose helix.
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may be naturally present in starch, or may be formed between amylose and an added lipid.
23.1 Structure
The helical structure of amylose provides the basis for starch-lipid interactions. The
helical structure of amylose was first suggested by Hanes (1937) as an explaination for the
development of the characteristic blue colour of the starch-iodine reaction. Hanes (1937)
suggested that the blue colour was due to the formation of a complex between a helical

polysaccharide molecule and iodine, with the iodine occupying the helical cavity. Freudenberg

(1939) also d that amylose a helical . However, it was not until some

years later (1944) that the helical structure of amylose was confirmed by X-ray diffraction studies

of the amylose-iodine complex (Rundle ez al., 1944). Banks and Greenwood (1975) provide a

detailed di: ion of the starch-iodis
The amylose helical structure generated by the glucose residues possesses a hydrophobic
interior (Krog, 1971) referred to as the helical cavity. Amylose molecules form a single helix and

the ing ligand pies the ic helical cavity (Eliasson & Larsson, 1993) (Fig.

2.6). Ligands that complex with amylose include lipophilic substances such as aliphatic alcohols
and fatty acids (Acker & Becker, 1971; Krog, 1971), monoglycerides, sodium dodecy! sulphate,

I h ipids, lecithin, carboxylic acids and cyclic compounds (eg. cyclohexanol) (Eliasson &

Krog, 1985; Eliasson, 1986; Collison et al,, 1960; Evans, 1986; Mikus et al., 1946; Osman et al.,
1961; Lagendijk & Pennings, 1970; Eberstein ez al., 1980; Gough et al., 1985; Kowblansky,
1985; Eliasson, 1988). Perhaps the best known amylose complex is that of amylose and iodine
which has been subjected to detailed X-ray structural analysis (Rundle et al, 1944).

The structure of complexes between amylose and polar lipids has been referred to as V-
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amylose (Eliasson, 1988) because, in the crystalline form the amylose complex gives a V-type X-
ray diffraction pattern (Osman et al., 1961; Zobel, 1964; Zobel et al., 1976). X-ray diffraction
studies indicate that the unit cell of the complex is orthorhombic with the dimensions a = 13.0A, b
=23.0A and c = 8.05A (Mikus et al, 1946). X-ray diffraction studies have also revealed that the
number of glucose residues per turn of the helix can vary with different ligands (Rundle, 1947;
Zaslow, 1963; Yamashita, 1966). A six-fold helix, for example, is obtained with linear alcohols,
but seven and eight-fold helices may form to accomodate bulkier ligands (Yamishita et al., 1973;
French & Murphy, 1977) such as branched alcohols (Zaslow, 1963; Yamishita, 1966). Normally,
for a polar lipid (eg. monoglyceride), each turn of the amylose helix consists of six
anhydroglucose residues with two to three turns per helix and a pitch of 8A (Eliasson & Larsson,
1993). Approximately two thirds of the lipid hydrocarbon chain is involved in the helix (Carleson
et al., 1979). The diameter of the helix is controlled by the size of the complexing ligand
(Biliaderis & Galloway, 1989). The interior diameter of the helical cavity, for instance, increases
with the number of glucose residues per turn of the helix. A helix which has six glucose residues
per turn has a diameter of 4.8A compared to 7.8A for a helix containing eight glucose residues
(Yamishita etal, 1973). Itis thought that the amylose helix is stabilized by hydroxyl groups
(Kowblansky, 1985) which are oriented outward into the aqueous medium, while the hyrophobic
groups of the helix are hidden within it's central core.
23.2 Formation

Native starch very rarely shows the characteristic V-pattern of amylose-lipid complexes,
although, in order to form complexes amylose must be in the V-crystalline form (Banks &
Greenwood, 1975). It appears that amylose-lipid complexes are usually formed during swelling
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and gelatinization of the starch granules (Morrison & Milligan, 1982; Eliasson & Larsson, 1993).
Differential scanning calorimetry indicates the presence of amylose-lipid complexes only after
heating to above the inizati of the starch (Eliasson & Larsson,

1993).

In order to form complexes, it is best if both the amylose and the lipid (monoacyl lipid) are
in solution. If not, the complex will take longer to form and may not form to the same extent
(Eliasson & Larsson, 1993). Therefore, lipids must be in a suitable dispersed state to form
complexes with amylose. For monoglycerides, the best aqueous dispersions for complex
formation are the lamellar phase and liposomes (Morrison, 1988). Monoglycerides in the cubic
phase are poor complexing ligands (Riisom ef al., 1984).

Complex formation is affected by several factors such as the pH, temperature and ionic
strength at which complexation occurs (Hahn & Hood, 1987). Generally, complex formation is
favoured by neutral or slightly acidic pH levels (Morrison, 1988). In fact, the same complexing
ligand can form two different complexes with amylose, depending on the conditions at which

ocaurs (K 1985). Perhaps the most important factor affecting complex

formation is temperature. Both high and low temperature complexes may be formed (Biliaderis &
Galloway, 1989; Kowblansky, 1985) which exhibit high and low melting temperatures,
y (Biliaderis & G: y, 1989). Kowbl (1985) has that the high and

low temperature complexes may both be helical inclusion complexes that differ in the number of
glucose units per turn of the amylose helix.
Steric factors related to the structure of the ligand are of critical importance in complex

formation (Bear, 1942). Complex forming ability differs among monoglycerides. However, the
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best complex forming ability, as measured by a decrease in iodine binding capacity of starch, is
by saturated ides (Osman et al., 1961; Lagendijk & Pennings, 1970; Krog,

1971). Monoglycerides form complexes more readily than diglycerides, and saturated
monoglycerides form complexes more easily than unsaturated monglycerides (Eliasson & Larsson,
1993). Generally, as the chain length of the saturated fatty acid increases, the amount of fatty
acid bound by amylose also increases. The same result is obtained by increasing the molecular
weight of the saturated fatty acid (Hahn & Hood, 1987). However, increasing the unsaturation of
the fatty acid causes a decrease in the amount of the fatty acid bound by amylose (Hahn & Hood,
1987). Differences in complex-forming ability between saturated and unsaturated monoglycerides
may be attributed to differences in the shapes of the molecules (Hahn & Hood, 1987; Eliasson &
Larsson, 1993). Saturated fatty acids with straight hydrocarbon chains may fit into the amylose
helical cavity more easily than unsaturated fatty acid hydrocarbon chains which may be bent at
various angles. Unsaturated fatty acids also have greater solubility in water and may therefore
exist in the free state in higher amounts than saturated fatty acids which are less soluble (Hahn &
Hood, 1987).

Although many authors have suggested that the amylose-lipid complex does not exist in
native starch, but rather is formed during swelling and gelatinization of the starch granules, this
may not be entirely true. Eliasson and Larsson (1993) have suggested that the amylose-lipid
complex may be present in native starch, but that it may not be properly oriented in starch
domains to diffract X-rays. This seems plausible since naturally occurring starch lipids are not
easily removed with the usual organic solvents (Morrison, 1978). This is an indication that in

starch, the lipid acyl chain is tightly bound to the hydrophobic amylose helical cavity.



233 Thermal Behaviour
‘The thermal behaviour of amylose-lipid has been ively studied by
differential scanning calorimetry (DSC). Thermal properties of amylose-lipid complexes depend
largely on the solvent used, the temperature at which the reactants are mixed, and the rate of

cooling during preparation of the complex (Raphaelides & Karkalas, 1988). Other factors

affecting the i ition of the amylose-lipid complex include water content, chain
length of the fatty acid involved in the complex, the type of polar group on the fatty acid, and the
environment of the complex (Eliasson & Larsson, 1993).

Amylose-lipid exhibit i itions at above the

temperature range for starch gelatinization (Eliasson, 1988). The exact temperature range of the
endothermic tranisition of the complex depends largely on the water content and the monoacyl
lipid involved in the complex (Eliasson & Larsson, 1993). Biliaderis and Galloway (1989)

observed small endothernic tranisitions at 45-47°C which they attributed to the melting of

lipid (
The thermal transition of the complex is reversible and on cooling, an exothermic
transition occurs at ~ 20° below the endothermic transition. It is thought that thermal transitions
may involve dissociation of the amylose-lipid complex (Eliasson & Larsson, 1993). Multiple
endotherms have been observed when the water content of the complex is decreased (Biliaderis et
al., 1985; Raphaelides & Karkalas, 1988). This has been attributed to the formation of different

forms of the complex during cr izati dures (Biliaderis & Galloway, 1989).

Thermal transitions also depend on the characteristics of the complexing ligand.
Dissociati of between amylose and saturated fatty acids increase with
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increasing chain length of the acid (Raphaelides & Karkalas, 1988; Biliaderis & Galloway, 1989),

but complexes formed between amylose and unsaturated fatty acids exhibit an increase in

dissociation temperature as the degree of i (Raphaelides & Karkalas, 1988).
2.4 The Structure of Starch
2.4.1 Characteristics of the Starch Granule

Starch occurs naturally in plants as discrete, semi-crystalline granules (Lineback & Rasper,
1988). The size, shape, chemical composition and morphology of the starch granule will vary
depending on it's botanical source (Banks ez al., 1973). However, the exact structure of the
starch granule, as well as the arrangement of amylose and amylopectin molecules at the surface of
the granule, is not well understood (Lineback & Rasper, 1988; Eliasson & Larsson, 1993).

of starch les reveals that the granules tend to possess radial

symmetry, and often exhibit well defined rings or lamellae, often referred to as "growth rings",
especially after treatment with acid or amylolytic enzymes (Banks er al., 1973; Eliasson &
Larsson, 1993; Jenkins er al., 1993). Growth rings (Fig. 2.7) are concentric shells surrounding
the hilum in alternating layers of high and low refractive index, density, crystallinity, and
resistance or susceptibility to chemical and enzymatic attack (French, 1984). Growth rings are
oriented parallel to the outer surface of the starch granule (French, 1984) and range in size from
1200 to 4000A (Yamaguchi et al., 1979; Davis, 1994). Growth rings are composed of alternating

layers of semi-crystalline and amorphous regions (Jenkins et al., 1993) (Fig. 2.7). The semi-

crystalline regions are in tumn of stacks of ing crystalline and h

lamellae (Y hi et al., 1979; K beck, 1979). The crystalline regions contain a high

degree of order. Birefringence studies, as well as X-ray diffraction studies, indicate that the



FIG.2.7

of the ic growth rings of the starch granule,
showing the alternating layers of crystalline and amorphous regions.
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highly ordered regions are of ; i (Meyer, 1942;
Montgomery & Senti, 1958). Various starches have also been shown to retain their crystallinity
even after all of the amylose has been leached from the granules (Eliasson & Larsson, 1993). The

amorphous regions are less ized and are more to acid and ic attack than
the crystalline regions (Lineback & Rasper, 1988). The amorphous regions contain both amylose
and amylopectin, and are rich in a-(1-6) branch points (Eliasson & Larsson, 1993; Jenkins et al.,
1993).

The most current models of the starch granule are based on the structure of amylopectin

proposed by French (1984), in which the i are oriented it to
the granule surface (Fig. 2.8). In current models, the crystalline structure of the starch granule
consists of a radial arrangement of amylopectin clusters (Jenkins ez al.,1993). However, the exact
arrangement of the polysaccharide chains within the granule is not clearly understood. Lineback

(1984) p a model of the ization of the starch granule (Fig. 2.9) which incorporates

the cluster model of amylopectin. In Lineback’s (1984) model, amylose is intermingled through
the ! i) the pectin clusters form the growth rings (crystalline regions),

and the areas rich in branch points form the amorphous regions (Davis, 1994).



Fig. 28
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molecules within a semi-crystalline growth ring. (Adapted from Fremh, 1984).
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2.42 The Crystalline Structure of Starch
2421 General

Starch granule crystallinity has been extensively studied with the X-ray diffraction
technique. The classic X-ray diffraction studies of Katz and coworkers (Katz & van [tallie, 1930;
Katz & Derksen, 1933; Katz, 1937) have led to the widespread acceptance that starch is a semi-
crystalline material. The crystalline structures of native starches have since been classified into
three forms: (i) the A pattern, characteristic of most cereal starches, (ii) the B pattern,
characteristic of root, tuber and wrinkled pea starches, and (jii) the C pattern, characteristic of
legume starches and certain root and tuber starches (Katz & van Itallie, 1930; Zobel, 1988;
Colonna et al, 1981; Hoover & Sosulski, 1985a; Gemat et al., 1990) (Fig. 2.10). The A
polymorph is composed of A-type unit cells (Fig. 2.11A), and the B polymorph is composed of B~
type unit cells (Fig. 2.11B). The C polymorph, once thought to be a structure of its own (Zobel,
1988), has recently been shown to be a mixture of A and B-type unit cells (Gernat et al., 1990).
This is consistent with earlier studies which indicate that the C pattern is intermediate between the
A and B patterns (Hizukuri, 1969; Hizukuri et al., 1965). The different X-ray diffraction patterns
(A, B, C) result from the way in which the amylopectin double helices are packed into the unit
cells (Eliasson & Larsson, 1993). Thus, starch crystallinity is due to the packing arrangement of
double helices (Wu & Sarko, 1978a,b).
The unit cells of the A and B polymorphs are structurally very similar. Both contain

amylopectin double helices arranged in pairs to minimize the energy of the interaction, with the

starch chains arranged in parallel fashion (Hoover & Vasanthan, 1994). The A-type unit cell

(Fig. 2.11A) has been as a centred orth ic with the dimensions a=11.90A,



Fig. 2.10
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Typical X-ray diffraction spectra for starches exhibiting A-, B-, and C-type X-ray
patterns (Adapted from Banks & Greenwood, 1975).
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Fig. 2.11

Double helix packing arrangements in A- and B-type unit cells. A - the A-type
unit cell. B - the B-type unit cell. (Adapted from Wu & Sarko, 1978a, b)
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b=17.70A and c=10.52A (Wu & Sarko, 1978b). The A-type unit cell has twelve double helices,
arranged in pairs, and four to eight water molecules, with the central cavity occupied by an
amylosic double helix. The water molecules are situated between the pairs of double helices.
Adjacent double helices are linked by direct hydrogen bonds (Hoover & Vasanthan, 1994). The
A-type polymorph has recently been characterized by the packing of lefi-handed parallel-stranded
double helices (Imberty ez al., 1987). The B-type unit cell (Fig. 2.11B) is hexagonal with the
following dimensions: a=b=18.50A and c=10.40A (Wu & Sarko, 1978a). Like the A-type unit
cell, the B-type unit cell also contains twelve double helices arranged in pairs. However, it
contains thirty-six water molecules which are present in the centre of six hexagonally arranged
pairs of double helices. Adjacent double helices are predominantly linked by hydrated water
bridges and some hydrogen bonds (Hoover & Vasanthan, 1994).

Recent studies indicate that the A is the most th i stable form,

however, the B polymorph is the kinetically favoured form (Gidley, 1987; Gidley & Bulpin,
1987). Thus, the stability of the different polymorphs follows the order: A>C >B. Several
researchers (Hizukuri, 1986; Hizukuri ez al., 1983) have suggested that the average chain length
of amylopectin may determine the type of crystal polymorph observed among native starches.
The average chain length of amylopectin in A-type starches is 25, that of B-type starches is 34,
while the average chain length of the C-type starches is 28 (intermediate between the A- and B-
types) (Eliasson & Larsson, 1993).
2422 Legume Starches

Legume starches exhibit a C-type X-ray diffraction pattern (Fig. 2.10) which is a mixture

of A and B type unit cells (Gemat ef al,, 1990). In legumes, the starch granules consist of pure
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A-type as well as pure B-type unit cells in varying proportions (Gemnat ef al., 1990). It has been
shown that crystallites of pea starch are composed of 38.6% type B and 61.4% type A, while in
broad bean starch the corresponding values are 17 and 83% (Gernat ez al., 1990). The tendency
toward A type structure for broad bean and B type structure for pea starch was also reported by
Colonna et al. (1981) who showed by means of X-ray diffraction studies on Linternized starches
from pea and broad bean that the proportion of crystalline fraction (50%) of these starches were
higher than that of potato starch (Robin ef al., 1974), but were comparable to those of cereals
(Robin et al., 1975). Futhermore, the above legume starches were shown to retain their C-type
spectra even after Linternization. However, in wheat starches, a change in X-ray spectra (A-type
~ B-type) has been observed during Linternization. Hoover and Sosulski (1985) showed that the
X-ray intensities of the major peaks varied widely, even among legume starches belonging to the
same biotype. It is likely that this could be due either to differences in crystallite orientation or to
the amount of crystallites, or both.
2.5 Gelatinization
It is well known that starch granules are insoluble in cold water. Their insolubility is due
to an extensive network of hydrogen bonding between neighbouring hydroxyl groups of
starch Although bonding forces are weak, they are so numerous

that they prevent the granules from dissolving (in cold water). When starch is heated in excess
water to a temperature just below its gelatinization temperature, the granules swell reversibly
(Banks & Greenwood, 1975). However, when starch granules are heated in excess water above
the inizati swelling is i ible and is ied by several changes
within the starch granule.
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‘When aqueous suspensions of starch granules in excess water are heated, a temperature is
reached (the inizati mp ") at which the hyd: bonds holding the starch

granules together are weakened and water can then be absorbed by the granules (Glicksman,
1969). This aqueous suspension then undergoes an order-disorder, non-equilibrium phase
transition called "gelatinization" (Donovan, 1979; Biliaderis ef al., 1980) over a temperature

range (the "gelatinization temperature range") which is characteristic of the starch source. During

changes occur in the starch granule: water diffuses into the

granule; the granule becomes hydrated and swells; heat is 5 inity (birefri is
lost; and amylose leaches out of the granule into the surrounding matrix (Stevens & Elton, 1981;
Lelievre & Mitchell, 1975; Donovan, 1979; Hoover & Hadziyev, 1981), which leads to an
increase in starch paste viscosity. Thus, starch gelatinization has been described as the dramatic
changes which occur in the starch granule structure when it is heated in water (Fig. 2.12).

2.5.1 Mechanism

The ism by which inization occurs is not clearly understood. However, it is

widely accepted that gelatinization refers to the disruption of the starch granule structure (Zobel,
1984) followed by the collapse of the molecular order within the starch granule (Atwell ez al.,

1988). Starch inization may also be i a non-equilibrium melting process of

semicrystalline, kinetically metastable native starch in the presence of water (Atwell ef al,, 1980).

Starch gelatinization is a two-step process which involves disruption of the weaker

regions, foll by di ion of the more stable crystalline regions of the starch

granule. When an aqueous suspension of starch granules is heated above its gelatinization



Fig. 2.12 Schematic illustration of the changes which occur in the starch granule during
gelatinization and retrogradation. (Adapted from Aguilera & Stanley, 1990;
Biliaderis, 1991).



Native starch HYDRATION f.{ooling.
granules time
# —4
RETROGRADATION

GELATION

H

v omylose (V pottern)

Retrograded Retrograded
amylopectia amylose
(8 pattern) (8 pattern)



47
weakened, thereby allowing water to be absorbed by the granules (Glicksman, 1969; Hoseney et
al., 1986). Hydration and swelling of the starch granule occurs first in the weaker amorphous

regions (Hoseney et al., 1986; Biliaderis et al., 1980; Donovan, 1979) at the hilum of the granule
(Glicksman, 1964; Hoseney et al., 1986). The amorphous region hydrates first because of its
lower order of crystallinity (Glicksman, 1964), which also makes it more susceptible to heating in
the presence of water than the crystalline region. Swelling of starch granules and weakening of
hydrogen bonds start at the hilum of the granule because crystallites between the hilum and the
first growth ring are under more stress than those further from the centre (Hoseney et al., 1986)
(Fig. 2.13). Therefore, these crystallites are most likely to melt first.

Swelling of the amorphous region makes the crystalline region of the granule more
susceptible to melting (Fig. 2.14) by imparting a stress on the crystalline regions, thereby allowing
the granule to become disordered quickly (Biliaderis ez al, 1980; Donovan, 1979; Evans &
Haisman, 1982). Melting of the starch crystallites occurs due to disordering of the double helices
forming the crystalline clusters, followed by the dissociation of the double-helices to give loosely

ordered semi-random external chains (Tester & Morrison, 1990a,b) (Fig. 2.15). Therefore,

melting of starch crystallites may be consi a ion assisted helix-coil transition. As the
temperature of the starch-water suspension i above the inizati range,
hydrogen bonds continue to be di: and hydrated. C the granules continue to
swell. ly, the starch become ilized, and fully hydrated starch particles

diffuse out of the granules into the surrounding aqueous medium. This leads to an increase in
solution viscosity and clarity, (Olkku & Rha, 1978). At this point, the starch-water suspension is



Fig. 2.13
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showing the ity of different starch crystallites
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of’ i isted melting of starch crystallites within
the starch granule. (Adapted from Biliaderis et al., 1980)
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Schematic representation showing melting of starch crystallites due to disordering
and dissociation of amylopectin double helices forming the crystalline clusters.
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referred to as a starch paste. The swollen starch granules become increasingly susceptible to
shear, mechanical and thermal and the bonding forces become very weak. Some

starch solubles may diffuse back into the swollen granules. As the starch-thickened mixture cools,
a gel-like mass is formed (called gel formation or gelation) which is held together by associative
bonding (Olkku & Rha, 1978).

As the starch-thickened mixture cools after gelatinization is complete, bonds form
between starch molecules in the mixture. Bonds that form between the branches of amylopectin
molecules are very weak. However, bonds that form between the long-chain amylose molecules
are relatively strong and form readily. This bonding produces a three-dimensional network which
entraps water, thereby increasing the rigidity of the starch mixture. Thus, gelation (gel formation)
is a different process from gelatinization. Gelation occurs on cooling the starch paste after the
starch granules have been gelatinized. Gel formation is a slow process which proceeds over a
period of several hours as the starch paste cools. Waxy varieties of starch (without amylose) do
not form gels. It has been shown (Miles et al., 1985) that amylose gelation is the result of a phase
separation which produces regions that are rich (contain amylose) and deficient (contain
amylopectin) in polymer. If the amylose content is sufficiently high, the region rich in polymer
forms a three dimensional network .

252 Legume Starches

Many methods have been used to d ine the inizati of starches

including differential i lorimetry (Donovan, 1979), Kofler hot stage microscopy

(Watson, 1964), viscoamylography (Sathe et al,, 1981), X-ray diffraction (Zobel ez al., 1988),
pulsed nuclear magnetic resonance (Lelievre and Mitchell, 1975), and small-angle lightscattering
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Y & 1980). However, only Kofler hot stage microscopy and

differential scanning calorimetry have been used in studying the gelatinization parameters of
legume starches.
The inizati (onset, To, midpoint, Tp, and end, Tc) and the enthalpy of

gelatinization (aH) of legume and cereal starches are presented in Table 2.4. As shown (Table

2.4), I starches exhibit wide variations in their gelatinizati This suggests that
egume

structural differences exist within the crystalline (differences in the number of double helices
within the crystalline clusters or the degree of crystalline perfection, or both), or the amorphous
(degree of packing of amylose chains) regions of legume starches, or both. Furthermore, the
gelatinization parameters of legume starches are generally higher than those of wheat and corn
starches (Table 2.4). These differences are probably due to the longer average chain length of
legume amylopectins (Table 2.3). As a result, the number of double helices that unravel and meit
during gelatinization would be higher in legume starches than in corn and wheat starches.
2.6 Retrogradation

As stated previously, starch granules undergo irreversible swelling when heated in excess
water above their gelatinization temperature, which results in amylose leaching into the
surrounding aqueous medium. In the presence of a high starch concentration, when the starch
thickened mixture cools, an elastic gel forms. The molecular interactions which occur after the
gel has formed have been called "retrogradation”. During storage of starch gels, additional bonds
are formed between straight-chain amylose molecules, as well as between helical regions of
amylose molecules Some of the amylose molecules become aggregated in a particular area in an
organized, crystalline manner. As these amylose molecules pull together, the gel network shrinks,
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Table 2.4 ‘Thermal characteristics of legume and cereal starches

Gelatinization Transition T¢ coy

Starch Source To Tp Tc aH® (cal/g)
Legumes
DSC* 4710 67 57t0 76 70 to 87 3.0t04.0
Kofler Hot Stage 58t0 71 59to 76 61to 85 -
Cereals
Dsc* 57to0 65 62to 73 6710 83 27t038
Kofler Hot Stage® 5810 68 61074 640 78 =

*To, Tp and Tc indicates the temperature of the onset, mid point and end of gelatinization.
* Enthalpy of gelatinization.

© Differential scanning calorimetry.

“ For amylomaize, To=63, Tp=76, Tc=82°C, and sH = 1.5 cal/g.

© For amylomaize, To = 67, Tp = 80, Tc = 92°C.

(Hoover & Manuel, 1995, 1996; Hoover & Vasanthan, 1992, 1993; Hoover et al., 1994; Hoover
& Sosulski, 1985a; Biliaderis er al., 1980; Schoch & Maywald, 1968; Sathe er al., 1982; El Faki
et al., 1983a; Knight, 1969; Fleche, 1979; Whistler & Pashcall, 1965; Glicksman, 1969;
Waurzburg, 1972; Leach et al., 1959).
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and water is pushed out of the gel in a process called "syneresis”. Thus, syneresis occurs as a
result of the i iation of starch as a starch gel ages. The above interactions
are both time and temperature dependent (Hoover & Sosulski, 1991).
Recrystallization in amylose gels occurs in the polymer rich regions by extensive helix-

helix aggregation (Fig. 2.16) (Miles et al., 1985; Gidley, 1989). As the gel continues to age,
recrystallization of amylopectin in the polymer deficient regions may also occur. (Cairns ez al.,
1991). Therefore, retrogradation of starch gels may be viewed as the crystallization of the

of the inized granules resulting in a stiffening of the granular structure

and enhancement and reinforcement of the amylose matrix (Miles et al., 1985) (Fig. 2.12).

Legume starches have been shown to exhibit high retrogradation rates (Hoover &
Sosulski, 1985a; Tjahjadi & Breene, 1984). This makes native legume starches unsuitable for use

in many commercial foods, which require low temperature storage (Hoover & Sosulski, 1991).

H -, modification by ylation and ion has been found to greatly reduce
the extent of dation ( d by extent of is) (Hoover & Sosulski, 1986; Hoover
el al., 1988).

2.7 Swelling Capacity and Amylose Leaching
Starch granule swelling is known to begin in the bulk, relatively mobile amorphous

fraction, and in the more i regions i i adjacent to the crystalline

regions of the granule. Tester and Morrison (1990a,b) have shown, by comparative studies on
normal and waxy barley starches, that swelling is primarily a property of amylopectin and that
amylose is a diluent. These authors also showed that amylose and lipids in normal starches could
inhibit granule swelling under conditions where amylose-lipid complexes are likely to be formed.



Fig 2.16

Rmymﬂmmmmﬁmgdsbyh&x—hdmwm(a)ﬂgﬁxformm
and chain jon. (b) Lateral iation of helical regions. (Adapted from
Morris, 1990).
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Many researchers have determined the swelling capacity of legume and cereal starches
using the method of Leach and coworkers (1959), which does not distinguish between
lar water and i or i itial water. Recently, Tester and Morrison (1990a)

developed a method for ing only i water and, hence, the true swelling capacity
(termed "swelling factor") at a given temperature. This method is based on the observation that
blue dextran dye (MW =2 X 10°) will dissolve in supernatent and interstitial water but not in the
intragranular water.

The degree of swelling determined by both the above methods (Hoover & Sosulski,
1985a; Tester & Morrison, 1990a, b; Hoover ef al., 1994; Hoover & Vasanthan, 1993, 1994a, b;
Hoover & Manuel, 1995, 1996) has shown that granular swelling occurs to a greater extent in
cereal than in legume starches. The restricted swelling of legume starches is probably due to
stronger associations between amylopectin chains and/or to a more compact arrangement of the
amylose chains within the amorphous regions. It is likely that the above differences in swelling
capacity could be due to differences in the magnitude of bonding forces between amylose chains
of cereal and legume starches, since the extent of amylose leaching in legume starches is
comparable to that of corn and is much higher than in wheat (Hoover & Vasanthan, 1992, 1993,
1994; Hoover e? al., 1994; Hoover & Manuel, 1995, 1996).

2.8 Heat-Moisture Treatment (HMT)

Heat-moisture treatment (HMT) is the term given to the process of heating starch at
elevated (above the inizati under semi-dry conditions (water
content is lower than that required for gelatinization) (Lorenz & Kulp., 1981, 1982; Kulp &
Lorenz, 1981) (Fig. 2.17). Heat-moi: at 18-30% moi: and 100°C has been
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shown to alter the physicochemical properties (eg. amylose leaching, swelling capacity, X-ray
and pattern, ibility to attack by enzyme and acid) of normal maize,

waxy maize, high amylose maize, wheat, oat, barley, potato, yam, pigeon pea and Laird lentil
starches (Sair & Fetzer, 1944; Sair, 1967; Donovan et al., 1983; Kulp & Lorenz, 1981; Lorenz &
Kulp, 1982; Hagiwara et al., 1991; Stute, 1992; Hoover & Vasanthan, 1994; Lorenz & Kulp,
1981; Hoover & Manuel, 1996; Franco ef al., 1995; Kawabata ef al., 1994; Maruta et al.,, 1994;
Hoover et al., 1994). The magnitude of these changes was found to be dependent upon the
moisture content during heat treatment as well as the starch source. The effects of heat-moisture
treatment on the above properties are due to interplay between the following factors: (i) structural
changes which occur in the crystalline and amorphous regions of the starch granule; and (ii)
physical modifications to the surface of the starch granule, which occur during heat-moisture
treatment.

Numerous structural changes have been shown to occur during heat-moisture treatment of
starch granules, which include: (i) new crystallite formation and/or crystallite reorientation
(Donovan et al.,1983); (i) conversion of B-type starches to an A + B type (Sair & Fetzer, 1944;
Sair, 1967; Kulp & Lorenz, 1981; Lorenz et al., 1982; Stute, 1992; Donovan et al., 1983);

(iii) increased associations between starch components (amylose-amylose, amylose-lipid, and/or

ylos in) (Hoover & \ han, 1994; Hoover & Manuel, 1996); and (iv)
conversion of amorphous amylose to a helical form (Banks & Greenwood, 1975).

The classic heat-moisture treatment studies by Sair (Sair & Fetzer 1944; Sair, 1967)

showed that heating of starches at icted moi: levels ically changes the properties of
starches, especially tuber starches (eg. potato starch). In these studies, the properties of tuber
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starches (gelatinization temperature ranges, swelling behaviour, and paste translucency) after
N i those 0 istic of the cereal starches. The

X-ray diffraction patterns of potato starches were altered from a B-type to an A + B type pattern,
as were those of corn and other cereal starches (Sair, 1964; Lorenz et al., 1982). More recently,

Lorenz and coworkers (1982) showed that cereal starches (barley, red millet and triticale) retained

their A-type pattern after heat-moi but exhibited a d in cr

The most obvious structural change which occurs during heat-moisture treatment of starch
granules is the "B" to "A" transition, which occurs to varying extents depending on the severity of
the treatment as well as the starch source (Stute, 1992). The "B" to "A" transition occurs as a
result of dehydration of the B-type unit cell (36 water molecules) to form the A-type unit cell (8
water molecules) (Sarko & Wu, 1978a,b) (Fig. 2.18). During heat-moisture treatment, the
double helices of the B-type unit cells rearrange in such a way that the central core of the unit
cell, which was originally occupied by 36 water molecules (B-type), is now occupied by an
amylosic helix (similar to A-type unit cells [Fig. 2.11A]). Therefore, as more and more B-type

cells are to A-type cells, hi i treated starches exhibit a C-type X-ray

diffraction pattern, but never really become A-type starches (Stute, 1992). This explains the
different sensitivities of different starches to heat-moisture treatment: (i) B-type starches are very
sensitive; (i) C-type (A + B unit cells) starches require more severe treatment conditions to
induce the B to A transition; and (iii) A-type starches cannot be heat-moisture treated in this
sense.

The changes in physicochemical properties of tuber starches in the direction of cereal
starches has been attributed to two factors: (i) dehydration, which causes the crystallographic



Fig. 2.18

Schematic representation of the B to A transition of B-type unit cells

during heat-moisture treatment. (Adpated from Wu & Sarko, 1978a, b).

1. B-type unit cells.

2. Rearrangement of double helices in the B-type unit cells.

3. Formation of A-type unit cells with the central core of the unit cells occupied by
a double helix.
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pattern to change from the B-type to an A + B type (C-type) pattern; and (ii) conversion of a
fraction of amorphous amylose to a helical form (Banks & Greenwood, 1975).

Dehydration is important since B-type (36 water starches are i
bound by water bridges, which are converted, by heat-moisture treatment, to the direct hydrogen
bonds that predominate in most cereal starches (Kulp & Lorenz, 1981). Conversion of some of
the amorphous amylose to helical amylose during heat-moisture treatment is feasible for potato
and other tuber starches since they are essentially free of lipid (Kulp & Lorenz, 1981). However,
its effect is somewhat minimized in cereal starches because the amylose component occurs mainly

in the form of amylose-lipid complexes (Kulp & Lorenz, 1981). This may also partly explain the

low response of cereal starches to h i C ion of hous amylose to
the helical form decreases the solubility and swelling of starch granules, and consequently
stabilizes the granules (Kulp & Lorenz, 1981). This increased stabilization probably occurs since
the helical regions are thought to act as weak centres of crystallinity when the granule gelatinizes
(Banks & Greenwood, 1975). Kulp and Lorenz (1981) showed that heat-moisture treatment of
wheat starch caused only limited changes in the amylose fraction and to rearrangement of the
polymers. They suggested that this low response was due to the presence of amylose-lipid
complexes. The above authors also suggested that the effect was confined to the amorphous

regions of the granules, since both ity and enzyme ility i but little change
was observed in swelling power.

Donovan and coworkers (1983) used differential scanning calorimetry and X-ray
diffraction to study the effects of heat-moisture treatment on wheat and potato starches. They
also observed a B to A transition for tuber starches, and a decrease in crystallinity of cereal
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starches during heat-moisture treatment (18-30% moisture, 100°C, 16 hours). They also noted
that the physical properties of tuber starches improved, whereas those of cereal starches
deteriorated, after heat-moisture treatment. Therefore, this suggests that physical changes occur
within the starch granules during heat-moisture treatment. The above authors postulated that the

effects of heat-moisture treatment are due either to new lization, or to ization and
perfection of the small crystalline regions of the granule. Starch chain reorientations in crystallites

are ied by chian i ion or in regions. A ions in the

amorphous regions have a pronounced effect on the ability of these regions to destabilize
crystallites upon imbibition of water by the granule, and thus upon on the gelatinization
temperature, which has been shown to broaden in cereal (wheat) and tuber (potato) starches
following heat-moisture treatment.

Recently, Hoover and Vasanthan (1994) and Hoover and Manuel (1996) reported that the
extent of starch chain associations within amorphous regions, as well as the degree of crystallinity,
are altered during heat-moisture treatment of wheat, oat, normal maize, waxy maize, high amylose

maize, potato and Laird lentil starches. amylose-lipid i ions and crystallite

reorientation has also been found to occur on heat-moisture treatment (Hoover & Manuel, 1996).
The stability of the newly formed crystallites has been shown (by DSC analysis) to differ from that
of the crystallites in the native starch (Hoover & Manuel, 1996). Lorenz and coworkers (1983)

the i d ity of wheat and potato starches to amylases, following heat-

moisture to a change in reori ion of the starch polymers in the granules, as well as

a certain degree of degradation to the granules which rendered the starch granules more
to is. Sii Hoover and coworkers (1993) attributed the increase in
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both acid and enzyme hydrolysis of pigeon pea starch following heat-moisture treatment to the
interplay of the following factors: (i) changes in crystalli intation; (if) ions to the
granular surface; and (iii) the degree of starch chain iations within the hous regions.

2.9 Digestibility of Starch by Porcine Pancreatic z-amylase

Starch digestion by porcine pancreatic a-amylase occurs by a multiple attack mechanism
(Robyt & French, 1967), whereby the direction of attack starts at the reducing end of the starch
molecule and moves towards the non-reducing end (Robyt & French, 1971). Alpha-amylase is an
endoenzyme which cleaves a-(1-4) glucosidic bonds (Banks & Greenwood, 1975), but bypasses
-(1-6) glucosidic bonds without cleaving them. The products of a-amylase digestion assume the
@ configuration at the anomeric carbon, and include glucose and maltose (Banks & Greenwood,
1975). Porcine pancreatic a-amylase, which is widely used for studies on starch digestibility, has
an active site which consists of five D-glucose sub-sites (Robyt & French, 1970), as well as a
catalytic site consisting of imidazolium cations (which act as electrophiles) and carboxylate anions
(which act as nucleophiles) (Fig. 2.19) (Hoover & Sosulski, 1985b).

Differences in in vitro digestibility of native starches both between and among species
have been attributed to the interplay of several factors: (i) granule size (Snow & O'Dea, 1981;
Ring et al., 1988); (ii) presence of amylose-lipid complexes (Holm et al., 1983), which tends to
decrease digestibility; (iii) starch-protein interactions (Wiirsch et al., 1986), which also tend to

— ility; (iv) in ratio (Dreher et al., 1984; Hoover & Sosulski,

1985a; Holm & Bjork, 1988; Ring et al., 1988); (v) percentage of retrograded starch (Ring et al.,

1988); (vi) extent of | iations between starch comp (Dreher et al., 1984;

Hoover & Sosulski, 1985a; Holm & Bjork, 1988); (vii) physical distribution of starch in relation



Fig. 2.19 is of a(1-4) idic bonds via ilic and ilic attack by
porcine pancreatic a-amylase. (Adapted from Hoover & Sosulski, 1985b).
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to dietary fibre components (Rao, 1969; Snow & O'Dea, 1981; Dreher et al., 1984); (viii) degree
of crystallinity (Dreher et al., 1984; Hoover & Sosulski, 1985a; Ring ez al, 1988); (ix) amylose
chain length (Jood ef al., 1988); (x) drying methods and storage conditions (Kayisu & Hood,
1979); and (xi) differences in a-amylase activity of enzyme preparations (Hoover & Sosulski,
1991). However, the mechanism by which enzyme digestion by a-amylase proceeds is not well

understood. Thoma (1968) that enzy 1} is of the a~(1-4) glucosidic

bonds of starch involves enzyme-induced ring di ion of one of the D-glucosyl
residues from the *C, chair conformation to a "half chair” conformation (Fig. 2.20). Ring

the enthalpy of activation (Fig. 2.21) and increases the susceptibility of the

glucosyl residues to nucleophilic attack by functional groups on the enzyme, and water (Fig.2.20).
Laszl6 and coworkers (1978) have shown that ring distortion or the "half chair" conformation is
involved in the transition state of a-amylase. Based on this theory, Hoover and Manuel (1995)
postulated that conformational changes from the chair to the half chair, during c-amylase
hydrolysis (of lentil starches) may be difficult for amylose chains that are complexed by native
lipids, due to reduced chain flexibility. Therefore, it seems plausible that the same may be true for
strongly associated starch chains and tightly packed starch crystallites in the amorphous and
crystalline regions of the granule.
29.1 Legume Starches

Starch digestibility will vary depending on the starch source, and on processing and
storage conditions (Dreher et al., 1984). Legume starches in foods are more digestible than tuber
and high amylose maize starches, but less digestible than cereal starches (Dreher ez al., 1984,

Hoover & Sosulski, 1985a; Ring et al., 1988). In a 24 hour period, wheat, maize, smooth pea



Fig. 2.20
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Potential energy diagram of glucopyranose ring confomers (Adapted from Laszlé
etal., 1978). The half-chair conformer has a higher potential energy than the chair
conformer. Thus, a lower activation energy is required for the hydrolysis reaction
to occur when the D-glucosyl residues are in the half-chair conformation.
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and potato starches were hydrolyzed to the extents of 100%, 95%, 67% and 15%, respectively,
by porcine pancreatic a-amylase (Ring ez al., 1988). However, Hoover and Vasanthan (1994)
showed that in a 72 hour period, wheat, oat, lentil, potato and yam starches were hydrolyzed to
the extents of;, 66.1%, 32.0%, 65.0%, 5.0% and 1.5%, respectively, by porcine pancreatic a-
amylase. The differences observed between starches from the same botanical source (wheat and
potato) in the two studies may be due to several factors (eg. amylose content, amylose-lipid

complexes, extent of starch chain ations, enzyme p i ylase activity).

In addition to the factors mentioned previously, starches from various legume sources
have been shown to differ in digestibility by a-amylase due to: (i) varying amylose contents (high
amylose content decreases digestibility) (Rao, 1969); (ii) drying, isolation and fractionation
methods used (Biliaderis ez al., 1981; Hellendoorn, 1969); (iii) degree of polymerization; (iv)
microheterogeneity of the starch; (v) presence of non-starchy components such as proteins and
lipids; (vi) presence of a-amylase inhibitors; and (vii) presence of other carbohydrate substances
(eg. cellulose) (Reddy ez al., 1989). Dreher and coworkers (1984) have suggested that the

digestibility of poorly digestible starches (legume and tuber starches) is improved by cooking,

probably due to changes which occur in granular cr inity, starch inization, or i
of a-amylase inhibitors, which are naturally present in most legumes.

The mode of action of a-amylase on legume starches differs between and among species.
Hoover and Sosulski (1985a), and Ramadas Bhat and coworkers (1983) observed (using scanning
electron microscopy) that legume starches attacked by porcine pancreatic a-amylase exhibited
highly roughened surfaces which is characteristic of surface erosion. Hoover and Manuel (1995),
however, observed that while Laird lentil starch exhibited highly roughened surfaces and
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numerous fissures after 72 hours is by porcine p i ylase, CDC Gold lentil
starch exhibited fissures and craters of varying size and depth, indicating that the enzyme had
entered the granule and preferentially hydrolyzed the interior protion. The mode of attack may
also vary depending on the source of the enzyme. El Faki and coworkers (1983) observed that
digestion of cowpea and horse gram starches by salivary a-amylase resulted in pitting and surface
erosion of the granules. [n comparison, cereal starches exhibited pinholes on the surface layer of
the granule, with pores penetrating into the granule (Dronzek et al., 1972; MacGregor &

Ballance, 1980; Hoover & Sosulski, 1985a).
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CHAPTER 3.
MATERIALS AND METHODS

3.1 Materials

The following legume seeds were obtained from the Department of Crop Science,
University of Saskatchewan: Green Arrow pea (wrinkled pea) (Pisum sativum L.), Express field
pea (smooth pea) (Pisum sativum L.), black bean (Phaseolus vulgaris L.), Othello pinto bean
(Phaseolus vulgaris L.); and Eston lentil (Lens culinaris Medik). The legume seeds were divided
into two lots representing whole samples. Each lot was further subdivided into two parts and
starch was extracted from them using the procedure outlined below. Crystalline porcine
pancreatic a-amylase (EC 3211), type 1A was obtained from Sigma Chemical Co., St. Louis,
MO, USA. All other chemicals and solvents were analytical grade.
3.2 Starch Isolation and Purification

Starch was isolated from legume seeds using a modification of the procedure of Schoch
and Maywald (1968). Approximately 500 g of seeds were steeped overnight in 300 mL of tap
water containing 0.01% sodium metabisulfite at room temperature. The swollen seeds were then
washed and homogenized with distilled water (1 part soaked seed : 3 parts distilled water) in a
Waring blender for three minutes at low speed, followed by another three minutes of blending at
high speed. The resulting slurry was then filtered through a double layer of cheese cloth in a
Biichner funnel using suction. The solid particles trapped by the cheese cloth were discarded and
the slurry which passed through the cloth was allowed to stand overnight, with sodium

while the sedi settled. The was di and the
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sediment was washed with 0.02N sodium hydroxide and allowed to settle. This step was repeated
proteins. The final sediment was suspended in distilled water and filtered through a 70 micron
polypropylene screen. The resulting filtrate was then filtered through a 10 micron polypropylene
screen, neutralized to pH 7.0, and filtered through a Whatman #4 filter paper on a Biichner funnel
with suction and thoroughly washed with distilled water. The filter cake was air dried overnight
at room temperature followed by oven drying at 40°C for 24 hours.

33 Chemical Composition of Starch
33.1 Moisture Content

Moisture content was determined using the air oven method (AACC, 1984). A
preweighed (3-5 g) amount of sample was dried in a forced air convection oven (Fisher Scientific,
Tosotemp 614G, USA) at 130°C for one hour. The samples were removed from the oven and
allowed to cool to room temperature in a desiccator for 25 minutes. The percentage weight loss
of the sample was calculated and reported as the moisture content (AACC, 1984).
332 Ash Content

Samples (1.0-2.0 g) were transferred into clean, dry, preweighed porcelain crucibles,
charred in a Bunsen burner flame and then transferred to a preheated (600°C) muffle furnace (Lab
Heat, Blue M, Illinois, USA). The samples were kept in the muffle furnace overnight to obtain a
grey ash and then placed in a desiccator (30 minutes) to cool. The samples were then weighed

as the percentage of the remaining material (AACC, 1984).

and the ash content was
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333 Nitrogen Content
The nitrogen content of the samples was determined using the Kjeldahl method. Each
sample (100-300 mg) was weighed on a nitrogen-free paper and placed in a pre-labelled digestion
tube of a Biichi 430 (Bichi L i Technik AG, il iz) digester. Two Kjeltabs

M pellets and 20 mL of ic acid (H,SO,) were added to each

digestion tube and the tubes were then placed in the Biichi 430 digester. The samples were heat
digested at setting #3 for 20 minutes followed by another 30-40 minutes of digestion at setting #9,
until a clear or light yellow solution was obtained. The digested samples were then cooled,
diluted with SO mL of distilled water and 100 mL of 25% (w/w) NaOH, and steam distilled, in a
Bichi 321 distillation unit, until 150 mL of distillate were collected into flasks containing 50 mL
of 4% (w/v) boric acid (H,BO,) and 12 drops of an end point indicator (methyl red/methylene
blue indicator). The amount of ammonia in the distillate was determined by titrating it with 0.IN
H,SO, to a red end point (AACC, 1984).

Calculation of nitrogen content:

%N = [( sample mL) - (Vo it blank ml) X Acid N X 14.01] X 100
Werght of sample (mg)

3.3.4 Amylose Content
The apparent amylose contents of the native starches were determined using the method

of Chrastil (1987) after the i dure was d. About 20 mg of starch (db) was

g P

placed in a 50 mL beaker and 10mL of 0.5N NaOH was added. The starch was completely
dispersed in the NaOH using a magnetic stirrer and stir bar. The dispersed starch solution was
then transferred to a 100 mL volumetric flask and then diluted to the mark with distilled water. A

10 mL aliquot of this solution was d to a 50 mL vol ic flask ining 5 mL of
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0.IN HCl and then diluted to the mark with distilled water. The final solution was analyzed by
the method of Chrastil (1987). The total amylose contents of the native starches were determined
using the same procedure, except the samples were first defatted with hot n-propanol-water (3:1
v/v) for 7 hours, and dried to a uniform moisture content.

33.4.1 Chrastil's Method of Amylose Determination
A 0.1 mL aliquot of the final solution was transferred to a screw cap tube containing 5 mL
of 0.5% trichloroacetic acid (TCA). Then, 0.05 mL of 0.IN L-KI solution was added and the

solution was thoroughly mixed. The capped solution was allowed to stand at room temperature

for 30 minutes and then its was at 620nm in a sp:

(Novaspec Model 4049, LKB Bi C: i The of the reaction

blanks with water was zero. The amylose content was then determined using the following

formula ined through a calibration curve) and d as mg of amylose per 100 mg dry

starch.

Calculation of amylose content:

% Amylose = (Absorbance X 32.5 mg <1000 mL) X (5.1SmL +0.10 mL) X

(100 mL + starch dry wt in mg) X (50 mL + 10 mL) X 100

Where: Absorbance X 32.5 = mg of amylose/litre in cuvette
33.5 Lipid Content

Starch lipids were analyzed as follows. At ambient temperature (25-27°C), lipids (surface
lipids) were extracted from legume starches (5 g db) with 100 mL of 2:1 chloroform-methanol
(CM) under vigorous agitation in a wrist action shaker for one hour. Bound lipids from CM

extraction were solvent extracted with 100 mL of 3:1 n-propanol water (PW) at 90-100°C for 7
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hours in a Soxhlet apparatus. To determine the total starch lipids, starches (2.0g db) were
hydrolysed with 25mL of 24% HCI at 70-80°C for 30 minutes, and the hydrolysate then extracted
three times with 1-hexane (Goshima et af, 1985).

33.6 Lipid Purification

The crude lipid extracts from above were purified by extraction with chloroform/
methanol/water (1:2:0.8 v/v/v) and forming a biphasic system [chloroform/methanol/water
(1:1:0.9 v/v/v)] by addition of chloroform and water, at room temperature (Bligh & Dyer, 1959).
The chloroform layer was then diluted with benzene and brought to dryness on a rotary
evaporator.
3.4 Estimation of Starch Damage

The percentage starch damage of native starches was estimated using standard AACC
methods (1984). Starch samples (1 g dry basis) were mixed with 45 mL warm (30°C) fungal a-
amylase from Aspergillus oryzae. The c-amylase concentration was 277.7 units/mL and had a
specific activity of 50-100 units/mg of protein. A uniform suspension was obtained and the
reaction mixture was then incubated at 30°C for exactly 15 minutes. At the end of the incubation
period, 3 mL of 3.68M sulfuric acid and 2 mL of 12% (w/v) sodium tungstate solution were
added to the reaction mixture, which was mixed thoroughly and allowed to stand at room
temperature for 2 minutes. The reaction mixture was filtered through a Whatman #4 filter paper,
and the first 8-10 drops of the filtrate were discarded. The amount of reducing sugars was then
determined, using 5 mL of the filtrate, by the method of Bruner (1964). A reagent blank was also

determined by the same procedure without the starch sample.
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Calculation of starch damage (%):
1) Determine the mg maltose per 10 g of sample

mg maltose/10 g sample = (1.64/100) X 5(mg maltose in filtrate - mg maltose in blank)
It has been empirically shown that under the conditions of this method (AACC, 1984), 61% of
starch is converted to maltose. Therefore, in order to convert mg maltose to mg starch
hydrolyzed per 10 g of sample, it is necessary to first multiply the amount of starch converted to
maltose by 1.64, which is the reciprocal of 0.61. Division of this value by 100 converts the units
to percent (%). The result of the reducing value method is multiplied by 5 since a 1:50 dilution is
used.

2) % starch damage = (mg maltose/10 g) X 0.082
3.5 Heat-moisture Treatment (HMT)

The method of heat-moisture was that of Sair (1964). Starch samples (15g dry basis)
were weighed into glass jars. The starch moisture content was brought to 30% by adding the
appropriate amount of distilled water. The jars were sealed, kept for 24h at ambient temperature,
and then placed in a forced air convection oven for 16h at 100°C. The samples were removed,
the jars were opened, and the starch samples air dried to a uniform moisture content (~10%).

The itions of he i used in this study were determined by

preliminary experiments. Amylose leaching and swelling factor were determined for samples of
Green Arrow pea and black bean starches heat-moisture treated under various combinations of

and time iti These preliminary i revealed that

structural changes occurred when legume starches were heat-moisture treated at 30% moisture

for 16 hours at 100°C.
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3.6 Extent of Amylose Leaching

Approximately 20 mg (db) of the various starches in distilled water (10 mL) were heated
(70-95°C) in screw capped tubes for 30 minutes. The tubes were then cooled to ambient
temperature and centrifuged at 3600 rpm for 10 minutes. The method of Chrastil (1987) was then
used to determine the amount of amylose that leached out of the granules. A 0.1 mL aliquot was
withdrawn from the supernatant, added to a screw cap tube containing 5 mL of distilled water,
and the contents thoroughly mixed. Then, 0.05 mL of 0.01N L-KI solution was added to the
contents of the tube, and the contents thoroughly mixed. The tubes were sealed and allowed to
stand at room temperature for 30 minutes. The absorbance of the blue colour was read at
A=620nm, using a spectrophotometer (Novospec Model 4049, LKB Biochron, Cambridge,

England). The absorbance of the reaction blanks with water was zero. The amount of leached

amylose was using the ing equation (obtained through a calibration curve):

%

=(Abs X 32.5mg X 5.15mL X 10mL) + (1000mL X 0.01mL X starch dry weight mg) X 100

Where: Absorbance X 32.5 = mg of amylose/litre in cuvette
The percentage amylose leaching represents the mg of amylose leached per 100mg dry starch.
Results used for calculation were means of three determinations.
3.7 Swelling Factor

The swelling factors (SF) of the starches when heated at 60-95°C in excess water were
measured according to the method of Tester and Morrison (1990a). Starch samples (50mg db)
were weighed accurately into screw cap tubes. Distilled water (SmL) was added to the tubes,
which were then sealed and incubated, with constant agitation, in a water bath at the desired
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temperature for 30 minutes. The sample mixtures were then cooled to room temperature, 0.5mL
of blue dextran (M, = 2 X 10°, Smg/mL) was added to each tube, and the contents were mixed by

centrifuged at 1,500 X g for 5 minutes and the absorb. of the (A) was
at 620nm. The rb ofa (A,) sample ining no starch was also measured at

620nm using a spectrophotometer (Novospec Model 4049, LKB Biochron, Cambridge, England).

Calculation of SF was based on starch weight d to ~10% moi ing a
density of 1.4 mg/mL.

Free of interstitial plus supernatent water (FW) is given by

FW=55(A/A)-0.5

A, and A, are absorbance of the reference and sample, respectively.

The initial volume of the starch (V,) of weight W (in mg) is

V, = W/1400

and the volume of absorbed intragranular water (V,) is thus

V,=50-FW

Hence the volume of the swollen starch granules (V) is

V,=V,+V,

and SF=V/V,

This can also be expressed by the single equation

SF =1+ {(7700/W) X ([A, - A/A)}

The coefficient of variation of the method was generally less than 1%.
This method measures only intragranular water and, hence, the true SF at a particular
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temperature. The SF is reported as the ratio of the volume of swollen starch granules to the
volume of the dry starch. Results used for the calculation were means of three determinations.
3.8 X-Ray Diffraction

X-ray diffractograms of legume starches were obtained with a Rigaku RU 200R X-ray
diffractometer with a chart speed of 20 mm/min. The starch powder (~10.0% moisture) was

scanned through the 28 range of 3-35°. Traces were obtained using a Cu-Ka radiation detector

with a nickel filter and a scii ion counter ing under the ing itie 40KV, 50
mA, 1°/1° divergence slit/scattering slit, 0.30mm receiving slit, 1s time constant and scanning rate
of 3°%/min.

3.9 Differential Scanning Calorimetry (DSC)

Gelatinization temperatures of native, heat-moisture treated, and 72h enzyme treated
residues of native starches were measured and recorded on a Perkin-Elmer DSC-2 (Norwalk, CT)
differential scanning calorimeter, equipped with a thermal analysis data station. Water (11xL)
was added with a microsyringe to starch (3.0 mg db) in the DSC pans, which were then sealed,

weighed, kept night at room and then i to ensure no moisture was lost

from the system. The scanning temperature range and the heating rate were 20-120°C and 10°
min™ ively. The was ded with water as a reference. Indium was used

for calibration. The thermal transitions of starch were defined in terms of temperature at To
(onset), Tp (peak) and Tc (conclusion) of gelatinization. The enthalpy of gelatinization (aH) was
estimated by integrating the area between the thermogram and a base line under the peak, and was
expressed in terms of joules per unit weight of dry starch (cal/g). The experiments were

replicated at least twice.
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3.10 Digestibility by Porcine Pancreatic a-amylase

Digestion of native and heat-moisture treated legume starches by porcine pancreatic a-

amylase was ined ing to the of Knutson et al. (1982). However, a higher
concentration of enzyme was used in this study. A crystalline suspension of porcine pancreatic a-
amylase in 0.5M saturated sodium chloride containing 3mM calcium chloride were used, in which
the concentration of a-amylase was 23.9 mg/mL and the specific activity was 1240 units per
milligram of protein. One unit was defined as the -amylase activity which liberated 1 mg maltose
in 3 min at 20°C at pH 6.9. Starch (100 mg) was suspended in distilled water (25mL) and SmL
aliquots were placed in a constant temperature shaking water bath at 37°C. Then, 4.0 mL of
0.1M phosphate buffer (pH 6.9) containing 0.006M NaCl were added to the starch slurry. The
mixture was gently stirred for 15 minutes before adding 4uL «-amylase suspension. The reaction
‘mixtures were shaken by hand twice daily (once in the morning and once in the afternoon) to
resuspend the deposited granules. Then, 1.0 mL aliquots were removed at specified time
intervals, pipetted into 0.2 mL of 95% ethanol, and centrifuged at 1,500 X g for 10 minutes.
Aliquots of the were for soluble d (Bruner, 1964). Percentage

hydrolysis was calculated as the amount (mg) of maltose released per 100 mg of dry starch.

Controls without enzymes but subj to the above i 1| ditions were run

concurrently. The above experiment was replicated at least twice.

3.11 Acid Hydrolysis

Legume starches, native and heat-moi treated, were hyds with 2.2N HCl at
35°C (1.0 g starch/40 mL acid) for periods ranging from 1 to 15 days. The starch slurries were

shaken by hand daily to resuspend the deposited granules. At 24h intervals, 1.0 mL aliquots of
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the reaction mixtures were neutralized with 1.0mL of 2.2N NaOH and centrifuged (1,500 X g, for

10 min) and the supernatant liquid was assayed for total carbohydrate (Bruner, 1964). Controls

without acid but subj to the above i 1 ions were run The

is was ined by ing the i asa

of the initial starch. The above experiment was replicated at least twice.
3.12 Determination of Reducing Sugars

The amount of reducing sugars present in various starch samples was determined using the
method of Bruner (1964). A 1.0 mL aliquot of the starch sample was mixed with 2.0 mL of 3,5-
dinitrosalicyfic acid (DNS) [20 g 3,5-DNS in 700 mL of 1.00N NaOH] and diluted to 4.0 mL
with distilled water. The reaction mixture was then heated in a boiling water bath for exactly 5
minutes, and then chilled in an ice bath for ~ 5 minutes. The reaction mixture was allowed to
stand until it reached room temperature (10-15 minutes) and was then diluted to 12.0 mL with
distilled water. The absorbance of the reaction mixture was read at 540/590 nm using a
spectrophotometer (Novospec Model 4049, LKB Bichrom, Cambridge, England). A reagent
blank was determined using the above reagents in the absence of a starch sample. Calibration
curves using both glucose and maltose were determined using the above procedure, and the linear

analysis The ion curves were then used to calculate the amount of

reducing sugars present per starch sample.
Calculation of reducing sugars:

Reducing sugar (umol) = -y P ent]. (see Appendix I).
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3.13 Scanning Electron Microscopy (SEM)

Granule morphology of native and heat-moisture treated starches, and the mode of action
of a-amylase were examined by SEM. Starch samples were mounted on circular aluminum stubs
with double sided sticky tape, coated with a thin layer (20 nm) of gold and then examined and
photographed with a Hitachi (S 570) scanning electron microscope at an accelerating potential of
5 KV. Enzyme digested granules were prepared for SEM by rapidily freezing in liquid nitrogen
and freeze drying at -55°C. The dried samples were prepared for viewing as described above.
3.14 Statistical Analysis

Analysis of variance was performed using the Minitab statistical package (Minitab, Inc.,
1991). Duncan's New Multiple Range Test was utilized for multiple comparison among means at

the 5% level of probability.
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CHAPTER 4.
RESULTS AND DISCUSSION

4.1 Chemical Composition and Granule Morphology

The yield of legume starches was in the range 22.7-32.9% on a total seed basis (Table
4.1). The chemical composition (Table 4.1) showed that the starches contained 0.02-0.13%
nitrogen and 0.06-0.18% ash. These low values indicated high purity and the absence of non-
starch lipids. Therefore, the total lipids (0.12-0.22%) obtained by acid hydrolysis (Table 4.1) of
the legume starches mainly represented free and bound lipids. The total amylose content ranged
from 37.8-86.5%. A comparison of the apparent and total amylose content showed that the
amount of lipids present within the amylose helix (bound lipids) in these starches ranged from 5.8-
21.1%. The low level of surface lipids (<0.07%) and nitrogen (<0.13%) suggested that they are
not significant factors in restricting the absorption of z-amylase at the site of fixation on the
granule surface. The extent of starch damage was higher in Green Arrow pea (2.4%) than in the
other starches (0.2-1.8%).

The starch granule sizes are presented in Table 4.1, with their physical forms illustrated in
Figures 4.1 and 4.2. Most of the legume starch granules showed a wide distribution range which
included a mixture of large (elliptical to oval), intermediate (oval) and small (oval to elliptical)
granules. Some of the large granules were irregularly shaped. Green Arrow pea starch, which is
a wrinkled pea starch (high amylose), consisted of a mixture of simple and compound granules
(Fig. 2C), with the latter being composed of 2-6 individual subunits joined together (Fig. 2D).

Some of the granules were fragmented into pieces of varying sizes. It is highly likely, that



TABLE 4.1. Chemical composition of native legume starches®.
Composition (% dry weight)
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C i Green Arrow Pea Black Bean Othello Pinto Bean Express Field Pea

Eston Lentil

Yield 227 244 2 329 27
Moisture 9.75' £0.05 96'+06 109'£0.0 88'+0.1 9.5'+06
Ash 0.09'40.01 0.18'+0.03 0.06' 0.03 0.06' 0,02 0.11'+0.02
Nitrogen 0.13'+001 0.02'£0.01 0.05'+0.01 0.06'+0.01 0.06+0.01
Lipld
Solvent Extracted:

CHCL,-MeOH* 0.07'£001 0.047£0.01 0,02 £0.01 0.02° +0.01 0.04*£0.01

n-Propanol-Water* 0.15'£0.02 0.16'+0.03 0.16' £0.02 0.10' +0.01 0.09'+0.01

Acid Hydrolyzed* 0.22'£0.03 0.20'%0.02 0.18'£0.03 0.12' £0.02 0.13'+0.02
‘Amylose Content

Apparent® 67.5'+£07 357°%12 379*'+0.1 398°+08 356+ 1.1

Total” 856'+0.9 4122+ 1.1 4.7 £20 4322 %05 378'+06
Amylose complexed with
native lipid® 211 133 152 18 58
Starch Damage 24'+£02 07°£0.1 02'%0.1 0.4*'20.1 1.8°£05
Granule Size (um) 10to 15 6410218 81018 5510288 3810192

‘Alldllnepoﬂadmdryhmsu\dnplmlllunmnof! determinations # standard deviation.

Mipid:

thanol 2:1 (v/v) at 25°C (mainly unbound lipids).

'L(pld! extracted b'y hot n-propanol- wmr 3:1 (v/v) from the residue left afler chlorofrom-methanol extraction (mainly bound lipids).
“Lipids obtained by acid hydrolysis (24% HCI) of the native starch (total lipids).

*Apparent amylose was determined by iodine binding without removal of free and bound lipids.

“Total amylose was determined by iodine binding after removal of free and bound lipids.

¥{(Total amylose-Appareat amylose) + Total emylose] X 100.

*Mean values in each row not followed by the same superscript are significantly different (p<0.05).



Fig. 4.1 Scanning electron micrographs of native starches: Black bean (A & B), Pinto bean
(C & D), and Express field pea (E & F).






Fig. 4.2
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Scanning electron micrographs of native starches: Eston lentil (A & B) and Green
Arrow pea (C & D).






Fig. 4.3

electron mi of heat-moisture treated (16h, 100°C, 30%
moisture) starch granules: Black bean (A), Pinto bean (B), Eston lentil (C),
Express field pea (D), and Green Arrow pea (E).
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fragmentation may have occurred during starch isolation. The surfaces of all legume starch
granules appeared to be smooth when viewed under the scanning electron microscope (Fig. 1B,
D, F and Fig. 2B, D). These results on granular size and shape were in agreement with previous
reports (Hoover & Sosulski, 1985a; Naivikul & D'Appolonia, 1979; Sathe & Salunkhe, 1981;
Bertoft et al., 1993; Colonna ez al., 1982).

Heat-moisture treatment did not alter the size or shape of the granules used in this study.
Similar observations have also been made on wheat (Kulp & Lorenz, 1981; Hoover & Vasanthan,
1994), potato (Kulp & Lorenz, 1981; Hoover & Vasanthan, 1994), yam (Hoover & Vasanthan,
1994) and Laird lentil (Hoover & Vasanthan, 1994) starches. The surface of the native granules
of black bean, pinto bean and Express field pea appeared smooth even after heat-moisture
treatment (Fig. 4.3A, B, D). However, the surface of some granules of Eston lentil starch
exhibited deep cracks (Fig. 4.3C), and the surface of many granules of Green Arrow pea starch
appeared to be broken up into a large number of separate pieces of varying size (Fig. 4.3E)
following heat-moisture treatment.

4.2 Amylose Leaching (AML) and Swelling Factor (SF)

The extent of amylose leaching (AML) and swelling factor (SF) of native and heat-
moisture treated starches are presented in Tables 4.2 and 4.3, respectively. The SF and AML
were within the ranges reported for legume starches (Hoover & Vasanthan, 1994; Hoover et al.,
1993). The extent of AML in native starches followed the order: Eston lentil > Express field >
pinto bean > black bean > Green Arrow pea (Table 4.2). The corresponding order for SF was:
Express field pea ~ Eston lentil > black bean > pinto bean > Green Arrow pea (Table 4.3). Heat-
moisture treatment decreased AML (Express field pea > Eston lentil > Green Arrow pea > black



TABLE 4.2. Amylose leaching of legume starches”.

Amylose Leaching (% dry weight)
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Temperature ("C)

Starch source & treatment 70 80 85 90 95
Green Arrow Pea

Native 49'+02 74'£05 88'£08 10.4' £0.5 14.7'£02

HMT® 0,61+0.1 2,12£02 3.22£0.1 352£0.1 74 %04
Black Bean

Native 73'+04 76'+04 9.2'+0.1 11.1'+0.1 17.1'£ 0.4

HMT 377+04 5502 712£02 177401 1213402
Othello Pinto Bean

Native 79'+0.1 82'+0.1 103'£0.7 113'£02 18.2'£0.4

HMT 49°+07 6.22+04 857403 87004 13.17£04
Express Field Pea

Native 8.6'+03 10.6'£0.5 14.6'+03 19.3'£03 25.2'+0.2

HMT 1.72£04 3.22%0.1 TTE£08 9.0°+0.3 15.82£0.1
Eston Lentil

Native 92'£02 11.8'+0.6 15.9'+0.1 20.2'+0.1 25.7'+04

HMT 2.9°4+04 3.52%0.1 9.0240.2 9.2'+0.2 1687403

*Data represent the mean of 3 determinations + standard deviation.

*Heat - moisture treatment at 100°C for 16 hours.
“Mean values in each column (native vs HMT) not followed by the same superscript are significantly different (p<0.05).



TABLE 4.3. Swelling factor of legume starches*

Swelling Factor

Temperature (°C)

Starch source & treatment 60 70 85 95
Green Arrow Pea

Native 21'+08 6.0'£05 74'+0.1 11.4'+0.1

HMT® 1.62£0.1 36201 422+0.1 6.12£0.1
Black Bean

Native 89'+£06 9.6'+ 1.0 17.7'£0.5 30.1'+0.7

HMT 6.6'£03 687402 13.22£05 25.17£1.0
Othello Pinto Bean

Native 49'+05 6.6'+0.1 1.1'£05 23.4'£05

HMT 33203 55703 93'+02 1892402
Express Field Pea

Native 92'+02 17.5'405 24.1'+0.5 27.2'+1.0

HMT 4.1%£0.5 787404 9.92%0.7 12.9°40.5
Eston Lentil

Native 8.6'+0.1 174'£03 25.5'£0.5 28.7'£06

HMT 41°£02 817403 10.47+0.4 1472407

*Data represent the mean of 3 determinations + standard deviation,
"Heat - moisture treatment at 100°C for 16 hours.
“Mean values in each column (native vs HMT) not followed by the sam superscript are significantly different (ps0.05).
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bean ~ pinto bean) (Table 4.2) and the SF (Eston lentil ~ Express field pea > Green Arow pea >
black bean ~ pinto bean) (Table 4.3). The results showed that the extent of AML is not
influenced by the total amylose content of these starches since, if it were, the extent of AML
would be expected to have followed the order: Green Arrow pea > pinto bean > Express field pea
> black bean > Eston lentil. Several researchers (Vasanthan & Hoover, 1992; Hoover &
Hadziyev, 1981; Maningat & Julian, 1980; Biliaderis et al., 1979) have shown that bound lipids
(lipids present within the hydrophobic core of the amylose helix) restrict AML. The extent of
AML (Table 4.2) in native green arrow pea, express field pea and eston lentil starches closely
followed the level of bound lipids (Green Arrow pea>Express field pea>Eston lentil). It is likely

that the extent of AML is also i by the i of i ions between amylose and

amylopectin chains in the amorphous regions of the native granules. This seems plausible, since
AML in pinto bean starch (15.2% bound lipid) is higher than in black bean starch (13.3% bound
lipid), implying that amylose-amylose (AM-AM) and amylose-amylopectin (AM-AMP)
interactions within native granules of black bean are slightly stronger than in pinto bean starch.
Thus, AML in native legume starch granules is influenced by the interplay of bound lipid content
and the extent of associations between starch chains.

Starch granule swelling is known to begin in the bulk, relatively mobile amorphous

fraction and in the more i regions i it adjacent to the cry

region. It has also been shown (Maruta et al., 1994; Tester & Morrison, 1990a; Hoover &
Hadziyev, 1981; Maningat & Julian, 1980) that amylose-lipid complexes inhibit granule swelling.
The results showed that the SF (Table 4.3) of native starches closely paralleled the bound lipid

content (Table 4.1). However, it is highly unlikely that the bound lipid content alone could be
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responsible for the very low SF exhibited by Green Arrow pea starch. Therefore, it can be
postulated that amylose chains within native granules of Green Arrow pea starch are packed more
compactly (due to its higher amylose content [Table 4.1]) than in the other legume starches. This
would decrease the accessibility of water molecules to the binding sites on the amylose chains of
green arrow pea starch. Therefore, it seems that an interplay of bound lipid content and the
arrangement of amylose chains in the amorphous regions of the granule are responsible for the net
swelling factor of native legume starches.

The d in AML after heat-mo (Table 4.2) has been attributed

(Hoover & Vasanthan, 1994) to an interplay of two factors: (i) interaction between free starch
lipids and the amylose helix, and (ii) interaction between starch chains. In this study, the
difference in free lipid content among the legume starches was marginal (Table 4.1). Therefore,
differences in the extent of AML on heat-moisture treatment would reflect mainly AM-AM and
AM-AMP interactions. Express field pea and Eston lentil starches differed marginally in amylose
content (Table 4.1). This implies that amylose chains in the above starches are probably packed in
a similar manner within the amorphous regions of the granule. Thus, on heat-moisture treatment,
the extent of AM-AM and AM-AMP interactions would most likely be of the same order of
magnitude in both starches. This would then explain the similar decrease in AML on heat-
moisture treatment of Express field pea and Eston lentil starches (Table 4.2). The extent of AM-

AM and AM-AMP i ions on h i of Green Arrow pea, Express field

pea and Eston lentil starches cannot be explained on the basis of chain length, since the degree of
polymerization (DP) of amylose chains (1100-1400) (Biliaderis ez al,, 1979) and the average chain
length (CL) of amylopectin (20-22) (Biliaderis ef al, 1979) of these starches do not differ widely.
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However, DP of amylose and CL of amylopectin chains may have been a factor influencing the
small d in AML on heat-moi of black bean and pinto bean starches (Table

42). This seems plausible, since the amylose contents of these starches (41.2-44.7%) are fairly
close to those of Express field pea and Eston lentil (37.8-43.2%). It is likely, that the DP of
amylose and the CL of amylopectin chains of black bean and pinto bean starches are probably
similar, but are longer than those of Express field pea and Eston lentil (published data not
available). Long chains of amylose and amylopectin would facilitate strong interchain associations
within the native granule. Therefore, additional AM-AM and AM-AMP interactions during heat-
moisture treatment would be minimal in black bean and pinto bean starches, and the decrease in
AML of heat-moisture treated black bean and pinto bean starches would be smaller than in
Express field pea and Eston lentil.

The ranking of starches with respect to the decrease in SF (Table 4.3) after heat-moisture
treatment paralleled the ranking with respect to the decrease in AML (Table 4.2). This indicates
that the factors influencing the decrease in AML also influence the decrease in SF. Among the
legume starches, Green Arrow pea may have exhibited the highest decrease in SF due to stronger
interactions between amylose chains, if its surface had not cracked when heat-moisture treated as
entry of water through the cracks into the granule interior would increase SF. Therefore, it seems
that the SF of heat-moisture treated Green Arrow pea starch is influenced by the interplay of AM-
AM interactions and modifications to its granule surface.

4.3 X-ray Diffraction
The X-ray spectrum of native Green Arrow pea starch was of the "B" type (Fig. 4.4)

characteristic of tuber starches with three main reflections at 5.2, 4.0 and 3.9A. However, the



Fig. 4.4
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X-ray diffraction patterns of native and heat-moisture treated (HMT) legume
starches: HMT black bean (A), Native black bean (B), HMT Express field (C),
Native Express field pea (D), HMT pinto bean (E), Native pinto bean (F), HMT
Eston lentil (G), Native Eston lentil (H), HMT Green Arrow pea (T), and Native
Green Armrow pea (J).
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peak at 16.6A, which is typical of potato starch, ("B" type) was not present. Furthermore, the
intensities of the major peaks were weaker than those in "B" type starches. The other four
starches showed the characteristic "C" pattern of legume starches (Fig. 4.4), with a strong
intensity line at 5.13A and two medium intensity lines at 5.9 and 3.8A. The intensity of the peak

at 5.13A followed the order: black bean > Express field pea > Eston lentil > pinto bean (Table

4.4). While heat-moisture i d the X-ray i ities of Green Arrow pea starch
(Fig. 4.4, Table 4.4), the X-ray intensities of the other starches decreased after HMT (Express
field pea > black bean > pinto bean > Eston lentil). The X-ray pattern of all starches, however,

hanged after h i (Fig. 4.4).

Starch crystallites are due to sequential packing of double helices (Wu & Sarko, 1978a, b)
that are formed between the flexible A chains of amylopectin (French, 1972). Therefore, the low
X-ray intensity pattern ("B" type) of native Green Arrow pea starch is probably due to its low
amylopectin content (14.4%) and/or to the presence of small crystallites.

The difference in X-ray intensities among the native "C" type starches cannot be due to
differences in crystallite size since all four legume starches exhibited sharp X-ray pattems (Fig.
4.4), or in amylopectin content since the starches differ only marginally in their amylopectin
contents (Table 4.1). Therefore, the differences in X-ray intensities (Fig. 4.4, Table 4.4) among
the "C" type starches was probably due to the manner in which the double helices are arranged
within the crystalline domains of the granule. The results indicate that the double helices of black
bean starch are more closely packed and/or are better arranged to diffract X-rays than those of the
other "C" type starches.

The X-ray pattern of tuber starches has been shown to change from "B" to one half "A"
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Table 4.4. X-ray diffraction intensities of the major peak of native and heat-moisture treated legume

starches.
Starch source and treatment Moisture Content (%) Interplanar spacing (d) in A with
intensities (CPS)"
Green Arrow Pea
Native 10.2 5.20 (1414)
HMT® 10.1 5.24 (1707)
Black Bean
Native 103 5.12 (2959)
HMT 10.2 5.12 (2426)
Pinto Bean
Native 10.0 5.12 (2315)
HMT 10.2 5.11 (2108)
Express Field Pea
Native 10.2 5.13 (2900)
HMT 10.0 5.15 (2317)
Eston Lentil
Native 10.0 5.18 (2402)
HMT 10.2 5.13 (2219)
*Counts per second.

"Heat-moisture treated.
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(typical pattern for cereal starches) and one half "B", and to decrease in intensity after heat-
moisture treatment (Hoover & Vasanthan, 1994). The change in X-ray pattern has been
attributed to rearrangement of double helices into a crystalline array that contains an amylosic

helix (characteristic of "A" type unit cells) in the central cavity of the unit cell (Imberty e al.,

1991), whereas the decrease in intensity on heat-moi: has been attril to a loss
of crystalline order (Hoover & Vasanthan, 1994). The X-ray pattern ("B" type) of Green Arrow
pea starch does not change after heat-moisture treatment, since AM-AM interactions which occur
during heat-moisture treatment (this occurs to a greater extent in Green Arrow pea than in the
other "B" type starches due to the higher amylose content of the former [85.6% vs 20-24%

amylose]) would prevent the rearrangement of double helices by decreasing their mobility during

heat-moisture treatment. The increase in X-ray i ities after h i of Green
Arrow pea starch indicates that additional crystallites may have formed as a result of interaction
between amylose chains. These crystallites are probably better arrayed to diffract X-rays than
those present within the native granule.

The d in X-ray i ities after h i of the "C" type starches

(Fig. 4.4, Table 4.4) implies that crystallite reorientation may have occurred during heat-moisture
treatment, resulting in a crystalline array that did not diffract X-rays as strongly as the crystallites
within the native granules. As discussed earlier, AM-AM interactions also occur during heat-
moisture treatment of "C" type starches. However, the extent of this interaction is weaker (due to
their lower amylose content [Table 4.1]) than in Green Arrow pea starch. Therefore, the number
of crystallites resulting from this interaction may not have been high enough to have any

significant impact on X-ray intensities. Thus, crystallite reorientation is probably the only factor
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influencing changes in X-ray intensities in the "C" type starches.

Previous studies have shown that X-ray intensities of all cereal starches ("A" type)
(Hoover & Vasanthan, 1994) increase after heat-moisture treatment, whereas decreases occur for
all tuber starches (Hoover & Vasanthan, 1994). However, a similar trend does not occur in
legume ("C" type) starches. For instance, X-ray intensities of pigeon pea starch (Hoover et al.,
1993) ined after heat-moi: whereas they increased in Laird lentil

starch (Hoover & Vasanthan, 1994). Gernat et al (1990) have shown that the legume starch "C"
crystalline polymorph is a mixture of "A" and "B"-type unit cells, and that these starches contain

pure "A" and pure "B" pok hs in varying i For instance, pea starch is composed
of 38.6% type "B" and 61.4% type "A", whereas broad bean starch is composed of 17.0% type
"B" and 83.0% type "A". This suggests that the unit cell ratio (A/B) may differ widely among
legume starches. This variation could then influence the direction and magnitude of the change in

X-ray diffraction intensities during h i The high on of "A™- type

unit cells in legume starches, may also explain the unaltered X-ray pattern (Fig. 4.4) after heat-
moisture treatment, as the X-ray pattern of "A" type starches are not altered after heat-moisture
treatment (Hoover & Vasanthan, 1994; Hoover & Manuel, 1996).

4.4 Differential Scanning Calorimetry (DSC)

The native legume starches displayed differences in gelatinizati p (eg. onset

[To], peak [Tp],and end [Tc]) and enthalpy (aH) changes, as indicated by DSC analysis (Table
4.5). To, Tp, Tc and aH of the native starches followed the order: black bean ~ pinto bean >

Express field pea ~ Eston lentil (the values for the thermal properties of Green Arrow pea were
too high to be The inizati ranges (Tc-To) of the starches were:
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62.5-82°C (black bean), 59-81°C (pinto bean), 55-69°C (Express field pea) and 56-68°C (Eston
lentil). To, Tp, Tc and aH of black bean and pinto bean starches were higher than the
corresponding values for wheat, maize and potato starches (Hoover & Vasanthan, 1994),
whereas To, Tp, Tc and aH of Eston lentil and Express field pea starches were comparable to
those reported for cereal and tuber starches (Hoover & Vasanthan, 1994). Heat-moisture
treatment increased To, Tp, Tc for all legume starches (Table 4.5). The extent of the increase
followed the order: Eston lentil ~ Express field pea > black bean ~ pinto bean. Similar increases
have been reported on heat-moisture treatment of cereal starches (Hoover & Vasanthan, 1994;
Lorenz & Kulp, 1982; Hoover & Manuel, 1996) and tuber starches (Hoover & Vasanthan, 1994).

Gelatinization involves the iling and melting of external chains of amylopectin that are

packed together as double helices in clusters. Cooke and Gidley (1992) have shown through
studies of starches isolated at various steps of the gelatinization process, that the relative decrease
in double helix content parallels the relative decrease in both crystallinity and residual
gelatinization enthalpy, but occurs at higher temperatures than the relative decrease in granular
birefringence. The above authors have also shown by studies on granular starches and model
crystallites, that aH is due mainly to the disruption of the double helices rather than the longer
range disruption of crystallinity. It has been shown that the enthalpy and melting temperatures of
the double helices are influenced by the length of the starch chain forming the double helix
(Hoover & Vasanthan, 1994).

The higher gelatinization parameters for native black bean and pinto bean starches,
suggest that the chains forming the double helices in these starches are longer (greater interchain

associations) than those of Express field pea and Eston lentil starches. The higher proportion of
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TABLE 4.5. Thermal characteristics of legume starches".
Transition® Temperatures (°C)
Starch source & treatment To Tp Te aT (Te-To) oH° (cal/g)
Green Arrow Pea
Native d d d - -
HMT' d d d - -
Black Bean
Native 62.52+0.5 71.02£0.5 82,02£0.1 19.5 3.0'+03
HMT 71.5'£0.1 81.0'+£04 91.0'+0.2 19.5 29'£03
Othello Pinto Bean
Native 59,02+ 0.1 68.02£0.5 82.0°0.1 230 29'+0.1
HMT 68.3' £0.1 79.5'£02 925'+0.5 242 28'+£0.1
Express Field Pea
Native 54,02+ 0.5 62.62+0.1 69.0°+0.5 15.0 23'£0.1
HMT 64.5' £0.1 74,0'£0.1 820'+02 17.5 23'£00
Eston Lentil
Native 56,0+ 0.1 62.4£0.1 69.0°+03 13.0 24'£02
HMT 64.1'+04 76.0'£0.1 80.0'+0.5 15.9 2.5'+0.1

*Data represent the mean of 3 determinations.

To, Tp and Tc indicate the temperature of the onset, midpoint and conclusion of gelatinization.

“Enthalpy of gelatinization in calories per gram of starch.

“Too high to be recorded.

“Heat-moisture treatment at 100°C for 16 hours.
Mean values in each column (native vs HMT) not followed by the same superscript are significantly different (p<0.05).
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long chains in black bean and pinto bean starches could also result in double helices varying in size
and perfection. The result could then be a large but broad endothermic peak observed upon
heating in the DSC. This would then explain the differences in the gelatinization temperature
range (Tc-To) among the legume starches (pinto bean > black bean > Express field pea > Eston
lentil>).

Hoover and Vasanthan (1994a) have shown that changes in crystalline stability on heat-

moisture is not a factor i ing i in To, Tp and Tc. Furthermore,

studies on heat-moi: treated maize starches (normal, high amylose and waxy)

(Hoover & Manuel, 1996) have shown that increases in To, Tp and Tc are not due to interaction
between amylopectin chains, but reflect mainly AM-AM and amylose-lipid interactions. In this
study, the influence of amylose-lipid interactions on increases in To, Tp and Tc would be
marginal, since only a small amount of free lipids (Table 4.1) was available to interact with the
amylose helix during heat-moisture treatment.

Donovan (1979) reported that crystalline and double helical melting during gelatinization
are assisted by hydration and swelling of the starch granule amorphous regions. The swelling of
amorphous regions imparts a stress on the crystalline regions and, thereby, strips polymer chains

from the surface of the starch ites. AM-AM i ions on heat-
(higher in Express field pea and Eston lentil than in black bean and pinto bean) would suppress the

mobility of the hous regions. C the regions would require a higher

temperature to incur swelling that could contribute to the disruption of the crystalline regions (co-
operative melting). This would then explain the increase in To, Tp and Tc after heat-moisture

treatment (Table 4.5).
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The lack of i of h i on aH of legume starches (Table 4.5)

suggests that double helices present within the native starch granules do not disrupt under the
conditions prevailing during heat-moisture treatment. This implies that identical amounts of

double helices unravel and melt during inization of native and heat-moi treated legume
starches.
4.5 Digestibility by Porcine Pancreatic a-Amylase

The extent of hydrolysis of native legume starches by porcine pancreatic a-amylase is
presented in Fig. 4.5. From the results, it is apparent that Green Arrow pea and Eston lentil
starches are better substrates than the other three legume starches, undergoing 73 and 70%
hydrolysis, respectively, in 4 days. The corresponding values for black bean, pinto bean and
Express field pea were 35.4, 36.0, and 58.5%, respectively. After 24 hours, the increase in
hydrolysis was only marginal in Green Arrow pea starch. For instance, after 4 days, hydrolysis
had increased by only 5.5% in Green Arrow pea starch, whereas the corresponding values for the
other starches were: 17.3% (black bean), 15.3% (pinto bean), 11.1% (Express field pea) and
18.3% (Eston lentil). It is interesting to observe that, initially, Eston lentil starch is hydrolysed to
a lower extent than Green Arrow pea starch (Fig. 4.5). However, on the fourth day, the
difference in hydrolysis between the two starches is negligible.

The mode of attack by x-amylase on granules of native legume starches was investigated

by SEM (Figs. 4.6 & 4.7). After 72 hours is, the attack of ylase on native black and
pinto bean granules was less conspicuous than on Eston lentil, Express field pea and Green Arrow
pea starches. The enzyme attack on black bean and pinto bean granules manifested itself in only

mild superficial surface erosion (Fig. 4.6A,C). In contrast, the surfaces of Express field pea (Fig.



Fig. 45

Hydrolysis of native and heat-moisture treated (HMT) (16h, 100°C, 30%
moisture) starches by porcine pancreatic z-amylase.
* The error bars were too small to see.
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Fig. 4.6
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Scanning electron micrpgraphs of native starches after attack (72h) by porcine
pancreatic a-amylase: Black bean (A), Pinto bean (B & C), Express field pea (D &
E).






Fig. 47

Scanning electron micrographs of native starches after attack (72h) by porcine
pancreatic a-amylase: Eston lentil (A & B), Green Arrow pea (C & D).
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4.6D, E) and Eston lentil (Fig. 4.7A,B) granules were extensively eroded with numerous fissures
present on the granule surface. A small proportion of the granules were deformed. Granule
splitting was not visible in either of the above two starches. During the same time interval, many
granules of Green Arrow pea starch were deformed (Fig. 4.7C) and some were split open (Fig.
4.7C). Fissures were not present on the surface as in Express field pea and Eston lentil starches.
However, the surface of Green Arrow pea starch was covered with craters of varying size and
depth, as if the a-amylase had entered the granule and preferentially hydrolysed the interior
portion (Fig. 4.7D).

Heat-moisture treatment increased the susceptibility of all legume starches towards
hydrolysis by a-amylase (Fig. 4.5). The extent of this increase (after 24h hydrolysis) followed the
order: Eston lentil > black bean > Express field pea > pinto bean > Green Arrow pea. Thereafter,
the difference in hydrolysis between native and heat-moisture treated starches followed the order:
black bean > Eston lentil > Express field pea > pinto bean > Green Arrow pea.

towards yl: i ing he istu

has also been observed in pigeon pea (Hoover et al., 1993), and potato and yam (Hoover &

Vasanthan, 1994) starches. A comparison of Figs. 4.6 & 4.7 with Fig. 4.8 clearly shows the

towards ylase hydrolysis following heat-moi: The
difference in hydrolysis among the native legume starches reflects the interplay of the following
factors: (i) amylose content; (i) percentage of lipid complexed amylose chains; (iii) extent of
starch damage during isolation.
The enzyme is of @-D-(1-4) idic linkages has been shown
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Table 4.6, Differential scanning calorimetry characteristics of native starches and enzyme treated
granular residues (following hydrolysis of native starches with c-amylase).

Starch source and treatment Tp® (°C) aHe (callg)
Black Bean
Native 69.0°+0.5 30'+0.1
Enzyme treated* 72.5'£0.1 29'x0.1
Pinto Bean
Native 68.0°+0.5 29'+0.1
Enzyme treated 71.0' +0.1 28'+0.1
Express Field Pea
Native 62.6+0.1 23'+0.1
Enzyme treated 65.5'+0.5 1.77+0.1
Eston Lentil
Native 62.4*+0.1 24'£0.1
Enzyme treated 65.0' £0.5 1.42£0.1

*Obtained after 72h hydrolysis with porcine pancreatic a:-amylase.

Mid-point of the gelatinization endotherm.

°Enthalpy of gelatinization.

“Mean values in each column (native vs enzyme treated) not followed by the superscript are significantly different
(p<0.05).
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Fig. 4.8 ing electron mit hs of heat-moi: treated (16h, 100°C, 30%
moisture) starches after attack (72h) by porcine pancreatic a-amylase: Black bean
(A), Pinto bean (B), Express field pea (C), Eston lentil (D), and Green Arrow pea
E).
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(Thoma, 1968) to involve enzyme-induced ring distortion of one of the D-glucosyl residues from

the *C, chair conformation to a "half chair" jon. This ring distorti the

enthalpy of activation and i the ibility of the glucosyl residues to nucleophilic
attack by functional groups on a-amylase and water. Lis216 et al (1978) have shown that ring
distortions or a "half-chair" conformation is involved in the transition state of a-amylase. It is
therefore, plausible that a conformational change (chair ~ half-chair) during a-amylase hydrolysis
may be difficult for those amylose chains that are complexed by native lipids. Several researchers

(Laszl6 et al., 1978; Larsson & Miezis, 1979; Seneviratne & Biliaderis, 1991) have shown that

amylose complexed lipids exhibit reduced ility to iyl is. Thus, in this
study, Green Arrow pea starch should have been hydrolysed to a lesser extent (due to its higher
content of lipid complexed amylose chains [Table 4.1]) than the other legume starches. The
results suggest that the rapid hydrolysis of native Green Arrow pea starch (Fig. 4.5) is more likely
due to the presence of split granules (Fig. 4.2C) and to its higher amylose content (Table 4.1).
The above two factors probably negate the influence of lipid complexed amylose chains on
enzyme hydrolysis. The differences in the rate and extent of hydrolysis between the other native
legume starches (Eston lentil > Express field pea > pinto bean > black bean) can be attributed to
their level of lipid complexed amylose chains (black bean > pinto bean > Express filed pea > Eston
lentil). This seems plausible, since the starches differed only marginally in their amylose contents
(Table 4.1).

A summary of the DSC analysis of native and enzyme hydrolysed (72 hours) legume
starch granules is presented in Table 4.6. Hydrolysis of Express field pea and Eston lentil resulted
in a large decrease in aH. The extent of this decrease was 34.7 and 42%, respectively. However,



the decrease was only marginal in black bean (6.6%) and pinto bean (3.4%) starches.

As discussed earlier, aH values reflect the unravelling and melting of double helices. The
large decreases in aH on hydrolysis (after 72h) of Express field pea and Eston lentil starches
(Table 4.6) suggest that a-amylase attacks the double helices in the amorphous and crystalline
regions of the granule. The marginal decreases in aH after enzyme hydrolysis of native black bean
and pinto bean starches can be attributed to strong bonding forces (due to their long amylopectin
chain lengths) between the starch chains joining the double helices.

The results for amylose leaching (Table 4.3) and DSC analysis (Table 4.5) showed that

AM-AM and AM-AMP interactions occur during heat-moisture treatment. On this basis, the

extent of hydrolysis of all starches should have after heat-moi since a-
amylase p ially hydrol; the regions & Gray, 1986) of the granule.
Therefore, the observed increase in enzyme i ing heal i of Green

Arrow pea starch (Fig. 4.5) suggests that the concentration of e-amylase within the granule
interior may have been higher in heat-moisture treated granules, perhaps due to rapid diffusion of
«-amylase through the cracks on the granule surface (Fig. 4.3) than in native granules. The

results suggest that at the ion of ylase prevailing within the granules of heat-

moisture treated Green Arrow pea starch, even the strongly associated amylose chains are readily

hydrolysed.
In black bean starch, changes in crystallite ori i llowing heat-

(Fig. 4.4, Table 4.4) render the starch crystallites accessible to attack by e-amylase. This would

explain the increase in hydrolysis after hs i (Fig. 4.5). The increase in

is after heat-moi is lower in Express field pea (in spite of crystallite
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reorientation [Table 4.4, Fig. 4.4]) than in black bean starch, due to stronger interactions that
occur between AM-AM and AM-AMP chains during heat-moisture treatment of Express field pea
starch (this reduces the accessibility of «-amylase to the glucose units of the aggregated chains).

X-ray diffraction data showed that crystallite reorientation occurred only to a limited
extent in pinto bean and Eston lentil starches (Table 4.4, Fig. 4.4). Furthermore, on heat-moisture

treatment, AM-AM and AM-AMP interactions occurred to a greater extent in Eston lentil than in

pinto bean starch (Table 4.2). Thus, the increase in is after heat.

should have been greater in pinto bean than in Eston lentil starch. The unexpected increase in
hydrolysis in the latter was likely due to the presence of cracks on the granular surface (Fig. 4.3),
which permitted ready access of a-amylase into the granular interior.

4.6 Acid Hydrolysis

The hydrolysis of the legume starches by 2.2N HCl is depicted in Fig. 4.9. All starches

hibited a two stage bilization pattern. A ively higher rate was observed during the first
8 days, followed by a lower rate between 8 and 15 days. At the end of the 8th day of hydrolysis
(corresponding to the degradation of the amorphous regions of the granule), native starches were
hydrolysed to the extent of 36.7% (Eston lentil), 35.6% (Express field pea), 31.2% (pinto bean),
30.2% (black bean) and 22.5% (Green Arrow pea).
Heat-moi! i the ibility of the starches towards acid (H;0")

hydrolysis. In all starches, the extent of this increase was marginal for the first 6 days of
hydrolysis (Fig. 4.9). Thereafter, increases were more pronounced (black bean > Express field
pea > Eston lentil ~ pinto bean > Green Arrow pea). However, previous studies (Hoover &

Vasanthan, 1994; Hoover & Manuel, 1996; Hoover ez al., 1993) have shown that acid hydrolysis



Fig. 4.9

Acid hydrolysis of native and heat-moisture treated (HMT) starches.

* The error bars were too small to see.
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decreases slightly after heat-moisture treatment of normal maize, waxy maize, high amylose
maize, Laird lentil and pigeon pea starches, but increases in oat starch (Hoover & Vasanthan,
1994).

The results (Fig. 4.5 & Fig. 4.9) showed that legume starches are more susceptible to
enzyme than acid hydrolysis. Similar findings have been reported for cereal and tuber (Hoover &
Vasanthan, 1994) starches. The ranking of legume starches (with the exception of Green Arrow
pea starch) towards acid hydrolysis (Eston lentil ~ Express field pea > pinto bean > black bean)
was the same as for enzyme hydrolysis. It is interesting to observe that although both Green
Arrow pea and Eston lentil starches were hydrolysed to nearly the same (~ 70%) extent (Fig. 4.5)
by a-amylase, they were hydrolysed to different extents by H;O". For instance, on the 15th day,
the extent of hydrolysis for Green Arrow pea and Eston lentil starches was 28 and 50%,

respectively.
As in enzyme is, a change in ion of D- units (chair ~ half
chair) isa isite for hydrolysis of idic bonds by H;O". Therefore, the extent of

hydrolysis will depend on the accessibility of the glucosidic linkage to the hydrolysing agent. The
degree of accessibility in turn would depend on the extent of packing of the starch chains within
the amorphous and crystalline regions of the granule. Thus, extensive interactions between starch
chains within native granules would hinder hydrolysis by H;O". The data from amylose leaching
(Table 4.2) and swelling factor (Table 4.3) showed that starch chains in Green Arrow pea starch
were highly associated. Furthermore, these chains were readily hydrolysed by «-amylase (Fig.
4.5), but were fairly resistant to hydrolysis by H,0" (Fig. 4.9). This suggests that ring distortion
(chair ~ half-chair) during hydrolysis occurs more readily in the presence of a-amylase.



113

Evidently, H;O" is unable to access the glucosidic linkages which are buried within the associated
starch chains. Furthermore, the susceptibility of the starches towards H;O" (Eston lentil ~
Express field pea > pinto bean ~ black bean > Green Arrow pea) closely paralleled the extent of
interaction of the starch chains within the native granule (Green Arrow pea > black bean ~ pinto >
Express field pea > Eston lentil). Therefore, it seems that the major factor influencing H,0"
hydrolysis is the degree of starch chain associations within the native granule.

It has generally been accepted (Kainuma & French, 1971; Ring et al., 1988; Cairns et al.,

1990) that acid lysi: ially attacks the more accessible amorphous

regions of the granule, whether they are at the surface or interior. In contrast, crystalline regions
are less accessible to hydrated protons and are attacked only after a period of 8-12 days. The
results show that the major factor influencing the increase in hydrolysis on heat-moisture
treatment is the change that occurs within the starch crystallites (crystallite reorientation). This
seems plausible since the difference in hydrolysis between native and heat-moisture treated
starches were more pronounced only after the 8th day (Fig. 4.9) of hydrolysis. The increase in

hydrolysis after he i was higher in black bean and Express field pea starches,

due to chain reorientation in crystallites (Fig. 4.4) being more pronounced in these two starches
than in the other starches. The extent of increase in hydrolysis was practically the same for pinto
bean and Eston lentil starches, since chain orientation in crystallites occurred to the same extent in
both starches (Fig. 4.4, Table 4.4). The increase in hydrolysis was only marginal for Green Arrow
pea starch due to the interplay of two factors: (i) formation of new crystallites (tends to decrease
hydrolysis), and (ii) the formation of cracks on the granule surface on heat-moisture treatment
(tends to increase hydrolysis).
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CHAPTER 5.
CONCLUSION

Heat-moisture treatment did not alter the size or shape of the strach granules used in this
study. The surface of the native granules of black bean, pinto bean and Express field pea
appeared smooth even after heat-moisture treatment. However, the surface of some granules of
Eston lentil exhibited deep cracks, whereas the surface of many granules of Green Arrow pea
‘were broken up into numerous pieces of varying size.

The results showed that amylose leaching in native legume starches were influenced by the
interplay of the bound lipid content (restricts amylose leaching) and the extent of associations
between the starch chains (AM-AM and AM-AMP). The swelling factor of the native starches
closely followed the bound lipid content. However, the net swelling factors of the native starches
were influenced by the interplay of the bound lipid content, and the arrangement of amylose
chains within the amorphous regions of the granules (close packing of amylose chains in native
Green Arrow pea contributed to its very low swelling factor). Following heat-moisture treatment,
all starches exhibited a decrease in amylose leaching and swelling factor. The decreases were
attributed to increased associations between starch chains (AM-AM and AM-AMP) during heat-
moisture treatment. Black bean and pinto bean starches exhibited smaller decreases in amylose
leaching and swelling factor after heat-moisture treatment than did the other starches. This
indicates that the starch chains of black bean and pinto bean starches may be longer than those of
the other starches (long chains facilitate strong interchain associations within the native granule).
Therefore, the formation of additional AM-AM and AM-AMP interactions during heat-moisture

treatment of black bean and pionto bean starches would be inhibited. The swelling factor of heat-
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moisture treated Green Arrow pea was attributed to the interplay of AM-AM interactions (inhibit
swelling), and modifications to the granules (facilitate swelling by allowing more water to enter
the granules).

Native starches exhibited a "C" type X-ray diffraction pattern, except Green Arrow pea
starch which exhibited a "B" type pattern. The differences in intensities among the "C" type
starches were attributed to differences in double helical packing arrangements in the crystalline
regions of the native starches. The low X-raa intensities of native Green Arrow pea starch was
attributed to its low amylopectin content, and perhaps to the presence of small crystallites. The
X-ray diffraction patterns of the native starches were not altered by heat-mositure treatment. [t
was therefore suggested that strong starch chain associations within the native granules may have
prevented the movement of double helices during heat-moisture treatment. This prevents the
rearrangement from the "B" type to the "A" type unit cell. Since the "C" type legume starches are
a mixture of "A + B" unit cells it is also likely that native "C" type starches may have contained a

high proportion of "A" type unit cells and ly, no "B to A" ition was observed.

The "C" type starches all exhibited a decrease in intensity after heat-moisture due to reorientation
of the starch crystallites which resulted in a crystalline array that did not diffract X-rays as
strongly as the crystallites within the native granules. Green Arrow pea starch, however, did
exhibit an increase in X-ray intensities following heat-moisture treatment perhaps due to
formation of new crystallites which were better arrayed to diffract X-rays than those present
within the native granules.

Native black bean and pinto bean starches exhibited higher inizati than

those of Express field pea and Eston lentil starches which suggests that the chains forming the
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double helices in the former are longer than those of the latter. The broad gelatinization
temperature range of black bean and pinto bean starches also indicate that these starches may
contain a higher proportion of long chains (which could result in double helices varying in size and
perfection) than Express field pea and Eston lentil. The gelatinization temperatures of the native
starches i ing heat-moi: This increase was attributed to the

increased starch chain associations which occurred during heat-moisture treatment. It was
postulated that the increase in starch chain associations would suppress the amorphous regions of
the granule which, as a result, required a higher temperature to incur swelling that could
contribute to the disruption of the crystalline regions. Heat-moisture treatment did not affect aH
of legume starches which indicates that identical amounts of double helices unravel and melt

during inization of native and heat-moi treated legume starches.

Digestibility studies by porcine pancreatic a-amylase indicate that Green Arrow pea and
Eston lentil starches were better substrates than the other legume starches. The differences
obsereved in the rate and extent of hydrolysis among the native legume starches were influenced
by their bound lipid contents. The rapid hydrolysis of Green Arrow pea starch was influenced by
the presence of split granules, as well as its high amylose content. These two factors together
probably cancelled the effect of the high bound lipid content (reduces susceptibility to enzymatic
attack) of Green Arrow pea starch. After 72h hydrolysis, the aH values of Express field pea and
Eston lentil exhibited a large decrease which suggests that a-amylase attacked the double helices
in the amorphous and crystalline regions of the granules. Black bean and pinto bean starches
exhibited only marginal changes in aH values, after 72h hydrolysis, due to strong bonding forces
between the starch chains joining the double helices. The results for amylose leaching and DSC
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measurements indicate that AM-AM and AM-AMP i ions occur during heat:

treatment. Therefore, the extent of ¢-amylase hydrolysis of all starches should have decreased

after heat-moi: , an increase in is was observed following heat-

moisture treatment. The increase in enzyme hydrolysis was attributed to: (i) the rapid diffusion of

«-amylase through the cracks on the granule surface which increased the concentration of a-

amylase within the granule interior (Green Arrow pea, Eston lentil); and (ii) changes in crystallite
hea i which rendered the starch crystallites more

accessible to attack by a-amylase (Black bean>Express field pea>Eston lentil>pinto bean).

The results of hydrolysis of legume starches by 2.2N HCI indicate that the starches are
more susceptible to attack by enzyme than acid. This suggests that ring distortion (chair ~ half
chair) during hydrolysis occurred more readily in the presence of a-amylase than H,0". It
appears that the H;0" was unable to access the glucosidic linkages of the starch chains.
Therefore, the major factor affecting hydrolysis by H,0~ was the degree of starch chain
associations within the native starch granules which in turn influences the accessibility of the
glucosidic linkage to the hydrolysing agent. The rate and extent of acid hydrolysis increased in all

starches following heat-moisture treatment, with the increase being more pronounced after the 8th

day of | lysi: p to di dation of the crystalline regions). The increases in
hydrolysis was attributed to crystallite reorientation which rendered the crystalline regions of the
granules more accessible to H;O*. Green Arrow pea exhibited only a marginal increase in

hydrolysis after heat-moi. due to the ion of new crystallites (tends to

decrease hydrolysis) and, the formation of cracks on the granule surface (tends to increase

hydrolysis).
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The results show that starch chain i i ylose-amylose and amyl;
amylopectin) within native legume starches during h i are infly by the
interplay of several factors including: (i) amylose content; (i) arrangement of amylose chains

within the amorphous regions of the granule; and (iii) amylose and amylopectin chain lengths.

The physicochemical properties of heat-moisture treated legume starches are influenced by the
magnitude of the above interactions, orientation of starch crystallites and changes to the granular
surface (in Green Arrow pea and Eston lentil).

The results of this study indicate that additional study is needed to provide more insights

into the effect of hea i (under different itions of time and
moisture) on the thermal, rheological and ? ies of legume starches. However,
before such a study is initiated, it is y to i igate the and the

proportion of A/B unit cells in various legume starches. This would provide a better
understanding of the structural changes that occur within the amorphous and crystalline regions of
legume starches during heat-moisture treatment. Only then can the functional properties of heat-

moisture treated legume starches be investigated.



119
REFERENCES

AACC (1984). Approved methods of the AACC (8th ed). American Association of Cereal
Chemists, St. Paul, MN, 8-18, 41-60, 46-50.

Acker, L. (1977). Die lipide der stirken-ein i i und
lipiden. Fette-Seifen-Anstrichmittel, 79, 1.

Acker, L. & Becker, G. (1971). New research on the lipids of cereal starches. II. The lipids of
various types of starch and their binding to amylose. Stdrke, 23, 419.

Aguxlem,JM&Slanley,DW (Eds.) (1990). Aspectsoffoodmamulssam In:
/ F iples of Food F ing & ineering. Elsevier Applied Science,

NY, p. 80

Anonymous (1996). Bnghtﬁmn‘eforp\dseaupa In: Pulse Profile ( A Canadian Pulse
Industry Ne -, Vol. 2). Pulse Crop D Board, Sask.

Atwell, W.A_, Hoseney, R.C. & Lineback, DR (1980. Cereal Chem., 57, 12.

AldeWA_ Hood,L_F bndwi,D.K Vamano-Mamm,E & Zobel, HF. (1988). The
d with basic starch phenomena. Cereal Foods

World, 33, 306A

Banks, W. & Greenwood, C.T. (1966). Arch. biochem. Biophys., 117, 674. Quoted in: Starch
and its Components. Eds. W. Banks & C.T. Greenwood. Edinburgh University Press,
Edinburgh, pp. 242-273.

Banks, W. & Greenwood, C.T. (1967). Physicochemical studies on starches. XXXII. The
incomplete B-amylolysis of amylose: A discussion of its cause and implications. Starke,
19, 197.

Banks, W. & Greenwood, C.T. (1975). The structure and biosynthesis of the starch granule. In:
Starch and its Components. Eds. W. Banks & C.T. Greenwood. Edinburgh University
Press, Edinburgh, pp. 242-273.

Bmks,W Greenwood, C.T. & Muir, D.D. (1973). The structure of starch. In: Molecular
and ion of Food Carbohydrate. Eds. G.G. Birch & L.F. Green. John
Wiley & Sons, Toronto, pp. 177.

Bear, KS (1942) J Am. Clzm.Soc. 64 138. Quoted In: Kowblansky, M. (1985).
of i oflmylnsewm:long—chamahphnc

different ional groups. A 18, 1776.




120

Bertoft, E., Manelius, R. & Quin, Z. (1993). Studies on the structure of pea starches. Part 2: a-
Amylolysis of granular wrinkled pea starch. Stdrke, 45, 258.

Bhatty, R_S. (1988). Composition and quality of lentil (Lens culinaris Medik): A review. Can.
Inst. Food Sci. Technol. J., 21, 144.

Biliaderis, C.G. (1991). The structure and interactions of starch with food constituents. Can. J.
Physiol. Pharmacol., 69, 60.

Biliaderis, C.G. & Galloway, G. (1989). Crystallization behaviour of amylose-V comp
Structure-property relationships. Carbohydr. Res., 189, 31.

Biliaderis, C.G., Grant, DR. & Vose, J.R. (1979). Molecular weight distributions of of legume
starches by gel chromatography. Cereal Chem., 56, 475.

Biliaderis, C.G., Grant, D.R. & Vose, J.R. (1981). Structural characterization of legume starches.
L. Studies on amylose, amylopectin, and beta-limit dextrins. Cereal Chem., 58, 496.

Biliaderis, C.G., Maurice, T.J. & Vose, J.R. (1980). Starch gelatinization phenomena studied by
differential scanning calorimetry. J. Food Sci., 45, 1669.

Biliaderis, C.G., Page, C.N,, Slade, L. & Sirett, R R. (1985). Thermal behaviour of amylose-lipid
complexes. Carbohydr. Polym., 5, 367.

Bligh, E.G. & Dyer, W.J. (1959). A rapid method of total lipid extraction and purification. Can.
J. Biochem. Phys., 37, 911.

Bornet, F. (1993). Technologi of cereals. R ions on the
properties of starch. Carbohydr. Poly., 21, 195.

Braga, D., Ferracini, E., Ferrero, A Ripamonti, A, Brant, D.A_, Bulga, G.S. & Cesaro, A
(1985). Amylose conformation in aqueous solution: A small angle X-ray scattering study.
Int. J. Biol. Macromol., 7, 161.

Bruner, R.L. (1964). Determination of reducing value. In: Methods in Carbohydrate Chemistry,
Vol.4. Ed. R.L. Whistler. Academic Press, NY, pp. 67-71.

Cairns, P., Miles, MLJ. & Morris, V.J. (1991). Studies on the effect of sugars, ribose, xylose and
fructose on the retrogradation of wheat starch gels by X-ray diffraction. Carbohydr.
Poly., 16, 355.



121

Cairns, P., Leloup, V.M., Miles, M.J,, Ring, S.G. & Morris, V.J. (1990). Resistant starch: An X-
ray diffraction studt into the effect of enzymatic hydrolysis on amylose gels in vitro. J.
Cereal Sci., 12, 203.

Callaghan, P.T. & Lelievre, J. (1985). The size and shape of amylopectin: A study using pulsed-
field gradient nuclear magnetic resonance. Biopolymers, 24, 441.

Carleson, Y.L.-G., Larsson, K., Dinhnguyen, N. & Krog, N. (1979). A study of the amylose-
monoglyceride complex by raman spectroscopy. Stdrke, 31, 222.

Chrastil, J. (1987). Improved colorimetric determination of amylose in starches or flours.
Carbohydr. Res., 159, 154.

Collison, R, Campbell, J.D. & Elton, G.A H. 91960). The effects of surfactants on swelling and
gel properties of wheat starch. Chem. Ind., 40, 1230.

Colonna, P. & Mercier, C. (1984). Macromolecular structure of wrinkled- and smooth-pea starch
components. Carbohydr. Res., 126, 233.

Colonna, P. & Mercier, C. (1985). Gelatinization and melting of maize and pea starches with
normal and high-amylose genotypes. Phytochemistry, 24, 1667.

Colonna, P., Gallant, D. & Mercier, C. (1980). Pisum sativum and Vicia faba carbohydrates:
Studies of fractions obtained after dry and wet protein extraction process. J. Food Sci.,
45, 1629.

Colonna, P., Geuguern, J. & Mercier, C. (1981). Pilot scale preparation of starch and cell-wall
material from Pisum sativum and Vicia faba. Sci. Aliment, 3, 415.

Colonna, P., Buleon, A. & Mercier, C. (1981b). Pisum sativum and Vicia faba carbohydrates:
structural studies of starches. J. Food Sci., 46, 88.

Colonna, P., Buleon, A., LeMaguer, M. & Mercier, C. (1982). Pisum sativum and Vicia faba.
Carbohydrates. Part [V. Granular structure of wrinkled pea starch. Carbohydr. Polym., 2,
43.

Cnoke,D &Gld!ey.M 1.(1992). Loss of crystallme and molecular order during starch
Origin of the enthalpi Carbohydr. Res., 227, 103.

Curd, J.A. & Krisman, C.R. (1990). Cereal grains: A study of their 1,4-¢1,6
glucopolysaccharide composition. Stdrke, 42, 171.



122
Curd, I.ZA.O;IIIM. P.-E. & Krisman, CR. (1995). Amylose is not strictly linear. Stdrke, 47,
D'Appolonia, B.L. (1977). Rheological and baking studies of legume-wheat flour blends. Cereal
Chem., 54, 53.
Davis, E.A. (1994). Wheat starch. Cereal Foods World, 39, 34.
Donovan, J.W. (1979). Phase transitions of starch-water systems. Biopolymers, 18, 263.

Donovan, J.W., Lorenz, K. & Kulp, K. (1983). Differential scanning calorimetry of heat-moisture
treated wheat and potato starches. Cereal Chem., 60, 381.

Dreher, M.L., Berry, J.W. & Dreher, C.J. (1984). Starch digestibility of foods - a nutritional
perspective. Crit. Rev. Food Sci. Nutr., 20, 47.

Dronzek, B.L., Hwang, P. & Bushuk, W. (1972). Scanning electron microscopy of starch from
sprouted wheat. Cereal Chem., 49, 232.

Eberstein, K. Hopcke, R., Koniecyny-Janda, G. & Stute, R. (1980). DSC-Untersuchungen an
Stirken, Starke, 12, 397.

El Faki, HA_, D HSR,P SV.&Th R.N. (1983a).
Physicochemical characteristics of starches from chickpea, cowpea and horsegram.
Starke, 38, 118.

El Faki, H.A., Desikachar, H.S.R_, Tareen, J.AK. & Th R.N. (1983).

electron microscopy of in vivo and in vitro digested starch granules of chickpea, cowpea
and horsegram. Lebensm.-Wiss. Technol., 17, 276.

Eliasson, A.-C. (1986). Starch gelatinization in the presence of emulsifiers. A morphological
study of wheat starch Starke, 37, 411.

Eliasson, A.-C. (1988). On the thermal itions of amyl 1 jum bromide
complex. Carbohydr. Res., 172, 83.

Eliasson, A.-C. & Krog, N. (1985). Physical properties of amyl lycerid J.
Cereal Sci., 3, 239.

Eliasson, A.-C. & Larsson, K. (1993). Physicochemical behaviour of the of wheat
flour. In: Cereals in Breadmaking. Eds. O.R. Fennema, M. Karel, G.W. Sanderson, S.R.
Tannenbaum, P. Walstra & JR. Whitaker. Marcel Dekker, Inc., NYY, pp. 96-129.



123

Endres, J.G. (1989). Legume protein flour and concentrates. In: Legumes: Chemistry,
Technology and Human Nutrition. Marcel Dekker, Inc., NY, pp. 139-156.

Evans, LD. (1986). An investi of starch/ ions using vi y and
differential scanning calorimetry. Starke, 38, 227.

Evans, L.D. & Haisman, D.R. (1982). The effect of solutes on the gelatinization temperature
range of potato starch. Stdrke, 34, 224.

Fleche, G. (1979). Ind. Alimen. Arg., 96, 585. Qouted In: Swinkels, J.J.M. (1985). Sources of
starch, its chemistry and physics. In: Starch conversion Technology. Eds. GM.A. Van
Beynum & J A Roels. Marcel Dekker, Inc., NY, pp. 15-46.

Franco, CM.L,, Ciacco, C.F. & Tavares, Q. (1995). Effect of heat-moisture treatment on the
enzymatic susceptibility of corn starch granules. Starke, 47, 223.

French, D. (1972). Fine structure of starch and its relationship to the organization of the
granules. J. Jpn. Soc. Starch Sc., 19, 8.

French, D. (1984). Organization of starch granules. In: Starch: Chemistry and Technology (II).
Eds. DM. Whistler, J N. Bemiller & E F. Paschall. Academic Press, NY, pp. 188-200.

French, D. & Murphy, V.G. (1977). Computer modelling in the study of starch. Cereal Foods
World, 22, 61.

Freudenberg, K., Schaaf, E., Dumpert, G. & Ploets, T. (1939). Naturwiss, 27, 850. Quoted In:
Banks, W. & Greenwood, C.T. (1975). The structure and biosynthesis of the starch
granule. In: Starch and its Components. Eds. W. Banks & C.T. Greenwood. Edinburgh

University Press, Edinburgh, pp. 242-273.

Galliard, T. & Bowler, P. (1987). Morphology and composition of starch. In: Starch: Properties
and Potential. Vol. 13. Ed. T. Galliard. Society of Chemical Industry, Chichester, pp. 68-

72.

Gernat, Ch., Radosta, S., D: G. & Schi F. (1990). of
legume starches revealed by X-ray scattering. Stdrke, 42, 175.

Gidley, M.J. (1987). Cr ization of malto-olj harides as models of the crystalline forms

of starch. Carbohydr. Res., 161, 291.

Gidley, MLJ. (1989). Molecular mechanisms underlying amylose aggregation and gelation.
Macromolecules, 22, 351.



124
Glicksman, M. (1969). Gum Technology in the Food Industry. Academic Press, NY, p.554.

Goshima, G., Abe, M., Sato, N_, Ohashi, K. & Tsuge, H. (1985). Amylographic reproducibility
of defatted potato starch by the reintroduction of lipid. Starke, 37, 10.

Gough, B.M., Greenwell, P. & Russell, P.L. (1985). On the interaction of sodium dodecyl
sulphate with starch granules. In: New Approaches to Research on Cereal
Carbohydrates. Eds. R.D. Hill & L. Munck. Elsevier Science Publ., Amsterdam, pp. 99-
108.

Greenwell, P. & Schofield, J.D. (1986). A starch granule protein associated with endosperm
softness in wheat. Cereal Chem., 63, 379.

Gujska, E., Reinhard, W.D. & Khan, K. (1994). Physicochemical properties of field pea, pinto
and navy bean starches. J. Food Sci., 59, 634.

Gupta, Y.P. (1983). Nutritive value of food legumes. In: Chemistry and Biochemistry of
Legumes. Ed. SK.Arora. Edward Amold Publ., London, pp. 287-327.

Hagiwara, S., Esaki, K., Kitamura, S. & Kuge, T. (1991). Observation by photomicroscopic and
X-ray diffraction method of heat-moisture treatment on starch. Denpum Kaguka, 38,
241.

Hahn, D.E. & Hood, L.F. (1987). Factors influencing corn starch-lipid complexing. Cereal
Chem.. 64, 81

Hanes, C.S. (1937). New Phytologist, 36, 189. Quoted In: Banks, W. & Greenwood, C.T.
(1975). The structure and biosynthesis of the starch granule ln Starch and its
Components. Eds. W. Banks & C.T. G Press,
pp. 242-273.

Hargin, K.D. & Morrison, W.R. (1980). The distribution of acyl lipids in the germ, aleurone,
starch and non-starch endosperm of four wheat varieties. J. Sci. Food Agric., 31,
877.

Hellendoorn, E.W. (1969). inal effect ing i ion of beans. Food Technol., 23, 795.

Hizukuri, 8. (1969). J. Jpn. Soc. Starch Sci., 17, 73. Quoted In: Banks, W. & Greenwood, C.T.
(1975). The structure and bisynthesis of the starch yanule ln Smhandlls
Components. Eds. W. Banks & C.T. G y Press,
pp. 242-273.




125

Hizukuri, S. (1986). Polymodal distribution of the chain lengths of amylopectins and its
significance. Carbohydr. Res., 147, 342.

Hizukuri, S., Fijii, M. & Nikuni, Z. (1965). Starke, 17, 40. Quoted In: Banks, W. &
Greenwood, C.T. (1975). The structure and bisynthesis of the starch granule. In: Starch
and its Components. Eds. W. Banks & C.T. Greenwood. Edinburgh University Press,

Edinburgh, pp. 242-273.

Hizukuri, S., Kaneko, T. & Takeda, Y. (1983). Measurement of the chain length of amylopectin
and its relevance to the origin of crystalline polymorphism of starch granules. Biochim.
Biophys. Acta, 760, 188.

Hizukuri, S., Takeda, Y., Yasuda, M. & Suzuki, A (1981). Multi-branched nature of amylose
and the action of debranching enzymes. Carbohydr. Res., 94, 205.

Holm, J. & Bjork, L. (1988). Effect of thermal processing of wheat on starch. II. Enzymic
availability. J. Cereal Sci., 8, 261.

Holm, J., Bjork, L, Ostrowska, S., Eliasson, A.C., Asp, N.G., Larsson, K. & Lundquist, [. (1983).
Digestibility of amylose-lipid complexes in vitro and in vivo. Stdrke, 35, 294.

Hoover, R. & Hadziyev, D. (1981). Characterization of potato starch and its monoglyceride
complexes. Starke, 33, 290.

Hoover, R. & Manuel, H. (1995). A ive study of the physi ical properties of
starches from two lentil cultivars. Food Chem., 53, 275.

Hoover, R. & Manuel, H. (1996). The effect of he istu on the and
physiochemical properties of normal maize, waxy maize, dull waxy maize and amylomaize
V starches. J. Cereal Sci., 23, 153.

Hoover, R. & Sosulski, F. (1985a). Studies on the i istics and di, ility of
starches from Phaseolus vulgaris biotypes. Starke, 37, 181.

Hoover, R. & Sosulski, F. (1985b). A comparative study of the effect of acetylation on starches
of Phaseolus vulgaris biotypes. Stdrke, 37, 397.

Hoover, R. & Sosulski, F. (1986). Effect of cross-linking on functional properties of legume
starches. Starke, 38, 149.

sy

Hoover, R. & Sosulski, F. (1991). C
modification of legume starches: A review. Can. J. Physiol. Pharmacol., 69, 79



126

Hoover, R. & Vasanthan, T. (1992). Studies on isolation and characterization of starch from oat
(Avena nuda) grains. Carbohydr. Polymers, 19, 285.

Hoover, R. & Vasanthan, T. (1994). Effect of heat-moi: on the and
physochmul properties of cereal, legume and tuber starches. Carbohydr. Res., 252,

Hoover, R, Hannouz, D. & Sosulski. F. (1988). Effects of hydroxypropylation on thermal
properties, starch digestibility and freeze-thaw stability of field pea (Pisum sativum cr.
Trapper) starch. Starke, 40, 383.

Hoover, R., Rorke, S. & Martin, A_ (1991). Isolation and characterization of lima bean
(Phaseolus lunatus) starch. J. Food Biochem., 15, 117.

Hoover, R, Swamidas, G. & Vasanthan, T. (1993). Studies on the physiochemical properties of
native, defatted and heat-moisture treated pigeon pea (Cajanus caja L) starch. Carbohydr.
Res., 246, 185.

Hoovu'& Vasanthan,T Senanayake,N & Martin, A. (1994). The effects of defatting and
ion of starch gels from wheat, oat, potato, and

luniL Carbohydr. Res., 261. 13

Hoseney, C. (1994). Starch. In: Principles of Cereal Science and Technology Second Edition.
American Association of Cereal Chemists, Inc., St. Paul, MN, pp. 29-52.

Hoseney, C., Zeleznak, K.J. & Yost, D.A. (1986). A note on the gelatinization of starch. Starke,
38, 407.

I[mberty, A., Buléon, A, Tran, V. & Pérez, S. (1991). Recent advances in knowledge of starch
structure. Stdrke, 43, 375.

Imberty, A., Chanzy, H., Pérez, S., Buléon, A & Tran, V. (1987). Three-dimensional structure
analysis of the crystalline moiety of A-starch. Food Hydrocolloids, 1, 455-459.

Jeffers, H.C., Rubenthaler, G.L., Finney, P.L., Anderson, P.D. & Bruinsma, B.L. (1978). Pea: A
highly functional fortifier in wheat flour blends. Baker’s Dig., 51, 36.

Jenkins, P.J., Cameron, R.E. & Donald, A M. (1993). A universal feature in the structure of
starch granules from different botanical sources. Starke, 45, 417-420.

Jenkins, P.J., Wolever, T.M.S., Taylor, R H., Barker, x-LM_&ﬁamﬂ(wm) ampnomny
lowbloodglueosersponsetodnedbuns C
Br. Medical J., 281, 578.




127

Jood, S., Chauhan, B.M. & Kapoor, A.C. (1988). Contents and digestibility of carbohydrates of
chickpea and blackgram as affected by domestic processing and cooking. Food Chem.,

30, 113-127.
Kadam, S. & Salunkhe, D. (1989). P i it ion, and i In: CRC
Handbook of World Food Legumes: itic Chemistry, Pr i and

Utilization, Vol. I. CRC Pres, Inc., FL, pp. 5-24.
Kainuma, K. & FrencIL D. (1971) Nageli nmylodexmn and it its relationship to starch granule
and of d from various starch types.
:opolymer: 10, 1673.

Kassenbeck, P. (1979). Beitrag zur kenntnis der verteilung von amylose und amylopektin in
starkekormem. Starke, 30, 40.

Katz, J.R. (1937). Rec. Trav. Chim. Pays-Bas, 56, 785. Quoted In: Banks, W. & Greenwood,
C.T. (1975). The structure and bisynthesis of the surch granule. In: Starch and its
Components. Eds. W. Banks & C.T. G Uni y Press, Edinburgh
pp. 242-273.

Katz, JR. & Derksen, J.C. (1933). Z Physic. Chem., 165, 228. Quoted In: Banks, W. &
Greenwood, C.T. (1975). The structure and bisynthesis of the starch granule. In: Starch
and its Components. Eds. W. Banks & C.T. Greenwood. Edinburgh University Press,
Edinburgh, pp. 242-273.

Katz, JR. & Van Itallie, T.B. (1930). Abhandlumgen zuv physikalischen chemie der stirke und
eler brotbereitung. V. Alle starkearten haben das gleiche. Retrogradations spektrum. Z.
Phys. Chem., 150, 90.

Kawabata, A, Takase, N. & Miyoshi, E. (1994). Microscopic observation and X-ray
diffractometry of heat/moisture treated starch granules. Starke, 46, 463.

Kawamura, S. (1969). Studies on the starches of edible legume seeds. J. Jpn. Soc. Starch Sci.,
17,19.

Kayisu, K. & Hood, L.F. (1979). Effects of ion and storage itions on the p
a-amylase susceptibility of various starches. J. Food Sci., 44, 1728.

Knight, J.W. (1969). The Starch Industry. Pergamon Press, Oxford. Quoted In: Swinkels, J.J M.
(1985). Sources of starch, its chemistry and physics. In: Starch conversion Technology.
Eds. GM.A. Van Beynum & J.A. Roels. Marcel Dekker, Inc., NY, pp. 15-46.



128

Kuoutson, C.A., Khoo, U., Cluskey, J.E. & Inglett, G.E. (1982). Variation in enzyme di;
and gelatinization behaviour of comn starch granule fractions. Cereal Chem., 59, 512.

Kobayashi, S., Schwartz, S.J. & Lineback, D.R. (1986). Comparison of the structures of
amylopectins from different wheat varieties. Cereal Chem., 63, 71.

K M. (1985). Calorimetric it igation of inclusion of amylose with long-
chain aliphatic ining different i groups. A 18,
1776.

Krisman, CR. & Curd, J.A. (1991). Corn starch («1,4-a1,6) glucopolysaccharides. Correlation
between amylose:amylopectin ratios and physical properties of the grains. Stdrke, 43,
291.

Krog, N. (1971). Amylose complexing effect of food grade emulsifiers. Starke, 23, 206.

Krog, N. & Jensen, N.B. (1970). Interaction of monoglycerides in different physical states with
amylose and their anti-firming effects in bread. J. Food Technol., 5, 77.

Kugimiya, M. & Donovan, J.W. (1981). Calorimetric determination of the amylose content of
starches based on formation and melting of the amylose-lysolecithin complex. J. Food
Sci., 46, 765.

Kulp, K. & Lorenz, K. (1981). Heat-moisture treatment of starches. I. Physicochemical
properties. Cereal Chem., S, 46.

Lagendijk, J. & Pennings, H.J. (1970). Relation between comples formation of starch with
monoglycerides and the firmness of bread. Cereal Sci. Today, 15, 354.

Lai, C.C. & Varriano-Marston, E. (1979). Studies on the characteristics of balck bean starch. J.
Food Sci., 44, 528-530, 544.

Larsson, K. & Miezis, Y. (1979). On the possibility of dietary fiber formation by interaction in
the intestine between starch and lipids. Starke, 31, 301.

Liszl6, E., Hollg, J., Hoschke, A. & Sarasi, G. (1978). A study by means of lactone inhibition of
the role of a "half chair" glycosyl conformation at the active centre of amylolytic enzymes.
Carbohydr. Res., 61, 387.

Leach, HW., McCowen, L.D. & Schoch, T.J. (1959). Structure of the starch granule. I. Swelling
and solubility patterns of various starches. Cereal Chem., 36, 534.



129

Lelievre, J. & Mitchell, J. (1975). A pulsed NMR study of some aspects of starch gelatinization.
Starke, 27, 113.
Lelievre, I, Lewu,IA.&Mnsdm,K(w&S) The size and shape of amylopectin: A study using
ical ultracentrifugation. Carbohydr. Res., 153, 195.

Liener, L (1983). Toxic constituents in legumes. In: Chemistry and Biochemistry of Legumes.
Ed. SK. Arora. Edward Armold Publ., London, pp. 217.

Lii, C.-Y. & Lineback, DR. (1977). Characterization and comaprison of cereal starches. Cereal
Chem., 54, 138.

Lineback, D.R. (1984). The starch granule organization and properties. Baker's Dig., 58, 16.

Lineback, D.R. & Rasper, V_F. (1988). Wheat carbohydrates. In: Wheat: Chemistry and
Technology. Ed. Y. Pomeranz. AACC, St. Paul, MN, pp.277-372.

Lorenz, K. & Kulp, K. (1981). Heat-moisture treatment of starches. II. Functional properties and
baking potential., Cereal Chem., 58, 49.

Lorenz, K. & Kulp, K. (1982). Cereal and root starch modification by heat-moisture treatment. .
Physicochemical properties. Starke, 34, 50.

Lowy, G.D.A,, Sargent, J.G. & Schofield, J.D. (1981). Wheat starch granule protein: The
isolation and ch ization of a salt- le protein from starch granules. /. Sci.

Food Agric., 32,371.

MacGregor, A W. & Ballance, D.L. (1980). Hydrolysis of large and small starch granules from
normal and waxy barley cultivars by alpha-amylases from barley malt. Cereal Chem., 57,
397.

Maningat, C.C. & Juliano, B.O. (1980). Starch lipids and their effect on rice starch properties.
Starke, 32, 76.

Manners, D.J. (1985). Some aspects of the structure of starch. Cereal Foods World, 30,
461.

Manners, D.J. (1989). Recent in our ing of pectin structure.
Carbohydr. Polymers, 11, 87.

Manners, D.J. & Matheson, NX. (1981). The fine of in. Carbohydr. Res.,
90, 99.



130

Marchant, J.L. & Blanshard, JM.V. (1980). Changes in the birefringent characteristics of cereal
starch granules ar different temperatures and water activities. Starke, 32, 223.

Mxnnl Kumhasln.Y T:.kxno K Hayashi, K., Yoshino, Z., Komaki, T. & Hara, S. (1994).
A new method for heat-moisture treatment

of starch. Starke, 46, 177.

Marsden, W.L. & Gray, P.P. (1986). Enzymatic hydrolysis of cellulose in lignocellulosic
materials. CRC Crit. Rev. Biotechnol., 3, 235.

Medcalf, D.G. & Gilles, K.A. (1965). Wheat starches. L. Comparison of physicochemical
properties. Cereal Chem., 42, 558.

Melvin, M.A. (1979). The effect of extractable lipid on the viscosity characteristics of corn and
wheat starches. J. Sci. Food Agric., 30, 731.

Mestres, C., Colonna, P., Buleon, A. (1988). Characteristics of starch networks within rice flour
noodles and mung bean starch vermicelli. J. Food Sci., 53, 1809.

Meuser, F., Van Lengerich, B. & Sxem!er J.(1985). Fonnmun of mrch—hpld complexes by
extrusion cooking. L C and Getreide
Mehl Brot, 39, 205.

Meyer, K.H. (1942). Recent developments in starch chemistry. Adv. Colloid Sci., 1, 143

Mikus, FF., Hixon, RM. & Rundle, R E. (1946). The complex of fatty acids with amylose. J.
Am. Chem. Soc., 68, 1115.

Miles, M.J., Mortis, V.J. & Ring, S.G. (1985). The roles of amylose and amylopectin in the
gelation and retrogradation of starch. Carbohydr. Res., 135, 271.

Minitab, Inc. (1991). Minitab computer supplement: Statistics for business and economics. Sth
edition. Minitab, Inc., State College, PA, pp. 299.

Montgomery, EM. & Senu, FR. ( 1958). Separation of amylose fromn amylopectin of starch
by an p d J. Polymer Sci., 28, 1.

Morad, MM, Leung, HK_, Hsu, D.L. & Finney, P.L. (1980). Effect of germination on
physicochemical and bread-making properties of yellow pea, lentil, and faba bean flours
and starches. Cereal Chem., 57, 390.

Morris, V.J. (1990). Starch gelation and retrogradation. Trends in Food Sci. Technol., July,
&



131
Morrison, W.R. (1978a). Cereal lipids. Adv. Cereal Sci. Technol., 2, 221.

Morrison, WR. (1978b). The stability of wheat starch lipids in untreated and chlorine-treated
cake flours. J. Sci. Food Agric., 29, 365.

Morrison, W.R. (1981). Starch lipids: a reappraisal. Stdrke, 33, 408.

Morrison., W.R. (1983). Acyl lipids in cereal. In: Lipids in Cereal Technology. Ed. P.J. Barnes.
Academic Press, Toronto, pp. 11-32.

Morrison, W.R. (1988). Lipids in cereal starches: a revies. J. Cereal Sci., 8, 1.

Morrison, W.R. & Milligan, T.P. (1982). Lipids in maize starches. [n: Maize: Recent Progress
in Chemistry and Technology. Ed. G. Inglett. Academic Press, NY, pp. 1-18.

Naivikul, O. & D'Appolonia, B.L. (1979). Carbohyd: of legume flours compared with wheat
flour. [I. Starch. Cereal Chem., 56, 24.

Oates, C.G. (1990). Fine structure of mung bean starch: An improved method of fractionation.
Starke, 42, 464-467.

Olkku, J. & Rha, C. (1978). Gelatinization of starch and wheat flour starch.-A review. Food
Chem., 3, 293.

Osman, E.M., Leith, S.J. & Fles, M. (1961). Complexes of amylose with surfactants. Cereal
Chem., 38, 449.

Peat, S, Pirt, S.J. & Whelan, W.J. (1952). The enzymic synthesis and degradation of starch.
XVI. The purification and properties of the B-amylase of soya bean. J. Chem. Soc..pp.
714.

Peat, S., Whelan, W.J. & Thomas, G.J. (1956). J. Chem. Soc., p. 3025. Quoted In: Manners,
D.J. & Matheson, N.K. (1981). The fine strucutre of amylopectin. Carbohydr. Res., 90,
99.

Bhat, U, P S.V.&Th R.N. (1983). Scanning electron
microscopy of enzyme digested starch granules. Stdrke, 35, 261.

Rao, S.P. (1969). Studies on the digestibility of carbohydrates in pulses. /ndian Med. Res., 57,
2151.



132

Reddy, NR,, Sathe,Sl(.&Sahmkhe,DK.(l989) C: In: Ci dbookf of
World Food Legumes: { Chemistry, F h and Utilizati
Vol. 1. Eds. DK. Salunkhe & S.S. Kadam.CRCPrﬁs.(nc FL, pp. 51-74.

Raphaelides, S. & Karkalas, J. (1988). Thermal dissociation of amylose-fatty acid complexes.
Carbohydr. Res., 172, 65.

Riisom, T., Krog, N. & Eriksen, J. (1984). Amylose complexing capacities of cis- and trans-
unsaturated monoglycerides in relation to their functionality in bread. J. Cereal Sci., 2,
105.

Ring, S.G., Noel, TR. & Bull, V.J. (1993). The structure of the starch polysaccharides and their
organization in the starch granule. I[n: Seed Storage Compounds: Biosynthesis,
Interaction, and Manipulation. Eds. P.R Shewry & K_ Stobart. Oxford Sciencs
Publications, Clarendon Press, Oxford, pp. 25-39.

Ring, S.G., Gee, J.M., Whittan, M., Orford, P. &Johnson, L.T. (1988). Resistant starch: [ts
chemical form in foodstuffs and effect on digestibility in vitro. Food Chem., 45, 337.

Ring, S.G., Colonna, P., I'Anson, K.J., Kalichevsky, M.T., Miles, MLJ., Morris, V_.J. & Orford,
P.D. (1987). The gelation and crystallization of amylopectin. Carbohydr. Res., 162,
277.

Robin, I.P.. Mercier, C., Charbonniere, R. & Guilbot. A. (1974). Linternized starches. Gel
filtration and ic studies of i residues from acid of
potato starch. Cereal Chem., 51, 389.

Robin, J.P., Mercier, C., Dupra.t § Chubonmere, R & Guubot, A. (1975). Amidons lintnerise.
Etudes ch des que d'amidons de cereals, en

particulier de mais cireux. Stﬁrke 27, 36.

Robyt, J.F. & French, D. (1967). Multiple attack hypothesis of a-amylase action: Action of
porcine pancreatic, human salivary and Aspergillus oryzae a-amylases. Arch. Biochem.
Biophys., 122, 8

Robyt, J.F. & French, D. (1970). J. Biol. Chem., 245, 3917. Qouted In: Hoover, R. & Sosulski,
F. (1985b).A comparative study of the effect of acetylation on starches of Phaseolus
vulgaris biotypes. Stdrke, 37, 397.

Robyt, I F. & French, D. (1971). Arch. Biochem. Biophys., 138, 662. Qouted In: Hoover, R. &
Sosulski, F. (1985b). A comparative study of the effect of acetylation on starches of
Phaseolus vulgaris biotypes. Starke, 37, 397.



133

Rovsky, Smith, E.E., Whelan, W.J., French, D. & Kikumoto, S. (1979). Arch. Biochem.
Biophys., 198, 627.

Rundle, R E., Daasch, L.W. & French, D. (1944). The structure of "B" modification of starch
from film and fiber diffraction diagrams. J. Am. Chem. Soc., 66, 130.

Sair, L. (1964). Heat-moisture treatment of starches. In: Methods of Carbohydrate chemistry,
vol. 4. Ed. R.L. Whistler. Academic Press, NY, P. 283.

Sair, L. (1967). Heat-moisture treatment of starch. Cereal Chem., 40, 8.

Sair, L. & Fetzer, W.R. (1944). Water sorption by starches, water sorption by corn and
commercial modifications of starches. /nd. Eng. Chem., 36, 205.

Salunkhe, DX. &Kadang S.S. (1989). [nu'oducuoll In: CRCHanﬁoo&ofWarldFood
itional Chemistry, F g ization, Vol. . CRC

Legumes:
Pres, Inc., FL, pp.1-4.

Salunkhe, DK., Kadam, S.S. & Chavan, J K. (1985). Chemical composition. In: Postharvest
Biotechnology of Food Legumes, CRC Press, Inc., FL, p.1.

Salunkhe, DK., Sathe, S.K. & Reddy, N.R. (1989). Lipids. In: CRC Handbook of World Food
Legumes: Nutritional Chemistry, Processing Technology, and Utilization, Vol. I.
CRC Pres, Inc., FL, pp. 99-116.

Sarko, A. & Wu, H.C.H. (1978). The crystal structures of A, B and C polymorphs of amylose
and starch. Stdrke, 30, 73.

Sathe, S K. & Salunkhe, D K. (1981). Isolation, partial characterization and modification of the
great nothern bean (Phaseolus vulgaris L.) starch. J. Food Sci., 46, 617.

Sathe, SK., khar, P.D., D S.S. & Salunkhe,D K. (1982). Isolation and partial
characterization of blakc gram (Phaseolus mungo L.) starch. J. Food Sci., 47, 1524.

Schoch, T (1945) Adv. Carbolmt Chem., 1,247. Quoted In: Kowblansky, M. (1985).
of inclusion of amylose with long-chain aliphatic
different i groups. A 18, 1776.

Schoch, T.J. & Maywald, E.C. (1968). Preparation and properties of various legume starches.
Cereal Chem., 45, 564.

Seguchi, M. & Yamada, Y. (1989). Study of proteins extracted from the surface of wheat starch
granules with sodium dodecyl sulfate. Cereal Chem., 66, 193.



134

Seneviratne, H.D. & Biliaderis, C.G. (1991). Action of a-amylases on amylose-lipid complex
superstructure. J. Cereal Sci., 13, 129.
Singh, U., Voraputhaporn, W_, Rao, P.V. & Jambunathan, R. (1989). Physicochemicla

characteristics of pigeonpea and mung bean starches and their noodle quality. J. Food
Sci., 54, 1293.

Snow, P. & ODea, K. (1981). Factors affecting the rate of hydrolysis of starch in food. 4m. .J.
Clin. Nutr., 34, 2721.

Sosulski, F.W. & Flemming, S.E. (1979). Sensory evaluation of bread prepared from composite
flours. Baker’s Dig.. 53, 20.

Sosulski, F W. & Youngs, C.G. (1979). Yield and i ies of air-classified protein
and starch fractions from eight legume flours. .IAm.OlIChem Soc., 56,

Sosulski, F.W., Chakraborty, P. & Humbert, ES. (1978). Legume-based imitation and blended
milk products. Can. Inst. Food Sci. Technol. J., 11, 117.

Sosulski, F.W., Garrat, M.D. & Slinkard, A_E. (1976). Functional properties of ten legume
flours. Can. Inst. Food Sci. Technol. J., 9, 66.

Sterling, D. (1978). Textural qualitites and molecular structure of starch products. .J. Texture
Stud., 9. 225.

Stevens, D.J. & Eiton, G.A. (1981). Thermal propemes of the starchlwa.!er system. [
of heat of | ini by dif | scanning i y. Starke, 23,

8

Stute, R. (1992). Hydrothermal modification of starches: The difference between annealing and
heat-moisture treatment. Starke, 44, 205.

Sumner, A K., Nielson, M.A_ & Youngs, C.G. (1981). Production and evaluation of pea protein
isolate. J. Food Sci., 46, 364-366, 372.

Swinkels, .J.M. (1985). Sources of starch, its chemistry and physics. In: Starch conversion
Technology. Eds. G.M.A. Van Beynum & J.A. Roels. Marcel Dekker, Inc., NY, pp. 15-
46.

Takeda, Y., Hizukuri, S. & Juliano, B.O. (1986). Purification and structure of amylose from rice
starch. Carbohyd. Res., 148, 299.



135

Tester, RF. & Morrison, W.R. (1990a). Swelling and gelatinization of cereal starches. . Effects
of amylopectin, amylose and lipids. Cereal Chem., 67, S51.

Tester, R F. & Morrison, W.R. (1990b). Swelling and gelatinization of cereal starches. II. Waxy
rice starch. Cereal Chem., 67, 559.

Thoma, J.A. (1968). A possible mechanism for amylase catalysis. J. Theoret. Biol., 19, 297-310.
Vasanthan, T. & Hoover, R. (1992). Effect og defatting on starch structure and
physicochemical properties. Food Chem., 45, 337.

Tjahjadi, C. & Breene, W.M. (1984). isolation and characterization of adzuki bean (Vigna
angularis cv. Takara) Starch. J. Food Sci., 49, 558

Vasanthan, T. & Hoover, R_ (1992). A ive study of the ition of lipids
with starch granules from various botanical sources. Food Chem., 43, 19.

Vose, JR. (1977). i istics of an i iate amylose starch from smooth
seeded field peas compared with corn and wheat starches. Cereal Chem., 54, 1140.

Vose, JR. (1980). Production and functionality of starches and protein isolates from ten legume
seeds. Cereal Chem., 57, 406.

Vose, J.R., Basterrechea, M.J., Gorin, P.A., Finlaysan, A.J. & Youngs, C.G. (1976). Air
classification of field peas and horsebean flours: Chemical studies of starch and protein
fractions. Cereal Chem., 53, 938.

Watson, S.A. (1964). D ination of starch ini; Vol. 4. In: hods in
Carbohydrate Chemistry. Ed. R L. Whistler. Academic Press, NY, pp. 240-242.

Whelan, W_J. (1971). Enzymic explorations of the structures of starch and glycogen. Biochem
J. 122, 609.

Whelan, W.J. (1976). New thoughts on the structures of starch and glycogen. J. Jap. Soc.
Starch Sci., 23, 101.

Whistler, R.L. & Paschall, E.F. (1965). Starch: Chemistry and Technology, Vol. L., Fundamental
Aspects, Academic Press, NY, p. 1969.

Wu, HC H. & Sarko, A. (1978a). The double-helical moelcular structure of cryatalline B-
amylose. Carbohydr. Res., 61, 7.

Wu, HC H. & Sarko, A. (1978b). The double-helical molecular structure of A-amylose.
Carbohydr. Res., 61, 27.



136

Wilrsch, P, Del Vedovo, S.D. & Koelireutter, B. (1986). Cell structure and starch nature as key
determinants of the digestion rate of starch in legumes. Am. J. Clin. Nutr., 43, 25.

Wurzburg, O.B. (1972). In: Handbook of Food Additives, 2nd edition. Ed. T .E. Furia, CRC
Press, Ohio.

‘Yamaguchi, M., Kainuma, K. & French, D. (1979). Electron microscopic observations of waxy
maize starch. J. Ultrastructure Res., 69, 249.

Yumshna, Y-H (1966) J PalymerSct 2, 161. Qouted In: Kowblansky, M. (1985).

of inclusion of n.mylosc with long- chain aliphatic
ining different i groups. 18, 1776.
Yamishita, Y.-H., Ryugo, J. & Monobe, K_ (1973). An electron microscopic study on crystals of
amylose V J. Electron Mi py. 22, 19.
Zaslow B. (1963) Bloploymers. 1, 165. Quoted In: K , ML (1985). C
of :mylose with long-dnm aliphatic compounds
diﬁ'uun ional groups. lecules, 18, 1776.

Zobel, HF. (1967). X-ray analysis of starch granules. Methods Carbohydr. Chem., 4, 109.

Zobel, HF. (1984). Starch inization and ical ies of starch pastes. In: Starch:
Chemistry and Technology. Eds. R.L. Whistler, J.N. Bemiller & E.F. Paschall. Academci
Press, FL, p. 285.

Zobel, HLF. (1988). Starch crystal ions and their i fal i Starke, 40,
L

Zobel, HF., French, A D. & Hinkle, M E. (1967). X—rzydxﬁ’wﬂonafonemed amylose fibers.
o of V-amyl

Zobel, HF., Young, S.N. & Rocca, L.A (1988). Starch gelatinization: An X-ray diffraction
study. Cereal Chem., 65, 443.



137
PUBLICATIONS

Hoover, R. & Manuel, H. (1995). A ive study of the physic ical ies of
starches from two lentil cultivars. Food Chem., 53, 275.

Hoover, R. & Manuel, H. (1996). The effect of h i on the and
physiochemical properties of normal maize, waxy maize, dull waxy maize and amylomaize
V starches. J. Cereal Sci., 23, 153.




APPENDIX I

138



3,5-DNS Glucose Calibration

gos

£

§ 06

g 04 g

§ %

H

<o2

0 K T
0 10 20 30 40 50 60
Glucose (umol)
Linear Regression Analysis

Constant o]
Std Err of Y Est 0.023047
R Squared 0.993707
No. of Observations 10
Degrees of Freedom 9
X-Coefficient 0.015976
Std Err of Coef. 0.000207
Therefore: Y =0.015976X +0
Where: Y = Absorbance at 590 nm

X = Glucose (umol)

And: X =Y/0.015976



Sample Calculation:

GIVEN:
Sample solution of 1 gl i of 0.354 at 590nm
(Bruner's Method).

DETERMINE:
The amount of glucose present in the sample:

SOLUTION:

X =Y/0.015976

X =0.354/0.015976

X =22.15 umol glucose



3,5-DNS Maltose Calibration

o
o

Absorbance (690 nm)
o 9
> o

o
N

30 40

20
Maltose (umol)

Linear Regression Analysis

Constant 0

Std Emr of Y Est 0.008886

R Squared 0.999007
No of Observations 12

Degrees of Freedom 1"
X-Coefficient 0.022416

Std Err of Coef. 0.000109

Threfore: Y = 0.022416X +C

Where: Y = Absorbance at 530 nm
X = Maitose (umol)

And: X =Y/0.022416
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