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ABSTRACT

The xerophytic gourds, Apodenthera undulata and Cucurbita
digitata, hold promise as new sources of starch for industrial and
domestic use as world population increases and food demands become
greater.

Thus, understanding of the chemical and physical properties

of the starches from these arid land plants is required.
Moisture content, ash, fiber and starch content of A^ undulata
and C^ digitata roots were comparable to Solanum tuberosum (potato)
and Manihot utilissima (tapioca).

High lipid content was observed in

A. undulata, but C. digitate was similar to tapioca in this respect.
The composition of subject starches was comparable to standard
starches.

The lipid content of C^_ digitata starch was similar to

that of corn starch, but A. undulata starch exhibited a higher content.
A. undulata starch showed a higher iodine binding capacity, hence a
higher amylose content, than C. digitata, potato and C. foetidissima
starches.

The number of terminal aldehyde groups and the average

granule size of subject starches were comparable to tapioca starch.
Interestingly, gelatinization temperature and percent sag test values
were more similar to cereal starches such as corn, than to potato or
tapioca.

The swelling power of both starches was intermediate between

corn and tapioca, while the solubility of A^_ undulata was similar to
corn starch.

xi

The paste viscosity of A^_ undulata and
pared to corn, potato and
to corn.

digitata, when, com

Foetidissima, proved to be most similar

Viscosity maxima were intermediate between corn and potato.

C. digitata starch was very stable, showing little change in paste
viscosity after heating for one hour at 90°C.
occurred during the cooling period for

Increases in viscosity

undulata, C. digitata and

corn, but negligible changes occurred in C. foetidissima and potato.
Starches isolated from A.undulata, C. digitata and potato
were evaluated nutritionally be an in vivo study.

Increases in

digestibility of autoclaved starches (85% for A_i. undulata, 85% for
C. digitata and 91% for potato) over raw starches (40% for A^_ undulata,
40% for Cj_ digitata and 24% for potato) were confirmed by statistical
analysis.

Feed consumption and body weight gain were higher than for

the potato starch diet.

Autoclaving also improved net protein ratio

and protein efficiency ratio.
The fine structure of the macromolecular fractions amylose
and amylopectin from starches of A^_ undulata and
examined.

digitata were

The dimethyl sulfoxide method proved to be effective for

fractionation of each starch.

Purity of these components was con

firmed by iodine binding capacity, and they were found to be similar
to standard starches.

Calculated values for degree of polymerization

(DP) were very similar to that of potato.

Study of the fine structure

of these components showed beta-amylolysis limits of approximately
90% for the amyloses and above 60% for the amylopectins.

These

values were similar to those of potato and intermediate between
xii

tapioca and cereal starches.

The average chain length of the A.

undulata amylopectin was found to be 25 with an outer chain length
of 18 and an inner chain length of 6.

The average chain length for

C. digitata amylopectin was 26 with an outer chain length of 19 and
an inner chain length of 6.

These relatively long exterior layers

with respect to the short interior layers show the amylopectins of
these starches to be asymmetric molecules comparable to potato.

INTRODUCTION

Cucurbita gourds have been under investigation for nearly a
century.

These wild, perennial plants have been recognized as a poten

tial resource of arid and semi-arid regions.

The xerophytic cucurbits

are highly drought resistant and certain species produce large quantities
of foliage, fruit containing seeds rich in protein and oil, and an exten
sive system of large fleshy storage roots which contain starch (Bemis,
et al., 1975; Berry, et al., 1975, 1978; Weber, et al., 1977; Johnson and
Himan, 1980).

This root system enables the plants to survive prolonged

periods of high temperature and extremely arid conditions.
Interest in these xerophytic gourds has increased with growing
arid land development, particularly in the area of food production.

Al

though extensive studies have been done on starch and oil of Cucurbita
foetidissima (Dreher, 1979; Vasconcellos, 1979), little agronomic inform
ation and chemical and physical properties have been obtained for C.
digitata and Apodanthera undulata.

The possibility of using these two

species as raw material for industrial application and food production
has considerable promise.

In the present work an investigation has been

made of their properties and structure.
Cucurbita, the genus which includes the squashes, gourds and
pumpkins, is known to be important in agriculture, but only as a source
of minor crops (Whitaker and Bemis, 1975).

There are twenty-seven spe

cies of Cucurbita, including five cultivated and twenty-two wild species.
1
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According to one system of classification, the arid land
gourds are considered either drought-resistant plants or plants with a
tap root (Dittmer and Talley, 1964).

It has been generally assumed that

plants growing in these regions are successful, either because they are
capable of storing water, or because they have become adapted through
tissue modification or physiological resistance to minimum quantities of
moisture.

One of the characteristics common to the Cucurbita is extreme

bitterness, caused by the presence of a class of organic compounds known
as cucurbitacins, which are related to the tetracyclic triterpenes
(Whitaker and Bemis, 1975).
C. digitata.
foetidissima.

This plant has a much more limited range than C.

It is found in low-lying areas and along road sides and

arroyos and grows in northern Mexico, New Mexico, southern Arizona and
southern California.

Individuals of this species have turnip-shaped

roots which lie only a few inches beneath the surface of the ground
(Bemis and Whitaker, 1969).

The bulbous root of one specimen weighed

five pounds and had a maximum circumference of 43.2 centimeters.
distal point the main root divided into two smaller branches.

At its

One of

these was 27.9 centimeters in circumference at its point of origin; the
other was 29.2 centimeters.

The fruit is a relatively hard-shelled,

round pepo, five to eight centimeters in diameter and contains from 200
to 600 seeds (Bemis and Whitaker, 1965).
green but turn yellow at maturity.

Gourds are initially clear

The aerial portion of the plant is

shown in Figure 1.
A. undulata.

This plant has a range similar to C^_ digitata

and is found growing in close proximity to that plant.

The root system

3
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Fig. 1.
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Vines and Gourds of Cucurbita digitata (A) and
Apodanthera undulata (B).

resembles the turnip or bulbous type.

Generally the tap root has less

taper than other roots and is bifurcate within 30 to 60 centimeters of
its main trunk into two nearly equal branches.

The major roots of the

largest specimen examined, collected within a 183 centimeter radius of
the base, weighed 56.7 kg (Dittmer and Tulley, 1964).

A root nearly 10

centimeters in diameter and 40.6 centimeters long is shown in Figure 2,
and the aerial portion of the plant is shown in Figure 1.
soft skinned with dark green color.

Pepos are

5

Fig. 2.

Typical Apodanthera undulata root.

STARCH

History and Utilization
Starch is a mixture of glucans found mainly in the plant king
dom, where it occurs as the principle food reserve polysaccharide and
may be utilized during growth of a plant.

Starch usually forms the

chief source of carbohydrate in the human diet.

The polysaccharide is

thus of great economic importance, and it is isolated on an industrial
scale from many sources (Greenwood, 1970).

The most important source is

the cereal group, which includes corn, wheat and rice.

The next most

important source is the root group, and large tonnages of starch are pro
duced from potatoes and cassava (tapioca).
The word "starch" is of Teutonic origin and has the connotation
of strength or stiffness, as applied to a fabric or paper.

The Greco-

Latin term amylon or amylum connotes a flour-like material prepared with
out milling from tuberous or succulant vegetable sources (French, 1975).
Starch is a major source of energy, so it has always been im
portant in the diet of man.

It is natural, therefore, that the practical

and even industrial use of starchy materials should have developed in an
early period.

Strips of Egyptian papyrus were connected together with

starchy adhesive about 3500-4000 B.C.

The use of starch in paper by the

Chinese dates back to 312 A.D. (Whistler, 1965).
Abu-Mansur, a teacher and pharmacologist, was well acquainted
with the use of starch about 975 A.D.

Northern Europeans used starch to

stiffn linen, possible early in the fourteenth century.
6

Since that time
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it has been a common article of commerce.

Kirchoff in 1811 made the

great discovery that sugar could be produced from starch by acid
hydrolysis.
Today the pattern of starch production varies from region to
region with potato starch dominant in one place, and corn or wheat in
another.

Starch crops contribute over 80% of the world's food crops

(French, 1975).
The molecular formula of starch, a polymeric carbohydrate, is
(C,H.._0,-) where n varies from a few hundred to over one million.
6 10 5 n
Starch, insoluble in cold water and relatively resistant to hydrolysis
by enzymes, occurs in the form of white granules or spherocrystals
(Peterson, 1975).
The heterogenous nature of starch was established in 1940 by
Schoch and Meyer, who were able to fractionate starch into two compon
ents.

Amylose was found to be a linear form in which D-glucose units

are joined by alpha-1,4-glucosidic bonds, and long molecules appear to
be coiled in an alpha helix.

Amylopectin proved to be a branched form

with branch points consisting of a.lpha-1,6-glucosidic bonds.

Starch

granules usually contain both types, with amylose contributing 15-30% of
the total.
The individuality of starches is expressed in the morphology
of granules.

Their size and shape are so characteristic that examina

tion of the granule under the optical microscope allows identification
of the botanical source.

However, even within a given population of the

granules there is much evidence of variation and individuality.

The

development of more sophisticated physicochemical and enzymic techniques

8

has led the biochemist to ponder structural analysis of the polymer.
In recent years enzymes which specifically hydrolyze the 1,4
or 1,6 bonds of amylopectin have been isolated.
great industrial and biochemical importance.

These discoveries have

An example is the pro

duction of maltose in high yield by the combined action of isoamylase
and beta-amylase (Suzuki, 1978).
Application of starches in paper and textile sizing and
strengthening and in the food industry is well known.
A general perspective of utilization of this homopolymer are
provided by Figure 3 and Table 1.

Biosynthesis:

Granules

The starch granule possesses individuality, not only in its
external appearance which is sufficiently characteristic- to allow its
botanical source to be identified by optical microscopy, but also in
that each granule in a population may differ in both its fine structure
and properties (Greenwood, 1979).

See Table 2.

The classical study of J. Sachs (Akazana, 1976) demonstrated
the formation of iodine-staining granules in light-exposed leaves.

A

hundred years later, the experiments of D.E. Arnon (1955) indicated that
in some plants chloroplasts have a complete set. of enzymatic machinery
for the net synthesis of starch.

The photosynthetically produced starch

accumulating in chloroplasts, often called assimilation starch, is a
transitory reserve carbohydrate.

It disappears in the dark and is trans

ported as sucrose through phloem to other tissues or organs for meta
bolic transformation.

Starch Derivatives

Pharmaceuticals ^
Food
Plastics

STARCH

Amylose

Amylases
Acid

>> Glucose Syrups

Isomerization

Mai ose
Isomerized Syrups
Maltitol

Fig _3-

Utilization of Starch (Suzuki, 1978).
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TABLE 1
Applications of native starches'
Rice
starch

Application

Potato
starch

Maize
starch

Tapioca
starch

Waxy
maize

X

Baking powder
Beverages

X

X

Biscuits and cakes

X

X
X

Ice cream cones
Confectionery

X

X

Desserts and custard
(powdered)

X

X

X

X

X

X

Meat products

X

X

Canned products

X

X

Spices and seasoning
carriers

X

X

X

Flours and cake mixes
Baby foods
Food and drug coatings
Gravies and sauces

X

X

Soups (canned and
dehydrated)
Snack products

X
X

Yeast

aSpalding,

X

1979

X

X

TABLE 2
Properties of large and small starch granules from barley and wheat
Iodine
affinity
%

Amylose
content
%

B-Amylolysis
limit

BARLEY
Large granules
Small granules

4.98
8.25

25
41

64
80

WHEAT
Large granules
Small granules

5.01
4.79

25
24

72

Starch sample

banners, 1974a

%

3,
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The synthesis of reserve starch in nonphotosynthetic organs
occurs in amyloplasts, a specialized form of plastid with the function of
synthesising starch (Akazawa, 1976).
The assumption has been made that all processes of starch
synthesis occur in the stroma (the ground substance of the amyloplast).
The stroma is a complicated aqueous mixture which contains•enzymes,
sugars, proteins, salts, etc.; all of these substances are known to have
an influence on the formation of starch molecules (Badenhuizen, 1973).
So the plastid constructs the starch granule from material present in the
stroma, but the final result is dictated by the nucleus.
In addition to the simple type of starch granule in which a
plastid gives rise to a single nucleus and consequently one granule, a
second type of granule is also found.

This is the "compound granule" in

the formation of which a plastid must contain several nuclei, with a con
sequent multipart granule and its characteristic morphology (Greenwood,
1979).
For many years there has been a difference of opinion as to
whether the starch granule grows by deposition of material on the out
side (apposition) or by insertion of molecules inside the granule
(intuesusception) (Badenhuizen, 1965).

However, the recent studies of

Mencik, et al. (1971) and Nikuni (1978) support the appositional growth
history of starch granules.
Starch granules vary in size from 2-175 urn'in diameter and may
be round, oval or irregular in shape.

Optical microscopy of an aqueous

suspension of starch granules, for example potato, shows the presence of
layering (growth rings) within the granules.

Starch granules show, in

13

general, "Maltese cross" polarization patterns; the arms of the polari
zation cross also intersect the growth rings perpendicularly.

These

observations mean that there is a degree of molecular orientation within
the granules, and it has long been supposed that the growth rings are
concentric shells of alternating refractive index (Fuwa, et al., 1979).
Many attempts have been made to explain the crystallinity of
granules as shown by the characteristic x-ray diffraction patterns.
Katz (1930) distinguished three types of crystalline structure which
were designated as the A, B, and C types.
with the botanical source of the starch.

The structural type varies
The A type is from corn starch,

the B type is from potato starch and C type is the intermediate.
Starches from potato and rice were examined at different temperatures by
x-ray diffraction.

In general, the results showed that a lower tempera

ture caused formation of potato or B type starch and a higher tempera
ture led to formation of corn or A type starch.

Thus, there is con

tinuity in change of x-ray patterns and a relation between the x-ray
patterns and physical properties of starch granules (Nikuni, 1978).
The ordering present in the starch granule may be observed at
the intermolecular level as an optical anisotropy, i.e., birefringence.
The disordering of structure, commonly referred to as gelatinization,
may be effected by either hydrogen bond disrupting solvents or an ele
vation of temperature, or most commonly a combination of both.

This

loss in supermolecular ordering is accompanied by disappearance of bire
fringence, x-ray pattern and partial swelling of the granule (Marchant,
et al., 1980).
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The Enzymatic Mechanism of Starch Biosynthesis and Degradation
The synthesis of a biological polymer such as starch is a funda
mental process occuring in all living systems.

The process can be con

veniently divided into steps as follows (Pazur, 1965):
a) activation of the monomeric units
b)

transfer of the monomeric units to an appropriate acceptor

c)

patternization of the product during the polymerization.

The following describes the properties of certain enzymes which
catalyze the formation of alpha-1,4 and alpha-1,6-D-glucosidic linkages.
Phosphorylase.

The majority of polysaccharides are produced by

transglycosylase reactions of the type
G-OX + H-OR ~t_G-OR + H-OX
donor
acceptor.
By repetition of this process, the length of the existing carbohydrate
polymer is increased without creating new molecules (Manners, 1974a).
Historically, phosphorylase was the first enzyme of this type to be
recognized as being involved in the synthesis of starch.
{G} + Glucose-l-Phosphate PhosPh°rylase
x

+ p
x i

In view of the reversibility of the reaction catalyzed by this
enzyme, phosphorylase is the key enzyme in the interconversion of starch
and the hexose phosphate.
Synthesis of polysaccharide does not occur unless a small amount
of starch is present as a primer.

In the presence of the primer, the

enzyme rapidly adds D-glucose residues to the preexisting polysaccharide
chain (Hassid, 1970; Robyt, 1979).
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Phosphorylase will catalyze the complete degradation of the ungranched amylose chain to alpha-D-glucopyranosyl phosphate.

Amylopectin

is degraded only about 55%, however.
Q Enzyme.

This enzyme is responsible for synthesis of (1,6)

branch linkages of the starch component amylopectin (Borovskey, et al.,
1979).

The Q enzyme appears to be capable of converting about one in

every twenty (1,4) linkages of amylose into (1,6) linkages, forming a
branched starch (Hassid, 1970).

Based on experiments in which potato Q

enzyme was allowed to synthesize (1,6) branch linkages in amylose, the
substrate for branch formation by Q enzyme is a complex formed between
two chains (Borovskey, 1976).

The act of branching is a transglyco-

sylation in which one chain is split, and a portion of it is joined to
the second chain (interchain transfer).

The formation of a covalent

branch linkage between the two chains stabilizes their interaction and
accelerates the introduction of further branch linkages (Borovskey,
1979).
Starch synthase.

This enzyme, which plays a key role in starch

biosynthesis (Antonio et al., 1973), catalyze the transfer of glucose
residues from uridine diphosphate glucose (UDPG) to the starch granules,
in particular, to the non-reducing ends of certain amylose and amylo
pectin molecules (Manners, 1974a).

Other nucleoside diphosphate sugars

such as adenosine diphosphate glucose (ADPG) act as glucosyl donors
about 10 fold faster than UDPG.

It was therefore suggested that starch

synthase really catalyzed the reaction
ADPG +

G-(l,4)-{G}y + ADP.
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ADPG, like UDPG, is readily formed in tissues.

The equilibrium constant

for the above reaction is very favorable for reaction from left to right
(k=260).
It has been postulated that not only this enzyme but also phosphorylase participate in starch synthesis and both enzymes even function
simultaneously (DeFekete, et al., 1974).

Enzymatic Degradation of Starch
Enzymes capable of catalyzing the hydrolysis of starch are widely
distributed in nature, occurring in the digestive secretion of animals
and within the cells of most plants and microorganisms (Pazur, 1965).
These enzymes may be arbitrarily classified as being exo-acting, endoacting or debranching enzymes (Banks and Greenwood, 1975a).

Exo-Enzymes
A number of hydrolytic enzymes degrade amylose and amylopectin
by the successive removal of low molecular weight products from the nonreducing chain end.

Prominent among these exo-enzymes are beta-amylase,

phosphorylase and glucoamylase, which produce maltose, glucose-1phosphate and glucose, respectively.
Beta-amylase (EC 3.2.1.2).

This enzyme occurs widely in plant

tissues where it functions to degrade starch to maltose (French, 1975).
It catalyzes stepwise degradation of alphaglucans with production of
maltose.

Beta-amylase is confined to the seeds of higher plants and

tubers like sweet potato and is present only in limited amounts in oats,
corn and rice.
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Beta-amylase attacks the penultimate glycosidic bond at the nonreducing end of amylose.

Repeated action should lead to the total hy

drolysis of amylose, but the enzyme is blocked by a branching point or
other irregularity in the chain.
Barriers can be introduced by oxidation at the C-2, C-3 or C-6
position which would stop the enzyme action (Greenwood, 1970).

Other

barriers may be induced by maturity of the plant.
With most samples of amylopectin, the percentage conversion to
maltose (i.e. beta-amylolysis limit) is 50-60 (Manners, 1974b).
Considerable evidence has accumulated to show that the probab
ility of amylase attack of a bond in the vicinity of one which has just
been hydrolyzed is greater than random cleavage.

Two different action

patterns, single chain and multiple attack, have been proposed to account
for this phenomenon (Thoma, et al., 1971).

In single chain action, the

enzyme degrades the polymeric molecule almost completely to products
after complexing with it.

Multiple attack describes the situation where

a variable number of hydrolytic cleavages occur during the brief life
time of a enzyme-substrate complex.

Thus, the probability that the

enzyme-substrate complex will dissociate before reacting is very large.
The mechanism of action of beta-amylase involves the carboxyl
group and an imidazole group of the enzyme.

An intermediate enzyme-

glycosyl ester is formed which can be decomposed by hydrolysis, lib
erating beta-maltose and regenerating the enzyme's carboxyl function
(French, 1975).

The substrate affinities and maximal velocities increase

very rapidly with increasing chain length in the range of 3-6 glucose
units, reaching a maximum at 6.
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Glucoamylase (Amyloglucosidase) (EC 3.2.1.3).

This is a micro

bial enzyme, produced by molds of the Aspergillus, Rhizopus, Endomyces,
and other genera that act on alpha-glucans, releasing molecules of betaD-glucose in stepwise fashion from the non-reducing chain-ends (Marshall
and Whelan, 1974).

This enzyme does not appear to occur in plant tissue

and is therefore not involved in normal plant metabolism (Manners,
1974a).

The action is similar to that of beta-amylase in that the

amylase acts on non-reducing chain-ends with the cleavage of alpha-1,4
bonds and the formation of beta-glucose.
also cleaved, but much more slowly.

Terminal alpha-1,6 bonds are

During the last two decades, gluco-

amylases have been isolated from the liver, kidney and spleen tissues of
various mammals (Manners, 1979).
In principle, the action of glucoamylase could cause complete
degradation of amylose or amylopectin.

However, with carefully purified

enzyme free of alpha-amylase, it is usually found that glucoamylase
gives incomplete hydrolysis presumably because of structural irregulari
ties (Marshall and Whelan, 1970).

Endo-Enzymes
The term endo-enzyme refers almost exclusively to the alphaamylases which are so named because the products of hydrolysis assume
the alpha configuration at the anomeric carbon (Banks and Greenwood,
1975a).

Alpha-amylases (EC 3.2.1.1) are produced by all types of life:

animals, plants, and microorganisms.

Most of the study of alpha-amylases

has been directed to the amylases of mammalian digestion (e.g. pancreatic
and salivary amylases), the alpha-amylases of germinating cereal-s (malt
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alpha-amylase) and amylases of starch-digesting microorganisms (molds,
bacteria) (French, 1975).
Alpha-amylase catalyzes a superfically random hydrolysis of
starch.

In the initial stages there is a rapid decrease in the vis

cosity and iodine-staining power of the substrate, with only a limited
production of reducing groups.
Enzymic action is confined to those alpha (1,4) glucosidic link
ages which are either non-terminal, or are not in the immediate vicinity
of an alpha (1,6) interchain linkage.

Hence, as alpha-amylolysis pro

ceeds, enzyme action is no longer random, because the proportion of
resistant linkages has increased.

From amylose the final products are

maltose (90%) together with glucose and maltotriose, depending upon the
hydrolysis conditions.

From amylopectin, the same products are produced

together with branched oligosaccharides (alpha-dextrins) which contain
the original interchain linkages (Manners, 1979).
Human salivary alpha-amylase and porcine pancreatic alphaamylase behave in a similar manner in their hydrolytic action on raw
starches (Walker and Hope, 1963).
In contrast to many other starch-degrading enzymes (e.g. betaamylase, pullulanase), alpha-amylases can attack native starch granules.
The granule-degrading activity is dependent on the pH and temperature.
Also, adsorption occurs on the surface of the starch granule and the
extent of adsorption increases at low temperature and high pH.

The

efficiency of adsorption is proportional to the surface area of the
starch granule.
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The mechanism of pancreatic amylase action probably involves protonation of the glycosidic bond by an imidazolium ion, attack on the
anomeric carbon atom by a carboxylate anion of the enzyme with the for
mation of a glycosyl-enzyme ester intermediate, and hydrolysis of the
ester by water (French, 1975).
Debranching Enzyme.

This enzyme catalyzes the hydrolysis of the

alpha (1,6) glucosidic bonds of starch, glycogen and their degradation
products.

This specifically differs from amylases, which are considered

to be enzymes that catalyze the hydrolysis of the alpha-(l,4) glucosidic
bonds (Allen and Dawson, 1975).

The existence of debranching enzymes in

plant extracts became apparent during the mid 1940's.

Since that time

their presence in protein extracts from animals, yeast and bacteria has
been described.
Pullulanase (EC 3.2.1.41).

The term R enzyme has been reserved

for plant-derived debranching enzymes of the pullulanase type (Lee and
Whelan, 1971).

As with microbial pullulanase, simultaneous action of R

enzyme with beta-amylase can approach quantitative conversion of amylopectin to maltose.

Beta-amylase alone hydrolyzes only 3% of amylopectin

beta-limit dextrins, while more than 90% maltose is obtained with suc
cessive action of R enzyme and beta-amylase.

The specific action of pul

lulanase is against alpha-(1,6) links of starch and pullulan starch dex
trins.

Its action on amylopectin requires thorough disruption of the

secondary structure or polymer chain association (French, 1975).

Pul

lulanase exerts a pattern of random attack with respect to the different
molecules and an orderly attack with respect to the different bonds with
in these molecules (Atwell et al., 1980a).
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Action of the enzyme on pullulan proceeds in an endo not exo
fashion.

The mode of action on branched polysaccharides appears, howr-

ever, to be predominantly exo (Marshall, 1974).

It is important to

emphasize that pullulanase has excellent heat stability.

Maintaining

digests at 100°C for a short time is not sufficient to render the enzyme
inactive; activity returns spontaneously 6n standing (Lee and Whelan,
1971).
Isoamylase EC 3.2.168.

The word isoamylase, descriptive of de-

branching enzyme, has been used as the name for an enzyme from a soil
Pseudomonad which is also commercially produced from Cytophaga.

This

enzyme attacks the alpha-(1,6) links in starch and completely debranches
amylopectin.

One distinguishing characteristic of isoamylase as opposed

to pullulanase is its inability to remove the 2 and 3 glucose unit side
chains of beta-limit dextrin (French, 1975).

Also, isoamylase has a

more random mode of attack than does pullulanase toward bonds within the
amylopectin molecule.

The large amylopectin molecule is rapidly con

verted to partially or completely debranched fragments, but the branched
product is slowly degraded by the enzyme, possibly due to the proximity
of the branch points and the length of chains (Atwell, et al., 1980a).
This enzyme makes possible the simplest method yet devised for
measuring chain length.

In this method the polysaccharide is debranched

and reducing power is measured (Gunja-Smith, et al., 1971).

This enzyme

is not heat stable, requires no cofactors and is inhibited by EDTA.
In summary, there is now substantial evidence that many of the
starch-degrading enzymes exist in more than one form, but questions as
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to the site of biosynthesis and precise function in vivo of the indivi
dual forms remains for future experimental investigations.

Overall Review of Biosynthesis of Starch
Since the discovery of starch synthesising enzymes it has been
recognized that interdependent pathways and multiple interactions at
each metabolic step are present in cells.

Thus, there must be an inte

gration of biochemical and botanical processes.

For example, in starch

metabolism, starch is synthesized even during the rapid phase of starch
degradation.
Any discussion of starch synthesis is complicated by the effect
of factors such as maturity of plastids and production of granules by
chloroplasts during the course of a few hours, in contrast to the much
slower amyloplast synthesis of granules.

Other complications arise when

enzymes from different parts of the plant may have similar specificity
while differing significantly in certain physical and catalytic pro
perties (Manners, 1974b).
It was formerly thought that amylose and amylopectin synthesizing
systems were separated by a semi-permeable membrane.

Another hypothesis

suggested that amylopectin might serve as a barrier to Q enzymes acting
on amylose (at or near the surface).
French (1972) has postulated that biosynthesis occurs at the
granule surface, but that the amylose and amylopectin molecules are
oriented in opposite directions; the amylopectin chains have their nonreducing ends at the granule surface whereas the reducing chain-ends of
the amylose molecule are to be found there.

Schiefer, et al., (1973)

23

has provided evidence that amylopectin is formed by a synthetasebranching enzyme complex, whereas amylose results from the action of a
synthetase.
One reason for the formation of amylopectin may be the obvious
fact that the synthesizing enzymes are concerned with concentration of
non-reducing end-groups, and some form of multi-branched structure is the
most efficient way of providing such a substrate (Banks and Greenwood,
1975b).
It has recently been proposed that lipids could exist as in^
elusion complexes with amylose inside the granulse and even act as
templates for the amylose helix.

Other suggestions have been advanced

that phospholipid protects amylose chains during synthesis and that
branching only occurs in chains that are not thus complexed (Meredith,
1978).
All these hypotheses indicate that the metabolic pathways are
far more complicated than the overall balance of metabolites or varia
tions in the enzymic pattern reflect.

Starch metabolism is the sum of

quite a number of different synthetic and degradative steps which all
function at approximately the same time.

It is obvious that only an

integration of all the known facts would allow us to gain an insight
into the mystery of starch.

Starch Components
The reserve starch of most plants contains at least two polymers,
linear amylose and branched amylopectin.

The ratio is fairly constant

within a given species (Schoch, 1962); 20-25% amylose in potato and
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20-36% amylose in corn (Zuber, 1965).

However, certain varieties of

cereal grains have starch composed entirely of branched molecules, i.e.,
the waxy cereals including corn and rice but not wheat.

It is difficult

to find a rational explanation for the purpose of amylose, which in some
plants reaches 70-80%.

No starches are known to contain amylose as the

sole constituent, and the presence of 15-30% of this material in the
majority of plants suggests that it may confer some type of evolutionary
advantage.
The successful fractionation of starch into discrete polymer
fractions has provided the investigator interested in the physical pro
perties of polymers with two most interesting subjects for investigation.
Probably in no other case does there exist a system of polymers which are
so nearly identical chemically, yet which differ so widely in their
degree of branching (Foster, 1965).
Amylose.

Amylose is a linear polymer of glucopyranosyl units

joined by alpha-(l,4) glycosidic linkages (BeMiller, 1973).

The degree

of polymerization (DP) of large scale commercial preparations of amylose
may be several hundred, but these are, in fact, partly degraded mole
cules.

Amylose prepared in the laboratory may have a DP of several

thousand glucose residues (Manners, 1979).
The average DP depends on the starch from which the amylose is
isolated and on the method of fractionation.

Usually amylose from roots

and tubers has higher molecular weight than that from cereals (Hodge and
Osman, 1976).

Higher molecular weight preparations of amylose from

natural starch always seem to contain some irregularities.

These ir

regularities may be natural, e.g., traces of branching or phosphate,
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or artifactual oxidation introduced during preparation or fractionation
of starch.
The molecular size of amylose is not easily determined, but a
convenient measurement is the value of the limiting viscosity number (n)
in dilute alkali.

Among many chemical and enzymatic methods, the most

important criterion for characterizing samples of amylose is betaamylolysis (Greenwood, 1970).

Amylose was found to be quantitatively

converted to maltose by the action of beta-amylase.

With the crystal

line sweet potato enzyme only 70% hydrolysis of amylose was observed
(Banks and Greenwood, 1975b).

This incomplete beta-amylolysis may be

due to either contamination with amylopectin or to physical association
of macromolecules (retrogradation), making them unavailable to enzymic
attack.

Early reports of complete conversion by beta-amylase were due

to contamination of the enzyme by another enzyme (Z enzyme).

This

enzyme which attacks beta-(l,3), beta-(l,4) and beta-(l,6) linkages was
capable of removing the structural anomaly (Greenwood, 1970).
Amylose molecules are coiled or spiral chains and form extended
linear chains only under a large orientation force.
stained with iodine yield a brilliant blue color.

Amylose solutions Hanes (1937) suggested

that the complex consists of a helical polysaccharide molecule with
iodine occupying the helical cavity.

The helix consists of six glucose
0
residues per turn, with a pitch of 8 A. This is designated V-amylose,

and its structure has been demonstrated by x-ray diffraction.

The helix

has a left-handed screw sense and has an efficient system of hydrogen
bonding (Rees, 1977).

A further important source of helix stability is

the bonding which holds the enclosed molecule.

This must be so, because
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the tendency to enter the V conformation is greatly enhanced when a suit
able substance is present.

Also, this conformation changes slowly to the

B form if left in moist air after removal of the enclosed substance.
Some other substances which may form helices are butanol, linear
fatty acids and other primary alcohols (French, 1975).

Examination of

models show that the interior of the helix is lined with C-H groups and
thus has hydrophobic character.

The bonding between amylose and com-

plexing agent is essentially hydrophobic.

See Figure 4.

The amylose-iodine reaction provides a diagnostic tool for starch
chemists, for conditions can be so arranged that amylose binds some 20%
of its own weight of iodine while amylopectin binds none, thus enabling
the ratio of these two polysaccharides present in any sample to be deter
mined.

The determination of amylose can also be accomplished spectro-

photometrically by determining intensity of blue coloration with iodine
(Williams, et al., 1970).
Amylose is not truly soluble in water and excessive heating can
cause depolymerization.

Some amylose preparations will absorb approxi

mately four times their weight of water, from which very high viscosity
slurries can be prepared (BeMiller, 1973).
The conformation of amylose in dilute aqueous solution has been
the subject of some controversy.

Evidence from Hamori, et al. (1973)

showed that the amylose macromolecule does not have the same tight heli
cal shape as the V form or the amylose-iodine complex, and the amylose
chain in aqueous solution would have regions of extended loose helical
conformations alternating with short random coil regions.

_Com£le*ing_agent

Amylose
Fig. A.

Complexing agent binding to amylose.
n>
*-4
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The difficulty in dissolving amylose is related to retrogradation, a term used to describe the process by which a dissolved or dis
persed hydrated state reverts to an insoluble form.
thought to occur by the following mechanism.

This process is

The chain of molecules are

oriented radially and are arranged parallel to each other as they radiate
outward from the center and retain an intact sphero-c.rystalline entity.
When the granule is heated above gelatinization temperature, the more
weakly bonded regions dissociate allowing the entry of water.

This is

followed by opening of the granule, and linear molecules rapidly associ
ate at random to give a rigid irreversible gel when cooled to room tem
perature (Chan, 1976).
Potato amylose does not form a gel as well as corn amylose under
the same conditions, and because amylopectin does not usually retrograde,
waxy starch paste remains fluid and will not gel.

The staling of bread

and popcorn involves retrogradation and depends on the absorption of
water by these foods.

Factors that affect retrogradation are low temper

ature, neutral pH, absence of branching, and the presence of certain in
organic ions.
Amylopectin.

Amylopectin which comprises 75-80% of most starches

is a relatively high molecular weight polysaccharide (about 10^) which
consists of chains containing about 20-25 alpha-(1,4) linked D-glucose
residues which are interlinked to form a branched structure.

The mole

cules thus contain 4-5% of alpha-(l,6)-D-glucosidic linkages which serve
as branch points (Manners, 1974a).
Amylopectin isolated by techniques presently available is
extremely heterogeneous in molecular weight and probably in the degree
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of branching.

The best estimates of molecular weight of amylopectin (by

light scanning) range from 10 to over 200 million daltons (Hodge and
Osman, 1976).
There is only one free aldehyde group per molecule, with numer
ous non-reducing end groups terminating the outer chains.

Distribution

of the branch point is irregular within a given model and branching may
occur close together or separated by over 40 anhydroglucose units.
The interior chains tend to be shorter and more closely spaced,
giving the molecule a rather dense core with longer, more flexible outer
branches (Powell, 1973).

The greater number of primary and secondary

hydroxyl groups and the ring oxygen provides ample opportunities for
both inter- and intramolecular hydrogen bonding, which promotes solvation
and complex formation with suitable reagents.
Some degradation of polymer occurs in the presence of hydrogen
ion and hydroxyl ions and also mechanical shear (Greenwood, 1970).

More

readily dispersed in aqueous solution than amylose, that is, by dis
rupting intermolecular hydrogen bonding, amylopectin becomes water sol
uble and dissolves readily in cold water to give solutions that are
stable indefinitely and not subject to retrogradation, gelling, or pre
cipitation.

If amylopectin dries slowly, intermolecular bonds will form

and the product will become insoluble in cold water (Powell, 1973).
Important structural properties of amylopectin are its average
length of unit chain and its degree of beta-amylolysis (Greenwood, 1970).
The average chain length (CL), which may be measured by several chemical
or enzymatic methods, is a statistical value and individual chains may
vary considerable in length (Manners, 1974a).

The distribution of the
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size of the individual chains in amylopectin molecules can be examined
by debranching the amylopectin with an appropriate debranching enzyme,
such as pullulanase (Manners, 1979).
The action of beta-amylase has given useful information on the
structure which could not be obtained by chemical means.

Degradation of

the molecule is incomplete, giving 50-60% of maltose and a high molecular
weight limit dextrin containing all the interchain linkages and the in
terior of the original molecule.

Because beta-amylolysis of the exter

ior chains ceases at an average distance of two glucose residues from the
interchain, the length of exterior (outer) chains (OCL) can be calculated
from the average chain length (CL) and the beta-amylolysis limit
(Manners, 1979).
Although the first overall molecular structures were suggested
some forty years ago, others have since been postulated and even within
the last few years other models have been proposed.

Proposed models for

amylopectin on the basis of early structural studies are (Banks and
Greenwood, 1975a):
1) the laminated structure by Haworth, Hirst, and Isherwood
2)

the herring-bone structure suggested by Standinger and

Hujemann
3)

the randomly-branched (or tree-like structure) by Meyer and

Bernfield.
In each, three types of chain can be distinguished.

The A chain is

linked to the macromolecule only at one point by the involvement of its
reducing group in a branch link.

The B chain is likewise linked, but is

also substituted one or more times at a primary hydroxyl group by an A
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or B chain.

The C chain of which there can only be one, carries a free

reducing group and is substituted only at primary hydroxyl groups
(Whelan, 1971).

On this basis the Haworth and Standinger molecules

represent extremes, consisting almost wholly, in terms of numbers of
chains, of one chain type.

The Meyer molecule, in its most symmetrical,

regularly rebranched form, consists of equal numbers of A and B chains.
Peat and coworkers (1952) realized that the three structures
could be distinguished by direct measurement of the number of chains of
each type.

The difficulty lay, however, in knowing how to distinguish

between the various types of chains.

For amylopectin (waxy-maize

starch), the problem was solved by treatment with beta-amylase and iso
lation of the beta-amylase limit dextrin.

In this dextrin, all of the A

chains are trimmed to 2 or 3 glucose residues, and statistically, these
two A chains must be present in equal numbers.

The B chains, although

themselves shortened by beta-amylase, are larger than the A chains, the
majority containing 6 or more D-glucose residues (Marshall, 1974).

Thus,

the A chains could, be readily recognized after debranching of the betaamylase limit dextrin with R enzyme.-

Peat and coworkers (1952) did not

attempt to draw any conclusions regarding the relative number of A and B
chains present.

Thus, it became apparent that an essential feature of

the structure of amylopectin is the presence of multiple branching, that
is, chains carrying more than one substituent chain.
Recent evidence shows that in determining amylopectin structure,
it is very difficult to obtain a reproducible A to B chain ratio.

The

major problem appears to be related to the series of mathematical steps

involved in the calculation, rather than variations in the primary data
(Atwell, et al., 1980b).
A revision of the Meyer model of amylopectin has been proposed by
Gunja-Smith, et al. (1970).

The essential feature of this structure is

a regular rebranching so that every B chain in the molecule carries at
least one A chain.

Furthermore, all chains in the Meyer model extend to

the periphery of the molecule, and in such a structure, the size of the
molecule is likely to be limited by the density of chain ends at the sur
face becoming so great as to present further growth (Marshall, 1974).
The availability of the debranching enzyme isoamylase has shown that the
features required by the Meyer model of amylopectin are not present.
Biosynthetic implications of these conclusions are as follows:
at any stage in the biosythesis of these macromolecules, any chain A, B,
or G has only a certain finite chance of being further extended by the
chain-extending enzyme.

This type of mechanism is in direct contrast to

that required on the basis of the Meyer model.

Therefore, a new struc

ture of amylopectin was proposed by Whelan and coworkers.

In this model,

which is the most symmetrical possible, all B chains carry, on the aver
age, two other chains (either two A chains or two B chains).
no buried A chains and all are shown as being at the surface.

There are
However,

the possibility that some A chains lie deeper inside the molecule must be
considered.
On studying starch granules, Nikuni (1978) proposed a model for
amylopectin structure in which a molecule, with 1000 glucose units in 30
branches, has non-reducing ends which can form a crystallite part, and
branching points which are collected together near the reducing end.

If
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the degree of polymerization (DP) of the amylopectin increases to 10,000,
the non-reducing ends of the model become too short to form a crystal
lite part.

However, if a molecule of 1000 DP is attached to one non-

reducing end of another similar molecule, the degree of polymerization
is doubled, and the rule required for the amylopectin remains the same.
In this way we can obtain molecules of amylopectin- of any size.
Use of debranching enzymes such as isoamylase or pullulanase
facilitated the first accurate determination of the relative number of A
and B chains in amylopectin structure.

From these results, it is clear

that the A:B chain ratio averages 2:1; that is, every B chain must carry
on the average three other chains (Marshall, 1974). (Table 3).

Effects of Variety, Maturity and Location on Starch Properties
The ability of plants to synthesize and store varying quantities
of starch has been recognized as an inherited phenomenon.

In fact, both

the quantity and type of starch synthesized are controlled genetically
(Zuber, 1965).
Althouth the biosynthesis of starch components may follow the
same general pattern, the subsequent process of the packing together of
two polysaccharides in the starch granule may be different in certain
species or even varieties within a given species.

Varying sizes and

shapes of starch granules due to a certain genotype have been demon
strated (Zuber, 1965).

Gross morphological and structural differences

were found between granules from various corn endosperm mutants.
Banks and Greenwood (1973) indicated clearly that important
properties do change during growth.

The increase in iodine binding
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TABLE 3
Determination of Relative Number
of A- and B-Chainsa
Reducing Power Measured

Enzyme used
(a) Using phi-beta dextrins
Isoamylase

B-chains

Pullulanase

B + A-chains
Difference

A-chains

(b) Using beta-limit dextrins
Isoamylase

b + %A-chains

Pullulanase

B + A-chains
Difference

%A-chains

In each, simple arithmetic then gives the number of B-chains and hence,
the ratio of A-chains:B-chains.
Marshall, 1974
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capacity of the starch during growth has been shown to be due to an
increase in its relative content of amylose.

While the capacity of amy-

lose to bind iodine does not change, both the molecular weight and the
degree of branching do increase during growth.
weight of amylopectin is also observed.

An increase in molecular

Starches of pea, potato and

barley show the changes mentioned above.
Starch granules are so constructed that during growth, the gelatinization temperature of pea starch increases markedly, that of potato
starch decreases, and that of barley starch is constant.

Similarly, in

comparing the development of the granule morphology, no change was found
in the shape of granules during growth in the case of the smooth-seeded
pea, potato or barley.

Compound granules appear only in the latter

stages of growth in the case of the wrinkle-seeded pea, and a decided
change of morphology occurs throughout the development of the" wheat
starch granule.
Granule size and relative viscosity of the starch from rice in
crease, and its gelatinization temperature decreases slightly during
development (Briones, 1968).

It is interesting that the limiting vis

cosity of both amylose and amylopectin remains constant during the deve
lopment of grains although relative viscosity increases.

The difference

in mean chain length of amylopectin is not significant.
Reyes, et al. (1965) also examined starch isolated from several
rice varieties.

These starch varieties differ in cooking qualities,

average granule size, phosphorus content and susceptibility to acid
hydrolysis.
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The influence and effects of environment on amylose content have
been reported by Zuber (1965).

He noted that a high-amylose line grown

in a Florida winter nursery had a higher amylose content than the same
line when grown during the summer.

The effect of atmospheric pressure

on viscosity and water binding capacity was investigated by Morrow
(1974).

Viscosity of corn,.rice and wheat starch suspensions were sig

nificantly affected by an increase in elevation.

EXPERIMENTAL

Isolation
Unlike many other polysaccharides, starch isolation presents no
major difficulties.

However, a necessary prerequisite for any funda

mental study of starch is that the granules be obtained in a form free
of mechanically or chemically inflicted damage (Banks and Greenwood,
1973).
Various techniques have been applied for isolation of starch,
depending on the location of the starch in the plant.

Peterson (1975)

Isolated corn starch by a wet milling process which separates the grain
into the four main parts:

germ, hull, gluten, and starch.

The corn is

softened by steeping in warm water acidified with sulfur dioxide.

After

steeping, the softened kernels are passed through degerminating or at
trition mills which free the germ and loosen the hull.

The resulting

mixture is then finely ground, and the hulls removed by a screening oper
ation.

The gluten is next separated from the heavier starch particles

by centrifuging, and the starch is washed and dried.
Isolation of starches from a tuber such as potato or the roots
of Apodanthera undulata and Cucurbita digitata does not require the pre
liminary steeping, because these plant parts have such high water con
tent.

After peeling and grinding, a slurry is screened.

washed with water and discarded.

The residue is

Separation of the starch is made by

gravity separation, that is, settling or centrifuging.
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Isolation of starch from leaves has been reported by Chang
(1979).

Leaves are mixed with cold sodium phosphate solution, homogen

ized, filtered, and centrifuged.

The last step is repeated with cold

water and the starch is stored under water-toluene at 4°C until required.
To minimize possible enzyme attack on starch during isolation,
mercuric chloride solution may be added (Banks and Greenwood, 1975c).

Fractionation
Many distinct methods have been used to fractionate starches
into its components.

The best method for one kind of starch is not nec

essarily the best method for another and much depends upon the pretreatment of starch.

A discussion follows of the basic methods by which

fractionation of starch may be achieved.
Selective leaching.

Classical methods of starch fractionation

involve selective leaching of the amylose component from swollen starch
granules (French et al., 1963).

Schoch investigated this procedure

using defatted corn starch (Whistler, 1965).

The suspension was heated

to the desired temperature and maintained at that temperature for one
hour.

The paste was then centrifuged, and the residue of swollen gran

ules similarily extracted three additional times with fresh portions of
water; this removed all soluble material.

The insoluble residue and the

combined soluble extracts were recovered by ethanol precipitation.
Since the amylose obtained by water leaching of swollen starch
granules is contaminated with some amylopectin molecules, procedures have
been developed to purify further the extracted amylose fraction.
line leaching (Muetgeert, 1961) and other alternative extractions

Alka
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(Whistler, 1965) have been demonstrated.
Very high values for intrinsic viscosities have been reported for
amylose extracted by this method.

Muetgeert believes that molecular ag

gregates of amylose and amylopectin survive during fractionation, pos
sibly because the processes are incapable of dispersing regions possess
ing a high degree of crystallinity.

There is, however; sufficient evi

dence in the literature to indicate that aqueous leaching is an excellent
method of obtaining amylose (Banks and Greenwood, 1975c).
Dispersion of granule.

This method involves the complete dis

persion of the granule, and both amylose and amylopectin are brought
into solution and subsequently separated.

Although this separation may

be achieved by selective retrogradation, electrophoresis or chroma
tography, the most successful method is that of selective precipitation
(Banks and Greenwood, 1975c).

In this method, the amylose component,

being essentially linear, is capable of forming helical complexes with
alcohols or certain other organic compounds and the helices pack together
in such a regular manner that highly crystalline, insoluble aggregations
are formed.

These crystalline complexes consist primarily of amylose

(French, et al., 1963).
French (1973) describes combining hot, dilute (3%) autoclaved
starch solution with amyl alcohol with constant stirring and slow cool
ing.

While cooling, the amylose component forms an insoluble crystalline

complex with amyl alcohol.

The sample is then centrifuged, and washing

the complex with amyl alcohol-saturated water removes contaminating amy
lopectin.

Amylopectin may be recovered from the solution by adding a

dewatering agent such such as methanol or acetone.

The amylose complex
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must be carefully dried in such a way that it retains its crystalline
structure.
The most important criteria in using this technique of fraction
ation is that the starch granule must be dispersed as fully as possible
in solution.

In general, no difficulties are encountered with tuber and

root starches, but with cereal starches, even after several hours at
100°C, aqueous suspensions of such granules still contain fairly large
amounts of undispersed material.

These difficulties are overcome by

carrying out the dispersion at autoclave temperature, but some degrada
tion takes place due to the presence of fatty acids within granule.
Lansky, et al., (1949) advocates that prior to dispersion the starch be
defatted.
To avoid dispersion of the granule by autoclaving or even by
using a method such as aqueous leaching which has inherent defects,
milder methods of extraction should, be used.

Solution in dimethyl sul

foxide (DMSO) has been reported to be a mild treatment in which no
measurable degradation has been observed (Killion, et al., 1960).
Potato starch subjected to this pretreatment could be subsequently dis
persed at room temperature to yield an amylose significantly greater in
molecular weight than that obtained in other ways.
A chromatographic method has been studied by Chang (1979).
Starch was dispersed in DMSO, precipatated with ethyl alcohol, and the
precipitate suspended in boiling water.

Amylose was separated from amy-

lopectin on a Sepharose 2B column and further purified by thymol and
butanol complexing.
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Gelatinization
Gelatinization of starch is of fundamental importance in many
types of food production.

Processes such as baking depend on proper

gelatinization of starch to produce a desirable texture.

Food industries

make use of several types of starch, tuber or grain starches (see Table
4).

Since availability and cost of starches vary, a great deal of re

search has been aimed at differentiating various starches and their gel
atinization behavior (Olkku and Rha, 1978).
Traditional theoretical rationale of gelatinization explains
that the constituent molecules in the starch are held by hydrogen bond
ing.

When aqueous suspensions of starch granules are heated, a tempera

ture is reached at which hydrogen bonding forces are weakened to the
point where water can be absorbed by the granules.

At this temperature,

called the initial gelatinization temperature, the granules swell tangentially and lose their birefringence.
This phenomenon normally commences at the hilum which is
located at the center of the interference cross section under polarized
light.

The initial stage of gelatinization is signaled by a darkened

hilum.

As the temperature of the aqueous suspension is increased above

the gelatinization range, hydrogen bonding continues to be disrupted,
water molecules become attached to hydroxyl groups, and the granules
continue to swell.

As a direct result, there is an increase in starch

solubility and paste clarity.

With the continued swelling of granules,

starch particles that have become fully hydrated separate themselves for
the intricate micellar network and diffuse into the aqueous medium.
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TABLE 4
Gelatinization characteristics
of native starches

at 95°C

Starch
Species

Type

Potato

Tuber

Sago

Pith

Tapioca

Root

Corn

Kofler gelatinization
temp, range (°C)

Swelling
power

Solubility
(%)

100

82

97

39

58.5-70

71

48

Cereal

62-72

24

25

Wheat

Cereal

52-63

21

41

Rice

Cereal

61-77

19

18

Waxy maize

Cereal

63-72

64

32

aSpalding,

1979

56-60
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The gelatinization behavior of starches is characteristic of
their botanical source, preparation procedure and other elements of
their historical background.
Based on the behavior of most starch granules, two hypothesis
have been proposed (Blanshard, 1979).

The first views gelatinization

as a cooperative process and focuses attention upon the whole starch
granule.

It recognizes that gelatinization takes place over 1-2°C and

hence proposes that once gelatinization starts, it proceeds to comple
tion.

The range of gelatinization of a whole population reflects,

therefore, the different energy characteristics of different granules.
An alternative hypothesis is a semi-cooperative process.

The

focus here is shifted from the granule to crystallites within the gran
ule.

It is proposed that crystallites within the granule have slightly

different energy characteristics.

Within partially gelatinized gran

ules, there is the possibility of a rearrangement of the polymer chains
of amylose and amylopectin.

With such arrangements taking place, the

energy characteristics of adjacent crystallites will also be moderated,
and some of these may fall within the temperature range where melting
occurs, with a consequent loss of x-ray order and birefringence.

It is

this process of rearrangement which is believed to be responsible for
the slow, time dependent process.
Several methods have been used to study gelatinization.
hot-slate microscopy has been used by Watson (1964).

Kofler

Miller, et al.,

(1973) used photomicrographs of the samples taken during gelatiniza
tion.

Hizukuri (1978) studied the effects of lower alcohols on
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gelatinization and determined the degree of gelatinization by glucoamylase digestion and ioding affinity.

All enzymatic methods of mea

suring starch gelatinization are based on the number of glucose mole
cules released during digestion (Shetty, 1974).

Swelling Power and Solubility
As previously indicated, when the temperature of an aqueous sus
pension of starch is raised above the gelatinization range, hydrogen
bonds continue to be disi-upted, water molecules become attached to the
liberated hydrogen groups, and the granule continues to swell.
there is an increase in starch solubility and paste clarity.

Thus,

It is well

known that the-degree of swelling, the extent of solubilization and
clarity are directly depending on pasting temperature (Leach, 1965).
The degree of swelling and the amount of solubles will depend on the
starch species (Schoch, 1964a).
For a full (but very time-consuming) characterization of the
starch, the swelling power and solubility may be determined at 5 degree
intervals over the entire pasting range (60-95®C) and their values
plotted against temperature.

For practical purposes it is usually ade

quate to determine swelling power and solubility at a temperature of
85°C which has been found to be optimum for single point characteri
zation.

The major factor that controls the swelling behavior is the

strength and character of the micellar network.
Size, shape, composition of starch granule ratio of amylose to
amylopectin, molecular weight of each, degree of branching, length of
outer branches in amylopectin, and non—carbohydrate impurities are all
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important.

Cereal starches exhibit two stage swelling and solubility,

reflecting the presence of two sets of internal bonding forces.

Normal

corn, rice and sorghum starches show restricted swelling compared to
waxy counterparts.

This suggests that the linear fraction reinforces

the internal network.
weak internal bonding.

Potato starch exhibits high swelling, indicating
This is partly due to ionizable esterified phos

phate groups which assist swelling by reason of mutual electrical
repulsion.
The behavior of starch gels is governed to a large extent by the
affinity of hydroxyl groups in one molecule for those in another (Olkku
and Rha, 1978).

This is particularly true when starch paste cools.

At

that time randomly orientied starch molecules tend to aggregate and
crystallise out of the solution.
centrated, gels are formed.

If solutions are sufficiently con

This property is important in the food

industry for candies, puddings and other food (Radley, 1976).
The amylose fraction is considered to be primarily responsible
for gel formation.
1.5%.

It is able to form gels at a concentration as low as

When only amylopectin is present as in waxy starches, the

branches prevent the degree of association required for gel formation,
except at very high starch concentration (Hodge and Osman, 1976).

Rheology
Phenomonological studies of viscosity began with the ancient
Greeks.

The Romans continued such studies and applied their knowledge

in practical ingenious ways (Rha, 1975).

Viscosity is a transport phe

nomenon, that is, transport of momentum due to a velocity gradient.
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Modern theories of viscosity of liquids are based on continuum mechanics
and molecular theory.

The latter indicates that the parameters which

contribute to viscosity are molecular volume, molecular mass, intermolecular distances, radial distribution of molecules and attractive
forces between molecules (Bondi, 1956).

When macromolecules are in

volved, complex additional parameters such as geometric factors and
interaction need to be considered.

The volume or size, shape, and the

number and interaction of particles are the basic parameters affecting
the rheological properties of the system, be it a solution, dispersion,
suspension, paste, or gel.
Isaac Newton derived an expression for viscosity by considering
a model with two parallel planes of fluid of equal area which were se
parated by a distance and were moving in the same direction at different
velocities (Anonymous, 1977).

He assumed that the force required to

maintain the velocity difference was proportional to the difference in
speed through the liquid, or velocity gradient.

A simplified expression

is:
tr.

_
F
Shear stress
Viscosity - g - tote
q£ 3hear

Where shear stress = force per unit area required to produce the
shearing action and rate of shear = velocity gradient.
The unit of viscosity is the dyne-sec cm

-2

or poise.

This unit

is very large, so it is customary to use the centipoise (cp). The vis
cosity for water at room temperature is about 1 cp.

The poise is the

tangential force required to maintain a velocity of 1 cm per second
between two planes with areas of 1 cm

2

and position of 1 cm apart

(Porie and Tung, 1976).
Newton.also proposed that any substance has, at a given temper
ature, a viscosity that is independing of the rate of shear; thus, to
double fluid velocity, twice as much force will be required.
Fluids which exhibit a direct proportionality between shearing
stress and rate of shear are called Newtonian (Deman, 1976).

These

include water and aqueous solutions, simple organic liquids and dilute
suspensional emulsions.

Some food substances are non-Newtonian in

character, that is, the ratio of shearing stress and rate of shear is
not a constant value.

Such materials show a changing viscosity with a

changing rate of shear.
Starch paste, which results when starch granules are gelatinized
in an aqueous medium, is a non-Newtonian fluid in the pseudoplastic
category (Rha, 1978).

Pseudoplastic behavior indicates a continuous

breakdown or rearrangement of the structure, resulting in less resist
ance to flow.

The origin of pseudoplasticity in solution is believed

to be caused by the following factors, one or more of which- may apply
to a particular situation (Mitchell, 1979):
1) increased orientation of asymmetric molecules with shear
rate
2) change in the shape of flexible molecules with shear rate
3) effects of flow in molecular interaction.
The most important of all industrial tests used to characterize
starches is the paste viscosity (Radley, 1976).

The anomalous vis

cosity of starch pastes has been investigated by Schoch (1941) and
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many others.

These studies show that the properties of pastes of un

modified starches, even after considerable cooking, are not primarily
colloidal phenomena but are due to the presence of larger aggregates
including intact granules.
Swollen granules form a structure which encloses portions of the
liquid phase, thus increasing the viscosity (Kruger and Murray, 1976).
At the start of the cycle the viscosity of a 3-5% suspension of starch
in water is essentially that of water, because granules occupy only a
small portion of the total volume.

As temperature increases, the vis

cosity suddenly increases to a rather high value.

This occurs because

the starch granule at its gelatinization temperature swells and absorbs
a large amount of water.

There is insufficient water to permit the

granules to absorb to their capacity, so the granules start to rub
against each other.
immediately.

However, another process begins to occur almost

The initially spherical swollen granules, which are rather

weak, collapse and are disrupted.

When the number of granules being

disrupted exceeds the number swelling, the viscosity drops.

As most of

the granules collapse, the remnants intertwine and the viscous slurry
becomes cohesive and long.

If the slurry is now cooled, the viscosity

of the solvent water increases, and the deformed and broken granules
find movement past one another more difficult.

Hence the viscosity of

the paste generally increases.
It is important to study paste viscosity, because it indicates
utility of products in specific applications and reflects properties
encountered in preparation of products.

There are many food ingredients

which may have profound effects on starch pastes and final products.

49

Fats and surfactants.

Various natural fats composed mainly of

triglycerides with aliphatic fatty acid chains of 16-18 carbon atoms
with no added emulsifiers, were found to have identical effects on the
viscosity behavior of starch suspensions.

These fats had no effect on

the maximum viscosity reaches, but the temperature at which the maximum
was reached was progressively lower as more fat was added (Osman and
Dix, 1960).
Monoglycerides and other similar compounds with long hydro
carbon chains attached to hydrophilic groups exert pronounced effects
on characteristic starch behavior.

Although the mechanism is not clear,

it has been suggested that monoglycerides and amylose form colorless
channel-type inclusion compounds that are similar to iodine-amylose com
plex.

Amylopectin apparently cannot form such complexes.

This complex

formation would explain the action of surfactants in retarding the
staling of bread.
Sugars.

Because of its own hydrophilic character, sugar com

petes with starch for water in a mixture (Hodge and Osman, 1976).

At

low concentration of sugar there is an increase in maximum viscosity.
This occurs because small amounts of sugar apparently delay fragmenta
tion of the most rapidly swelling granules without preventing swelling
of other granules.

Higher concentrations of sugar decrease both the

rate of swelling and the final viscosity.
Sucrose impedes swelling of starch granules in hot water (Bean
and Osman, 1959).

Through its water binding capacity, the sucrose

apparently withholds the water from the granules.

In general,
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disaccharides exhibit a greater effect than monosaccharides when used
at the same concentration by weight, but no suitable explanation has
been given for this phenomenon.
pH.

Most foods have pH values in the range of 4-7, and small

variations in acidity in this range produce only minor effects on the
paste viscosity of starch-water systems (Osman, 1967).

The effect of

strong acids has practical importance in numerous starch-containing
food systems, but the increased rate of swelling and viscosity observed
in strongly alkaline system has only theoretical significance.
Salts.
izable groups.

In the pH range of food, starch molecules have no ionHowever, they are quite sensitive to salts.

The amylo-

pectin fraction of potato starch has some hydroxyl groups esterified
with orthophosphate groups, making potato starch an exception in this
respect (Hodge and Osman, 1976).

Studies of the effects of different

ions on starch are abundant, and the results often appear contradictory.
Salts appear to alter the ability of starch to swell, possibly by alter
ing the availability of water for adsorption by starch.
Potato starch has polyelectrolyte character due to the esterbonded phosphate groups, and it is much more sensitive to the presence
of other ions in solution than are the cereal starches.

Furthermore,

because of the cation-exchange properties of the phosphate groups, the
behavior of potato starch may be altered by the mineral contant of the
water in its manufacture.
Sodium chloride in concentrations as low as 10

has been

reported to exert a small but distinct depressing effect on the
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viscosity of potato starch paste during heating (Osman, 1967).

In

marked contrast, the viscosity of corn starch paste was affected very
little during heating with sodium chloride in concentrations up to
10-1N.
There are several methods for determining the viscosity of
starch paste, and the selection of the proper method depends on the
purpose of the measurement.

The Brabender amylograph and Brookfield

viscometer are the most widely used instruments for this purpose.

The

Brookfield viscometer contains a beryllium-copper spring to measure
torque.

The spring is precalibrated and claimed to be unaffected by

fatigue (Voisey, et al, 1976).

A spindle connected to the spring is

immersed directly into the liquid under test with or without the use of
the guard.

For non-Newtonian fluids the measured viscosity varies with

the particular spindle used, and centipoise values can be compared only
for measurements with a given spindle viscometer speed of rotation
(Cooley, 1954).
The Brabender viscograph has been used extensively in the study
of starch behavior and can effectively meausre the differences between
starches of different plant origin (Spalding, 1979).

This instrument

provides quantitative data that can be used on a comparative basis as
well as qualitative data that will indicate both starch types and extent
of modification.

It also provides a reproducible cooking system which

is absolutely essential, because the rheology of starches can best be
understood when reproducible conditions apply throughout the measuring
procedure (O'Dell, 1979).

The Brabender apparatus heats a known starch

suspension at a constant rate to a predetermined temperature (90°C, for
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example).

Generally the solution is kept at this temperature for 20

minutes and is then cooled at a constant rate to 20^C.

The viscosity

during this cycle is continuously recorded on graph paper.
Unfortunately, data cannot be compared readily because of the
different units and systems associated, with each instrument.

However,

the various techniques can give fairly uniform results if great care is
taken in standardization.
Graphical analysis with a series of starch concentrations is
discussed by Mazurs, et al., (1957). There are five successive points
of significance when data are plotted on rectangular coordinates:
a) peak viscosity, independing of temperature, is important to
the user because it is necessary to cook through this stage to obtain a
usable starch paste.
b) the paste viscosity at 95°C is a peak viscosity and reflects
the case of cooking the starch.
c) the paste viscosity after maintaining the mixture for one
hour at 95°C indicates the stability or breakdown of the paste during
cooking.
d) the paste viscosity of the cooked paste cooled to 50°C is a
\

measure of the increase in viscosity (called "set back") produced by
cooling.
e) the final paste viscosity after one hour of stirring at 50°C
is an indication of the stability of the cooked paste in actual use.
Individual starches swell differently, reflecting differences
in molecular organization with the granule.

For this reason maize
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starch attains a lower peak viscosity than potato starch but is more
stable to prolonged heating stirring (Figure 5).

Viscosity-Molecular Weight Relationships
The intrinsic (limiting) viscosity of various starch materials
provides a reliable index of molecular dimension (schoch, 1957).

It is

one of the simplest, hence most utilized, physical measurements capable
of providing useful information about polymer solutions (Foster, 1965).
Intrinsic viscosity (n) is essentially a measure of internal friction or
resistance to displacement of high-polymer molecules in solution
(Leach, 1963) and is defined through the relation
( ) = lim

SP

(specific viscosity)
concentration

It has been found that, for a given series of polymer fractions of
vafying molecular weight in a particular solvent system, intrinsic viscosity bears a simple relationship to the molecular weight:
where K and a are constants (Foster, 1965).

(n)

=

KM ,

The practical importance

of this relation is that, once having established these parameters, the
equation can be employed as a rapid means of determining molecular
weight.

This equation is purely empirical and parameters K and a must

be established by independent molecular weight measurements.
An optimal solvent for viscosity evaluation is KOH, which
effects rapid and complete dispersion of most starches.
must be taken to avoid oxidative degradation.

However, care

DMSO can also be used as

solvent.
Various relationships have been proposed for weight-average
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molecular weight (M ), that is (Greenwood, 1964):
w
I.

-2 —
For (n) in M potassium hydroxide, (n) = 8.4 x 10
(M^)

At this concentration the number average degree of polymerization
(DP ) can be calculated.

n'

II.

DP

n

= 7.4 x ( n )•

For DMSO, (n) = 1.12 x 10~3 (M ) 0.87
w

For amylopectin, (n) does not reflect changes in molecular size.
The relation between (n) and the DP^ is reported by Kerretat
(1951) and is given by:
DP = (n) x 12
n
Alkali Number
When starch is treated with oxygen-free alkaline solution at
room temperature, the amylopectin and amylose molecules undergo alka
line degradation in stepwise fashion from the reducing end.

In the pre

sence of dissolved oxygen, acids will also be produced from internal
D-glucose units due to alkali scission of the chains following oxida
tion.
In the determination of the alkali number, however, starch is
treated with dilute alkaline solutions in a vigorously boiling water
bath.

In this case the terminal aldehyde groups undergo enediol re

arrangements, and the acids produced are principally lactic acid and
the volatile acids formic and acetic.
So, if the alkali number is determined, the amount of acid pro
duced will provide a relative measure of the number of reducing endgroups in starch and hence its molecular weight (BeMiller, 1965).
Commercial corn and wheat starches have consistently higher
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alkali number than those of the common tuber starches (Radley, 1976).
The alkali number for some common starches are:
Tapioca

5.9-6.9

Potato

5.7-6.9

Rice

6.7-7.5

Water Binding Capacity
The most abundant component and one which is always present in
food is water.

The concept of free and bound water within a food is of

great practical significance (Wootton and Bamunuarachchi, 1978).

The

status of water has influence on the structural and textural properties
of the food as well as it.s microbiological stability.
The water which is present in starches may be held as hydrates,
which is one type of water binding in food.

Hydrates form either when

hydrogen bonds are established between water molecules and ions or
molecules which contain oxygen (Meyer, 1978).
Root and tuber starches generally have a higher water binding
capacity than those of cereal origin.

Within the cereal starches,

wheat has the highest.
The relationship of water-binding capacity and atmospheric
pressure has been studied (Morrow, 1979).

The increase in size of

corn and potato starch granules were correlated with an increase in
water-binding capacity of these starches produced at greater elevation.
Both corn and potato starches showed a significant increase in waterbinding capacity as the altitude increased, while the values for rice
and wheat were not significant.

The differences shown in these
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starches are the result of various degrees of water binding sites in
the different starch granules.
The binding of water on a substance involves both the physicosorption and chemisorption.

Much investigation has been carried out

to identify the amount of "bound" water (Hardman, 1978).

Information

about the binding of water to a substrate can be obtained by dynamic
methods, such as the relaxation techniques of dielectric dispersion,
NMR, x-ray, and scannine calorimetry (Woolton and Bamunuarachchi, 1978).
However, the simplest of these methods has been reported by Medcalf
and Gille (1965).

X-rays
Many of the physical and chemical properties of starch granules
depend on their crystallinity, i^e. , the proportion of polymer chain
segments that is in an ordered state.

For example the susceptibility

of granules to enzyme degradation is a function of the amount of ordered
polymer they contain (Ahmed, 1978).
It has been known for a long time that the crystalline state of
starches exists predominantly in two polymorphic forms:

the A-starch

of cereals and grains and the B-starch of tubers and roots (Sarke, et
al., 1978).

X-ray diffraction diagrams illustrating differences in

these crystalline forms were already recorded in the 1930's.

In addi

tion, an apparent third and a more unusual polymorph, termed the Cstarch, has been found in some plants, e.g. maximowizia peninsularis
(Mohammadi and Berry, 1979, unpublished).
Evidence shows that interaction exists between the various
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crystalline forms.

Thus, heat-moisture treatment can convert the B-

pattern of potato starch to the A-type (Zobel, 1964).

Also crystal-

linities of starch samples which were subject to freeze-drying, vacuumoven or air drying were investigated.

The results suggest that freeze-

drying maintains starch in its original form.

With the other methods

an increase in polymer order occurs (Ahmed, 1978).
Heat-moisture treatment of starches was also employed by Sair
(1964).

The largest change was noted with root starches, and it was

considered that root starches contain more free hydroxyl groups able to
exert their secondary valence influence.
Sarko, et al. (1978) recently studied the crystal structure of
A, B, and C polymorphs of amylose.

The three structures correspond and

are identical to the naturally occurring A, B, and C starches and all
are double-stranded helices.

The A crystallizes in an orthogonal unit

cell with slightly distorted hexagonal packing with eight water mole
cules per unit cell.

The B crystallizes in a hexagonal unit cell with

36 water molecules per unit cell.

The water is located in a channel

formed by the hexagonal packing of helices.

The C structure is simply

a mixture of A and B forms.

Microscopy
A considerable body of knowledge has been obtained in the study
of shape and surface characteristics and internal architecture of
starch granules using light microscopy, transmission electron micro
scopy (TEM), and scanning electron microscopy (SEM) (Aranyi, 1968;
MacMasters, 1964; Hall, 1969, 1970; Dronzek, et al., 1972; Fuwa, 1979;
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Sugimoto, 1980).
Light microscopy.

This is the simplest and most convenient

method to study the morphology of starches from different sources.
ever, it is not possible to explore the fine structure of starch.

How
The

smallest resolution possible with light microscopy is about 0.2 urn.
Starch particles with diameters smaller than this value cannot be seen,
because points closer together than this distance cannot reflect light
rays so that all will be in the same phase (Gallent and Sterling, 1976).
In light microscopy low power magnification (<100) is useful in assess
ing such items as extent of aggregation or purity Medium power (xlOO to
xAOO) is suitable for the identification and study of individual and
small arrays of granules (Moss, 1976).
Today TEM and SEM hold the most promise for the study of fine
structure.

Although both use a primary electron beam and electromag

netic or electrostatic field to focus that beam, the fundamental prin
ciples of image formation in each are quite different (Gallent and
Sterline, 1976).
The SEM provides a vivid, seemingly three-dimensional picture
of the specimen surface over a wide range of magnification.

Th.e prin

ciple is that a narrow beam of electrons is produced in an electron gun
at one end of the vacuum column and then focused on as small a spot as
possible on the surface of a specimen placed at the far end of the
column.

Along its path, the electron beam passes through several

electromagnetic lenses and deflector coils with which focusing and
scanning of the beam are achieved.

While scanning, the electron beam

knocks electrons out of the specimen surface.

These secondary
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electrons are picked up by a collector and conveyed to an amplifier.
The signal is brought to two cathode ray tubes set up for image form
ation.

The image therefore is a display of the received signals in

their correct relative position and is a picture of the specimen sur
face (Hayat, 1978).
TEM is a direct analogue of light microscopy.

A source (the

electron gun) is used to fire an accelerated beam of electrons at the
sample, and the beam is concentrated by (magnetic) condenser lenses.
Lenses beyond the thin sample (<500nm thick) magnify the image which is
viewed on a fluorescent screen and usually recorded by direct electron
exposure of photographic plate (Venables, 1976).
It was recognized early that the SEM is an eminently suitable
instrument to bridge the gap between the light microscope and the trans
mission electron microscopy with regard to resolution and magnification.
The specimen can be observed at progressively higher magnifications
without any change in focus or brightness of image.
In the SEM, only electrons incident on the specimen need to be
focused, whereas in the TEM all the electrons that have interacted with
the specimen must be focused.

Because it requires fewer lenses, the

design of the SEM is simpler.

Other advantages of SEM over the TEM are:

the specimen need not be cut into thin sections, and also relatively
large areas of the specimen can be examined (Hayat, 1978).

One limit

ation of SEM is that it can resolve topographical details of 5 to lOnm
whereas the TEM is capable of resolving structure at 0.2 to 0.3nm
spacings.
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If the specimen is hard and dry, it needs only to be attached
to the specimen stub and coated with a thin layer of a suitable metal.
If the specimen is soft and hydrated, it may have to undergo fixation
and dehydration.
The study of starch by electron microscopy offers many dif
ficulties, because it is delicate and susceptible to heat and chemical
agents.

TEM has over a thousand-fold finer and over a hundred-fold

greater depth than the light microscope.

But TEM imposes limitations

by requiring sample modification which is bound to influence the fine
structure of the original starch, giving rise to artifacts.

Using SEM

requires little starch modification.

Digestibility of Starches
The ideal diet should contain an appropriate balance of car
bohydrates, protein, fat, vitamins, and salts.

The major part of car

bohydrate is starch, which may amount to 100-200 grams per day.

So it

is important to determine the extent of digestibility and utilization
of starch in a diet.
It is now generally accepted that the digestion of starch, by
many mammalian species including man involves, first, the action of
pancreatic alpha-amylase which gives oligosaccharide end-products, and,
second, the hydrolysis of those to glucose by enzymes of the small
intestine (Manners, 1979).

Although salivary alpha-amylase has been

studied extensively and is present in high concentration, it is un
likely to play a role in starch digestion.

However, Modi (1975) found

no significant difference in the in vitro digestibility of different

native starches of India with salivary alpha-amylase and pancreatic
alpha-amylase.

According to Riesenfield (1980) about 65% of ingested

starch was digested up to the end of duodenum, 85% up to the end of the
jejunum and 97% at the ileum.
The rate of alpha-amylolysis and total digestion of starch will
depend upon various factors including the nature and sources of the
starch in the actual diet.

The human body manifests much greater ef

ficiency in the digestion of certain starches including those isolated
from cereal rather than those from tubers and roots (Booher, et al.,
1951).

Wheat and corn starches have been shown to be highly digestible.

High amylose corn starch has reduced digestibility in proportion to the
level of amylose in the starch ( 95% normal corn and 66-77% for high
amylose corn) (Sandsetedt, et al. , 1962; Borchers, 1962).

When cooked

high-amylose corn starch was fed as baked muffins to human subjects,
88% was digested and about 11% appeared in stool.

In contrast, muffins

from ordinary corn meal starch were completely digested (Wolf, et al.,
1977).
Yoshida et al., (1955) studied digestibility of sweet potato
starch compared to corn and potato.

The coefficients of digestibility

were 97, 99 and 57, respectively, and when diets were steamed, all
starches were utilized nearly perfectly and no significant differences
were observed.

Raw starch from Cucurbita foetidissima (Dreher, et al.,

1981) has been shown to be poorly digested.
In contrast, digestibility of raw and cooked legume starches
was investigated by Fleming, et al., (1979).

Results showed, with, the
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exception of field pea, that rats fed uncooked starch diet had higher
weight gains than those fed cooked starch diets and nearly all were 100%
digestible.
Such diverse behavior of starch molecules and its digestibility
is attributed to many possible factors:
A) The presence of 0.08% phosphorus, of which 75% is apparently
present as glucose-6-phosphate, is claimed to be responsible for the
low digestibility of potato starch (Fleming, 1979).

Phosphate groups

form a barrier to alpha and beta amylase attack so that two or three
residues are left unhydrolyzed on either side of the phosphorylated
glucose unit.

Although cooking is not known to hydrolyze phosphate

bonds, it does increase digestibility.

However, a number of ill vitro

studies have reported that enzymatic digestion of potato starch was
affected when the starch was cross-bonded by POCl^ at 0.05% and 0.1%
levels but was inhibited when cross-bonding was at the 0.5% level
(Chen, 1980),
B) Yoshide and Booher suggested that digestion-resistant
properties of potato starch reside in the outermose layers of the
granules, and therefore are associated with hydrogen-bonding of struc
ture or with a granule integument of a non-starch substance.
C)

Evidence shows that amylose content is intrinsically not

a factor that determines digestibility.

Potato and normal corn starch

have approximately the same amylose content but differ greatly in
digestibility.

The difference may lie in the bonding between the

starch molecules and also in anomalous linkages within starch molecules
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(Sandstedt, et al., 1962).

Presumably, the genetic selection for high-

amylose content has resulted in simultaneous selection for starch having
altered properties with respect to the amylolytic attack.
D) Granule morphology appears to change upon autoclaving
potato starch, which becomes more amenable to digestion.

This change

which is reflected by a shift in x-ray pattern (Sair, 1964) may occur
in radial organization (crystallinity) of the granule as shown by a
loss of birefringence around the hilum (Lean and Schoch, 1961).

Also,

the susceptibility of various starch granules to amylase increases
following gelatinization of the starch granule.
SEM revealed that, for starch granules relatively susceptible
to amylase, numerous "pin holes" could be observed on the surface of
granules attacked by the enzyme.

It appears that the pores extended

into the inner layer of granule (Fuwa, 1978, 1979).

The granules ex

hibited a terraced or step-shaped appearance in their inner portions.
This may be an indication of a layered internal structure of the gran
ule.

Other characteristic observations were striated structures on the

surface of starch granules caused by enzyme attack.

This may be

accounted for by removal of some surface layers of original granules
by enzyme action.

So, in the case of alpha-amylolysis, it is apparent

that enzyme has penetrated into the inner layer of a granule, and the
inner layers are more readily attacked than the peripheral layers
(Fuwa, 1978).

Starch granules resistant to the action of amylase

showed shapes of surfaces similar to the intact granules after attach
by enzyme.

It is suggested that the poor orientation of the molecular

chains allowed the enzyme easier access to the interior of the mole
cule.
A possible explanation for the apparent negative influence of
cooking on the legume starches suggests that a type of encapsulation
occurs during spray-drying and produces a layer which is less accessible
to enzyme (Fleming, 1979).
In addition to an inherent property of starches such as corn
suggested by Leach and Schoch (1961), Sugimoto, et al., (1980) believe
that alpha-amylase, enlargement of gastrointestinal tract, HC1, and
bile acids have an influence upon the surface of starch granules and
digestion of starch granules is efficiently promoted.
Reports show that protein utilization may be affected by the
nature of starch in the diet (Buraczewski, et al., 1971; Dreher, 1981).
Protein utilization was generally poorer in the presence of potato
starch than with cereal or cassava (Rao, 1977).
in the raw state, however.

Starches were present

When cooked, the protein utilization was

considerably improved.

Measurement of Reducing Sugars
A wide range of methods have been used for determination of
reducing sugars.
The production of new reducing groups is most frequently fol
lowed by the 3,5-dinitrosalicylate, or alkaline copper methods, or by
oxidation of glucose with glucose oxidase.

With the 3,5-dinitrosali

cylate method, reducing equivalents for equimolar amounts of substrates
increase significantly with increasing chain length (Thoma, 1971).

The glucose oxidase method is a specific and sensitive method and is
now generally accepted by biochemists for determination of glucose.
The enzyme glucose oxidase (EC 1.1.3.4) is a flavoprotein having two
molecules of FAD per molecule of enzyme (Okuda, 1973).

The glucose is

oxidized by glucose oxidase to gluconic acid with production of hydro
gen peroxide.

Coupling of the latter with horseradish peroxidase and a

dye allows the colorimetric measurement of glucose in the presence of
other sugars (Wiseman, 1978).

Peroxidase catalyzes the oxidation of

a chromogenic oxygen acceptor such as o-dianisidine by ^2^2*

beta-d-glucose + 1^0 + C>2 Perox^^a^e D-gluconic acid +
" H202 + DH2 <

2H20 + D (dye)

where DH2 = o-dianisidine
The amount of the dye D formed from DH2 is a measure of the glucose
(Bergmeyer, 1963).
Advances and improvement have been made in chromatographic
methods of analysis of sugar, among them, thin-layer, paper, and gasliquid chromatography.
and their drawbacks.

Each of the above methods have their advantages

For example, for compounds to be analyzed by the

most sensitive method, GLC, it is necessary that they be volatile,
stable compounds such as trimethylsilyl ethers which can be quantita
tively measured (Berry, 1966).

However, trimethylsilation of reducing

sugars leads to production of derivatives corresponding to the equili
brium mixture of the individual sugars so that chromatograms of sugar
mixtures are rather complex (Lee, 1978).
The most recent development in the field of chromatography
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techniques is high pressure liquid chromatography (HPLC).

HPLC has

proved a very versatile technique for separation of carbohydrate mix
tures.

Many reducing sugars from various food products as well as bio

logical samples have been analyzed by HPLC (Conrad and Palmer, 1976;
Lawson and Russell, 1980).

Average Chain Length (CL)
Periodate oxidation method.

Periodate oxidation is a standard

method for determining various structural features of polysaccharides;
its earliest application helped to define fundamental structure for
starch.

This procedure is based on the observation that when hexo-

pyranosides are attacked by periodate, the ring structure is disrupted
with removal of the third carbon atom of the hexose as formic acid.
(Hassid and Abraham, 1957).

This phenomenon provides the basis for a

widely exploited method of estimating molecular weight (Perlin, 1980).
On oxidation of amylose, formic acid will be liberated from both ends
of chain.

Non-reducing groups ai'e oxidized by two moles of periodate

per mole, yielding one mole of formic acid, and the reducing glucose
unit at the other end given rise to two moles of formic acid.
In calculating the end group of amylose from periodate oxi
dation, three moles of formic acid are therefore taken into account
(Shash and Whistler, 1964).

Since amylopectin consists, of a multitude

of branched chains, the terminal glucose unit of each chain, like that
on the non-reducing end of maltose, contains the three hydroxyls on
carbon atoms 2, 3, and 4 and yields one mole of formic acid.

In this

polysaccharide the proportion of reducing end-groups is small compared
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to nonreducing end-groups.

Theoretically, only one reducing glucose

unit should be present in an undegraded amylopectin, and the negligible
amount of formic acid produced from this reducing end group may be
ignored.

So the average chain length of amylopectin can be calculated

from the number of non-reducing end group units (Potter and Hassid,
1948).

The polysaccharide is oxidized by a dilute solution of sodium

periodate in the cold, and formic acid production and periodate is
determined by titrimetric procedures (Hay, et al., 1965).
Enzymatic methods.

Estimation of the average length of unit

chain of starch by periodate oxidation method has certain disadvantages.
In particular, it is difficult to apply adequate correction for overoxidation or contamination by amylose in the determination of amylo
pectin.

Although these homopolymeric starch components are relatively

simple chemically, their structural determination by purely chemical
methods like periodate oxidation may be impossible.
Today amylolysis for determination of average chain length is a
rapid and unequivocal method.

The merits and disadvantages of a few

methods are worthy of discussion.
Pullulanase plus beta-amylase.

By including beta-amylase in a

digest of pullulanase and polysaccharide, the beta-limit dextrin is
formed, debranched and continually regenerated, leading to an eveintual
quantitative conversion into maltose and glucose (Whelan, 1971).

At

high concentrations, the beta-amylase will convert:
I.
maltose.

Chains having an even number of D-glucose residues into

II.

Chains having an odd number of units into maltose and one

glucose molecule, which can be specifically estimated by glucose oxi
dase (Adkins and Banks, 1966).
Hence, measurement of the glucose after the degradation is
complete and can be used to give the chain length.
Experience with this type of enzymic assay suggests that it
gives much more reproducible results than periodate oxidation (Adkins,
et al., 1966).

However, its inherent disadvantage is possible inter

ference by the effect of a maltase impurity in beta-amylase.

Maltase

activity can be inhibited by glycerol (Lee and Whelen, 1966).
Isoamylase method (Gunja-Smith, 1971; Marshall, 1974).

Use of

this enzyme has provided what is the most convenient of any chain
length determination method yet described for branched polysaccharides.
One measures the reducing power of the totally debranched polysacchar
ide.

From the value obtained, and the concentration of total poly

saccharide, chain length is directly obtained by use of the following
equation:
_ total polysaccharide (as D-glucose measured by glucoamylase)
reducing groups liberated (as D-glucose) by isoamylase
The advantages of this method are its simplicity and speed,
the fact that only one enzyme (in addition to glucoamylase) is needed,
and that this enzyme is available commercially, free from contamina
tion.

The amount of polysaccharide required for an assay may be as

little as 200 yjg.

In this method unit chains are not depolymerized,

and therefore the distribution in length of the unit chain can be
examined by gel filtration.

MATERIALS AND METHODS

Roots
Roots of Cucurbita digitata and Apondanthera undulata were
collected in the desert environment near the University of Arizona.
These samples not only were collected from different locations but
they included a variety of sizes, lengths and diameters.

The age of

the plants from which samples were collected was unknown.

Moisture (Lyne, 1976)
Weigh accurately about 100 g of finely cut fresh roots into a
predried, cooled, and tared moisture dish (with cover).
(Stabil-Therm Blue M Electric Co.) overnight at 120°C.

Dry in oven
The dish with

sample is then removed, quickly covered, cooled in a desiccator, and
weighed.
Calculation:
•i moisture =

"eight loss, g
initial wet weight, g

x 1Q0

Preparation of Dry Roots
Weigh about 100 g of finely chopped roots into a dish.
philize the sample and powder in a Waring blender.
drying overnight, then grind the sample to-40 mesh.
moisture content, store for future use.
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Lyo-

Repeat freeze
After determining
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Polarimetric Determination of Starch (Dimler, 1964; Lyne, 1976)
Reagents:

A) calcium chloride solution (dissolve 550 g calcium

chloride dihydrate in 810 ml of deionized water and adjust the pH to
2.0 + 0.1 with glacial acetic acid).

B) Stannic chloride solution

(dissolve 4.0 g of stannic chloride pentahydrate in 100 ml of the cal
cium chloride solution).
Using a Soxhlet apparatus, samples are extracted with chloro
form and then 80% aqueous ethanol.

Accurately weigh about 0.5 g of

sample,, add 5 ml water, 30 ml of calcium chloride solution and 0.5 ml
octyl alchol.

Gently mix the contents, reflux for 30 minutes, and

cool to room temperature.

Quantitatively transfer the suspension into

a 50 ml volumetric flask which contains 2 ml of stanic chloride solu
tion.

Any foam is dispersed by a drop of 95% ethanol.

Before filter

ing the suspension, mix well and let stand for 5 minutes.

Discard the

first 10 ml and then collect the rest for polarimetric (Rudolph
Research, Inc.) determination.
A 2 dm polarimeter tube is filled with the sample and the
optical rotation is measured.

Repeat the measurement (if the solution

is hazy) by reducing pH by about 0.2 units.
polarimeter.

Otherwise use a 1 dm

The reading is corrected for the zero point of the polar

imeter and for the rotation of a blank determination.
7 starch,
/.
starch

MJish
„

(dm) ( ( a ) d ) (

)(

2)

a = observed angular rotation
dm = length of tube
(a)D = specific rotation of starch (203)
w = dry sample weight
The constant 2 is necessary, because the sample is dissolved in 50 ml
rather than 100 ml.
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Lipid Extraction (Schoch, 1964)
Dry a portion of sample in. vacuum oven overnight at 60^C.
Weigh accurately about 2.0 g of sample and quantitatively transfer to
extraction thimbles.

Add 30 ml of chloroform or 95% ethanol to the

Goldfisch beaker and attach beaker to condensing apparatus.

Start

cooling system and adjust temperature controls as required.

Extract

for at least 5 hours and cool.

Remove Goldfisch beaker, evaporate

solvent, place beaker in desiccator, cool, and weigh.
Calculation:
% crude lipid -

lipid weight

g

* 100

dry sample weight, g

Acid Detergent Fiber (van Soest, 1963)
Using 600 ml Berzelius beakers, weigh accurately 2.0 g of dry
sample (or equivalent weight of wet material).

Add 100 ml of hexa-

decyltrimethylammonium bromide solution and 2-6 ml of decahydronapthalene (antifoamant).

Place in vari-heating unit (Precision

Scientific Co.) with condenser.
boiling.

Reflux for 60 minutes from onset of

Filter the sample and wash twice with boiling water and once

with acetone.

Dry residue overnight in dry oven; cool in desiccator

and weigh.
Calculation:
„/
., ,
Residue weight, &
g
% acid detergent fiber = —5
=
f ,
°
dry sample weight, g

inn
x 100

Ash,(Smith, 1964a; Pomeranz and Meloan, 1978)
Weigh accurately about 5 g of sample into a dry, tared silica
dish.

Heat dish and contents carefully over an open flame until

sample is completely charred.

Then sample is heated in a muffle furn

ace (Wheelco, Model No. 293) at 525°C until the residue is free of
carbon.

After completion, the dish and ash are cooled in a desiccator

prior to weighing on an analytical balance.
Calculation:
%

ash.

ash "eight, g

x

sample weight, g

Crude Protein
In a tared sheet of cigarette paper, weigh about 300 mg of
dried sample.

Place the paper in a 300 ml Kjeldahl flask and add cata

lyst plus 5 ml of digestion solution (concentrated sulfuric acid plus
phosphoric acid), and digest sample until a clear solution is observed.
After cooling, transfer to a 25 ml volumetric flask and bring to vol
ume with deionized water.
In a 50 ml Erlenmeyer flask, place 10 ml of 2% boric acid solu
tion, add 3 drops of indicator (Modified methyl red), and attach to
apparatus with condenser tip immersed in liquid.

Deliver exactly 5 ml

of sample into the Kjeldahl apparatus, and add 10 ml of 40% NaOH.
Turn on heating element and when first drop of condensate falls into
the boric acid solution, continue distillation for 7 minutes.
the boric acid distillate mixture with 0.01 NHC1.

Titrate

Record the amount

of titrant used in ml to two decimal places.
Calculations:
(titrant used, ml)(conversion factor)(dilution)(100)
% crude protein =
dry sample weight, mg
conversion factor-(MC1)(0-°148

nltr°f">

<6' 25S protein)(lOOOmjt)(1000)

(1 meq weight) ( g nitrogen)
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Starch .
Starches were isolated from roots of Apondanthera undulata and
Cucurbita digitata.

All samples were assayed in duplicate or tripli

cate, and are dry or equivalent wet weight.
For greater detail concerning the procedures, refer to
referenced author.

Isolation (Badenhuizen, 1964)
Grind small pieces of carefully washed roots in Waring blender
containing water for about two minutes at high speed.
through 20, 60 and 150 mesh sieves.
settle overnight.

Pass slurry

Allow 150 mesh suspension to

Repeat the process qf washing and settling several

times until sample is free from fiber or bitter taste.
undulata requires more washing than

digitata.

Usually A.

Spread starch in

thin layers on serving trays; cover with fine mesh bolting cloth; air
dry for several days.

Break starch chunks to powder by passing through

a 60 mesh sieve.

Analytical Starch Preparation
In two liters of water, suspend about 500 g of starch.

Trans

fer the sample into several 250 ml centrifuge bottles and centrifuge at
1000 rpm for 10 minutes.

Repeat process as previously described.

Moisture; Lipid Extraction; Crude Protein; Acid Detergent Fiber; Ash:
these methods are identical to those described for roots.
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Phosphorus Determination (Allen (1940); Smith and Caruso, 1964;
Oser, 1965)
Reagents:

A) Molybdate solution.

Dissolve 25 g of reagent

grade ammonium molybdate using approximately 200 ml of deionized water
in a liter volumetric flask.

Add 500 ml of 10 N sulfuric acid and

dilute to mark with deionized water.

Mix well.

This solution is

stable for a long period.
B)

Concentrated phosphorus standard (1 mg/ml).

Dissolve

4.3929 g of dry monobasic potassium phosphate using 300 ml of deionized
water in a liter volumetric flask.

Add 200 ml of 7.5 N sulfuric acid

and several drops of 0.1 N potassium permanganate.
ionized water.

Mix well..

Procedure:

I.

Dilute with de

This solution is stable for a long period.

Acid digestion.

To an accurately weighed 2 g

sample, add 10 ml HNO^ and let it set overnight.

Heat sample at low

temperature under the hood for about one hour or until fumes subside.
Remove sample and pour 15 ml HCIO^ down the side of the flask, swirl
ing the solution.
too rapidly.

Replace flask on heat and be careful not to boil

If black specks occur in the liquid, immediately remove

flask from heat and add 1 to 3 ml of HNO^.

Continue digestion at low

heat through the appearance of heavy white fumes.
until liquid is clear and colorless.

Continue heating

Then transfer sample to a 50 ml

volumetric flask containing 10 ml deionized water, allow mixture to
equilibrate, then dilute to volume,
II.

Phosphorus determination.

Transfer 1 ml of diluted

sample into a 10 ml volumetric test tube.

Add 1 ml of molybdate

solution and 6 ml deionized water and 0.5 g of ferrous sulfate, dilute
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with deionized water and mix well.

Let the solution stand for 15 min

utes until blue color is developed.

Dilute 1 ml of concentrated phos

phorus standard to 100 ml with deionized water (10 yg/ml).

This is the

working standard.

Prepare duplicate standards at 0.5, 1.0, 1.5 and

2.0 yg/ml levels.

Blank contains 1 ml deionized water.

Follow

directions for developing blue color as previously noted.
and standard at 660 nm using the blank as the reference.

Read sample
Calculate

the K value:

K =

standard concentration, jjg/ml
,
,
,
:
7-7-T—• g
, or determine the slope by
Absorbance at 660 nm

the linear regression analysis.
Calculation:
„

_

(Absorbance at 660 nm)(K)(dilution)
(dry sample weight)(g)(104)

X

Iodine Binding Capacity (Bates, et al., 1943; Schoch, 1964b)
An Accumet pH meter is used with a platinum electrode and a
colomel reference electrode.
0.1°C.

The solution is maintained at 30.0°C +

An accurate calibration chart must first be prepared to relate

the ]EMF reading to the amount of free iodine in solution, under condi
tions identical with those employed in the starch titration.

The

calibration standard is placed in a 30°C constant temperature bath;
calomel and platinum electrodes are inserted; contents are stirred
mechanically at a gentle rate with a glass propeller.

Successive

small increments of diluted iodine solution are added by burst, and
the EMF is noted after each addition, to cover the range of 230-285 mv.
From the plotted curve of this titration a chart is prepared giving the
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milligrams of free iodine in solution corresponding to each millivolt
from 230 to 260 mv and to each half millivolt reading from 260 to
285 mv.
Before evaluation of iodine binding capacity, the sample must
be thoroughly defatted by Soxhlet extraction for 24 hours with 95%
ethanol.

The sample is then dried and passed through a 60 mesh screen.

An appropriate amount (40-50 mg of amylose, 200 mg of amylopectin or
100 mg of whole starch) is weighed to an accuracy of + 0.1 mg into a
clean, dry 250 ml beaker, previously tared to 0.1 g on a sensitive
torsion balance.

Approximately 1 ml of water is added to sample, then

5 ml of 10. N potassium hydroxide is added.

The mixture is placed in

a refrigerator for at least 30 minutes with occasional stirring.

It

is then neutralized with 0.5 N HC1 using methyl orange indicator; 10 ml
of 0.5 N potassium iodide is added.

Remove stirring bar and rinse

into the beaker with neutralized deionized water; add sufficient neu
tralized deionized water to give a total weight of 100.9 g over the
beaker tare weight.
Except for the presence of the starchy substance, the resulting
solution is identical with the calibration standard.
metrically titrated with iodine at 30°C.

It is potentio-

It is advisable to wait two

minutes after each addition of iodine before recording the value.

For

each point of the titration, the .free iodine in solution is calculated
from the corresponding EMF of the calibration chart, and this amount is
deducted from the total amount of iodine added at that point to give
the bound iodine.

Free iodine is then plotted against bound iodine.
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The upper linear portion of this curve is extrapolated back to intersect
the y-axis, and from this amount of bound iodine is calculated the
iodine affinity of the sample.
„ .
.
% iodine affinity =

(mg bound at y-intercept)(100)
7. . —z
;
:—N
mg of sample weight (on dry basis)

Colorimetric Determination (Blue Value) of Amylose Content (Williams,
et al., 1970)
Reagents:

A) About 20 g of potassium iodide is weighed into a

100 ml volumetric flask.

Add 2.0 g of resublimed iodine and dilute to

the mark with deionized water.
B) Iodine reagent.

Pipet 10 ml of starch-iodine solution into

100 ml volumetric flask and dilute to mark with deionized water.
Procedure:

Accurately weigh increments of amylose from 2 to

12 mg into 50 ml beakers, with appropriate amount of amylopectin to
maintain the mixture at the 20% level.

Accurately weigh 20 mg into

beaker and add exactly 10 ml of 0.5 N K0H solution.

The dispersed

sample is transferred to 100 ml volumetric flask and diluted to the
mark.

A 10 ml aliquot of starch solution is transferred to a 50 ml

volumetric flask and 5 ml of 0.1 N HC1 and 0.5 ml of iodine reagent is
added.

Dilute the flask and mix well.

color is measured at 625 nm.

Let stand for 5 minutes.

Blue

The slope, K,: of the calibration curve is

found by performing the linear regression on absorbance at 625 nm vs.
amylose content.
Calculation:
.
(Absorbance at 625 nm)(K)
A amylose =
dry weight of starch

,
x 100
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Alkali Number (Schoch, 1964c)
Weigh 500 mg of sample into a 250 ml Pyrex centrifuge bottle.
Add 10 ml of distilled water and 25 ml of NaOH and finally 65 ml of
boiling deionized water.

Mix well, stopper the bottle, place in boil

ing water bath and digest exactly 60 minutes.
in ice and water bath.

Remove bottle and place

Add 60 ml of refrigerated water, transfer to

400 ml beaker and place it on a magnetic stirrer and insert a glass
electrode.

Back-titrate with pH meter to pH 8.0 with sulfuric acid.

Blank consists of 25 ml of NaOH solution in 100 ml of distilled water
which is back-titrated to pH 8.0.

Calculate the alkali number as the

ml of 0.1 N alkali consumed per gram of dry starch.
•

Calculation:
.
,
(blank titer- sample
titer)(acid normality)(10)
Alkali number -r-^
. ,.
dry sample weight, g

Acidity (Lyne, 1976)
Dissolve about 10 g of starch in 100 ml of deionized water.
After 30 minutes, stir and record the pH (Corning 130).

Inherent Viscosity (Meyer and Smith, 1964; Radley, 1976)
Add 100 ml of 1.0 N NaOH to accurately weighed 0.5 g of sample.
After sample is completely dispersed, filter solution through a glass
funnel.

Three determinations are made using a viscometer (Cannon-

Fenske capillary viscometer, size 100, at 25°C) which is thoroughly
clean and dry.

The efflux time of the starch solution divided by the.

efflux time for 1.0 N NaOH is the relative viscosity (v).

80

Calculation:
/•/ \
2 . 3 0 3 l o Bg v
Inherent viscosity
= -z
r—rr— —^
J (dl/g)
'
dry weight sample, g

Water Binding Capacity (Medcalf and Gillies, 1965; Wooton and
Bammunuarachchi, 1978
Into a 100 ml tared centrifuge tube, add 75 ml deionized water
and 5 g of sample.

The tube is stoppered and agitated on a shaker at

room temperature for one hour and then centrifuged 10 minutes at 10003000 rpm.

Decant the water and weigh the tube.

Calculation:
,.
.
Water binding capacity =

bound water, g
g
. .• —
dry sample weight, g

x .100

X-ray Diffraction Pattern (Nuffield, 1966; Zobel, 1964)
Moistened sample is packed into a capillary (100 micron)
holder.

Mount on powder camera, load the film (Kodak) and carefully

place on x-ray instrument (Philips Electric) with CuK^ radiation
(A = 1.54051

X).

Expose film oyernigh.t and develop film in dark room.

Measure the Bragg reflection angle 20 and convert to interplanar
spacing, d, by Bragg equation:

nX = 2d sin0.

Swelling Power and Solubility (Schoch, 1964a)
Determine starch moisture content.

An appropriate amount

(sedimented paste volume not greater than 100 ml; approximately 1.5 g)
of starch is accurately weighed into a tared 250 ml centrifuge bottle.
After addition of 180 g of deionized water, adjust pH to 6 using either
0.1 N KOH or HC1.

While stirring, place the sample in 85°C oil bath
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for 30 minutes, remove the bottle and allow to cool.

Bring the total

of water to 200 g and centrifuge for 15 minutes at 2000-3000 rpm.
Decant the clear supernatant to within 0.5 cm from the surface of sedimented paste.

Duplicate 50 ml aliquots are transferred to tared 10 ml

evaporating dishes.

Dry dish for 4 hours in oven.

Carefully decand

remaining 0.5 cm of supernatant from bottle and discard.

The bottle

is weighed to determine weight of swollen starch granules.

Starch

samples are assayed in duplicate.
Calculation:
(weight of soluble starch)(400)
w „ ,
%
Solubles =
®
;—:
dry weight of starch

11 .

_
(weight of sedimented paste)(400)
^(cor^ected^ (dry weight of starch)(100 - % solubles, dry basis)

Sag Test (Tinsley, 1979)
Accurately prepare a 6% starch solution with deionized water.
Cook over direct heat, until the paste temperature is 95°C.

Remove

from heat immediately when temperature reaches 95°C and note the
clarity.

Pour into two custard cups.

Allow to cool at room tempera

ture for 20 minutes, then in the refrigerator for 30 minutes (or
longer).

Note the clarity of the gel.

Determine the sag of the gels

by inserting a clean skewer through the center of each gel in the
custard cups and measuring the depth of penetration in centimeters.
Take the average depth of samples.

Loosen the gel from the cup with

a spatula and turn out on a plate.

Immediately insert a clean skewer

through the gel at the highest point and measure the depth of

82

penetration as before.
Calculation:
% Sag -

readlnS

°

1; reading 2
reading 1

x 10Q

Microscopic Techniques
Light Microscopy (Wolf, et al. , 1948; MacMasters, 1964'; Wivinis and
Maynald, 1966)
Prepare 0.5% suspension of sample.

Transfer" a drop of »

microscopic slide and cover with a cover slip.

Adjust slide on micro

scope (trinocular light, with objectives lOx, 43x, 97x, Baush and
Lomb) until desired field is found with the lOx objective.

Develop

the film (Polaroid, Type 55 P/N) after allowing 20-25 seconds.

Mea

sure diameter in millimeters at the widest point of at least 100
granules.
Calculation:
Microns =

millimeters
in3
r~r.
x 10
magnification

Determine mean, range and distribution of granule size.

Scanning Electron Microscopy (Evers, et al., 1971; Dronzek, 1972;
Gallant, 1976)
Starch granules were allowed to fall on clear double back
scotch tape attached to the specimen stubs.

The excess starch parti

cles and clumps were removed and the granules were first coated with
o
a layer of carbon by vacuum evaporation and then 200 A of gold. The
coated specimens were viewed in a SEMQ (Applied Research Lab, Division
of Baush and Lomb) and photographed on a Polaroid film Type 55, 107 or
665.
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Birefringence Pattern
Prepare a 0.5% suspension of sample.
microscope slide and cover with a cover slip.
a setting of 9 on the light meter.
filter to microscope.

Transfer a drop to a
Adjust light source to

Fit 17 mm diameter polarizing

Switch microscope from visual to camera.

Ex

pose for H or 1 second and develop film (Kodak Technical Pan).

Gelatinization Temperature Range (MacMasters, 1964; Watson, 1964)
Prepare 0.5% suspension of starch in deionized water at room
temperature in an Erlenmeyer flask.

In one side of a two hole rubber

stopper, fit a thermometer and in the other side add a dropping pipet.
Samples are removed at 50®C and 55°C until complete birefringence loss.
The first indication of gelatinization is recorded as the lower limit.
The temperature at which gelatinization is complete for all granules
is recorded as the upper limit of the gelatinization range.

Fractionation (Lansk, et al., 1949; Schoch, 1957; Killion and Foster,
1960; Muetgeert, 1961; Leach and Schoch, 1962; French, et al., 1963;
Geddes, 1964
Prepare a liter of 90% dimethyl sulfoxide (DMSO) solution with
deionized water.

Stir the solution and gradually add 10 g of starch

(1% suspension).

Stir this solution for 30 hours.

Dropwise add this

solution to 4 liters of 95% acetone, while stirring mechanically, and
let starch precipitate overnight.

Decant the acetone, wash again

several times, and allow starch to dry overnight.
Assemble fractionation apparatus, heat 900 ml of deionized
water to boiling and add dried starch while stirring.

Allow starch

to completely dissolve and gently reflux for 20 minutes.
2.2 ml of n-amyl alcohol per 100 ml of suspension.
3 hours, turn off heat and allow to cool overnight.
solution at 8000 rpm for 25 minutes.

Add dropwise

Gently reflux for
Centrifuge the

Collect supernatant in large

Erlenmeyer flask (residue is crude amylose) and add 1 g NaCl per liter
of supernatant.

Transfer to Nalgene beaker and add equal volume of

acetone (stir while adding).

Allow to stand for one hour and scoop

residue into beaker containing 100% ethanol.

Allow to stand overnight,

then grind residue with mortar and pestle, transfer to a beaker and
cover with butanol.

Let stand overnight.

Filter and dry amylopectin

for 6 hours in vacuum oven at 60^C.
For crude amylose use same apparatus assembled for starch
fractionation.

Heat 300 ml deionized water per 10 g of residue in a

boiling flask until hot but not boiling.
and reflux for 15 minutes.
dropwise.

While stirring, add residue

Add amyl-alcohol (3.8 ml/100 ml) solution

Reflux for three hours, then gradually decrease the heat

within a two hour period.
cover with 100% ethanol.
let stand overnight.

Centrifuge, transfer residue to beaker and
Stir for one hour at room temperature, and

Filter residue-ethanol mixture and add residue

to stirring butanol for one-half hour.

Filter again and dry amylose

for six hours in vacuum oven at 60°C.

Rheology (Cooley, et al., 1954; Masur, 1957; Smith, 1965b; Osman,
1966; Druger, 1976; Anonymous, 1977)
To a 600 ml beaker add a known amount of starch and bring the
volume to 450 ml with distilled water.

Adjust the suspension to the

desired pH using either 0.5 N KOH or 0.5 N HC1 (Table 5).
other substance that is required.

Add any

Place the beaker in oil bath and

stir the starch suspension with a magnetic stirrer.

Lower the visco

meter (Brookfield RVT) guard bar into the beaker and connect the
thermometer couple from temperature potentiometer (Leeds and Northrups
Co.) with careful prevention of trapping air bubbles, lower desired
spindle into the solution and attach to the viscometer.

To reduce

evaporation place plexiglass cover on top of the beaker.

Zero the

potentiometer, test the battery and choose the appropriate viscometer
speed.

Adjust the temperature controller to about 100°C so it can

monitor the heat of oil bath.

Turn on the viscometer and potentio

meter and take readings every two minutes of oil bath temperature,
starch temperature and viscosity.

Temperature ranges through which

readings are recorded is:
room temperature to 90°C
hold at 90°C
90°C to 50°C
hold at 50°C

about 25 minutes
one hour
about 25 minutes
one hour

To cool the oil bath and bring the temperature from 90°C to
50°C, circulate water through the cooling coil and adjust set point
to 50°C.

At the end of the experiment carefully remove the beaker

from oil bath, let stand at room temperature, and determine evapor*ation loss.

TABLE 5

Rheology Summary

Starch Source
A. undulata
Raw

% Suspension
2%
4%
5%
5%
5%
5%
5%
5%
5% + 1% NaCl
5% + 25% Sucrose
5% + 20% Sucrose
5% + 2% Corn oil
5% + 12% Corn oil

4%

A. undulata
Autoclaved
C. digitata
Raw

5%
5% +
5% +
5% +
C. digitata
Autoclaved

2%
4%
5%
5%
5%
5%
5%
5%
+ 1% NaCl
25% Sucrose
2% Corn oil
12% Corn oil

4%

pH
5.5
5.5
5.5
2
4
7 tapwater
9
12
5.5
5.5
5.5
5.5
5.5
5.5

5.5
5.5
5.5
2
4
7 tapwater
9
12
5.5
5.5
5.5
5.5

5.5

Spindle nun
3:20
3:20
3:20
4:10
4:10
4:10
4:10
4:10
4:10
4:10
4:10
4:10
4:10

rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm

3:20 rpm

3:20
3:20
3:20
4:10
4:10
4:20
4:10
4:10
4:10
4:10
4:10
4:10

rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm
rpm

3:20 rpm

Starch Digestibility (Booher and Behan, 1959; Yoshida, 1955; Wolf,
1977; Rao and Rao, 1978)
Starches to be studied include A^_ undulata, C. digitata and
potato starch, which can be obtained commercially (Sigma Chemical Co.).
Each starch is fed either in raw form or in heat-treated form (121°C
and 15 psi for one hour).
All raw starches are analyzed for moisture, nitrogen, lipid,
ash, phosphorus, amylose, iodine binding capacity, granule diameter,
gelatinization, paste viscosity; x-ray patterns are determined on both
raw and autoclaved starches.
Mice (Charles River CD-I) weighing eight to ten grams are
used.

Each dietary treatment has a total of two mice, housed one male

and one female per cage.

Mice are fed ad libitum for 17 days with

isonitrogenous (approximately 7% protein), isocaloric and nutritionally
balanced diets (Table 6).
The experiment consists of seven dietary treatments which use
a protein source composed of whole egg with DL-methionine.

The major

energy source in the various diets is furnished by different starch
sources either raw or autoclaved.

The control carbohydrate source is

a partially hydrolyzed starch (Cerelose).
weekly and mice are weighed once a week.

Feed is weighed twice
Feed and feces samples ai*e

collected, oven dried, and analyzed for starch content and for pro
tein by Kjeldahl method.

Feed and feces samples are also analyzed

for chromic oxide (Reid, 1976; Schoch, 1950; Gilles, 1959) using two
grams feed and one gram feces.
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TABLE 6

Composition of Starch Diets

Ingredients

aU.S.

%

Starch

61.1

Whole egg

15.97

Bentonite

12.03

AIN Mineral mixa

3.50

Corn oil

3

Cellulose

3

DL-Methionine

0.05

a
AIN Vitamin mix

J-

cr203

0.20

Choline chloride

0.20

Biochemical Company

n
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Calculation:
,„„„
„ % chromic oxide in feed
/0 Digestibility = (100-100) —r
:
rr.—:—^
°
/ chromic oxide in feces

x

% starch or protein in feces
% starch or protein in feed
Total weight gain, feed consumption per day, feed efficiency,
PER (protein efficiency ratio):
/
.
NPR (net protein ratio:

weight gain, g
, and
protein intake, g

weight
gain, g + weight loss, Sl
g
5
5
*r-f—;
—
protein intake, g

are calculated for each dietary treatment.

An analysis of variance is

performed utilizing a 2x4 factorial design according to Steel and
Torrie (1960) for each parameter measured.

Standard errors of means

are calculated separately for each diet group (process effects either
raw or autoclaved) and means within diet groups are compared as out
lined by the Duncan's New Multiple range test.

Starch Components

Limiting Viscosity Number (Schoch, 1957; Leach, 1963; Greenwood, 1964)
I.

Amylose.

(oxygen-free).

Prepare a 1.0% solution of amylose in 1.0 N K0H

Prepare dilutions of four concentrations (0.1 to 1.0%),

using 1.0 N KOH.

This procedure should be completed within a few

hours to prevent degradation.

Aliquots of 10 ml are added to visco

meter (Cannon-Fenske Capillary Viscometer, Size 100, at 30^).
fluid above second line on capillary tube.

Pump

Flow time is determined

by measuring the time required (seconds + 0.1 second) for the solution
to flow from one line to the other line on the capillary tube.

Flow
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time is also determined for 1.0 N potassium hydroxide and specific
viscosity at each concentration is calculated as:
flow time of solution - flow time of 1.0 N potassium hydroxide
flow time of 1.0 N potassium hydroxide
A function, specific viscosity divided by percent concentra
tion, is plotted against the percent concentration.

The curve is

extrapolated to zero concentration, and the y-intercept is the limit
ing viscosity number.

Limiting viscosity number is usually expressed

in concentration units of ml/g.
II.

Amylopectin.

The same procedure as above, except prepare

dilutions between 0.05 and 0.5% using 1.0 N KOH (oxygen free).

Phosphorus
Same method which was used for starch.

Glucose Oxidase (Fleming and Pegler, 1968; Lloyd and Whelan, 1969;
Southgate, 1976)
Reagents:

A) Tris-phosphate glycerol buffer.

Dissolve 36.3 g

of Tris (Trizma Base No. T-1503, Sigma Chemical Co.) and 50 g of monogasic sodium phosphate (Nal^PO^.1^0) in 100 ml of deionized water.
Add 400 ml glycerol and deionized water to 1000 ml.

Adjust to pH 7 by

addition of solid NaH_P0..Ho0.
2 4 2
B) Glucose oxidase reagent.

In 100 ml of Tris-phosphate-

glycerol buffer, dissolve 10 mg of o-dianisidine dihydrochloride
(Sigma Chemical Co., No. D-3252, Lot 59C-5041).
needed.

Slow heating is

Then dissolve 30 mg of glucose oxidase (Sigma Chemical Co.,

No. G-6125, Lot 59C-9650) and 5 mg horseradish peroxidase (Worthington
No. LS0006498).
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C) Glucose standards.
deionized water to 1 mg/ml.

Dissolve dry D-glucose (anhydrous) in

Make a series of at least six dilutions

from 5 ug/ml to 100 tig/ml.
Procedure (in duplicate).
add 2 ml glucose oxidase reagent.

To 1 ml of glucose standard solution
Mix well and for 30 minutes incu

bate at 37°C in a shaker water bath.

Add 4 ml of 5 N HC1, shake and

read at 524 nm (Gilford spectrophotometer).

Calculate the K-value or

slope from the linear regression analysis.

Reducing Value—3,5-Dinitrosalicylic Acid Method (Bruner, 1964;
Anonymous, 1978).
Reagents:

A) Dinitrosalicylic acid color reagent.

Dissolve

1.0 g of 3,5-dinitrosalicylic acid in 20 ml of 2 N sodium hydroxide.
Add slowly 30 ml tartrate buffer (Sigma Chemical Co. No. 945-7).
deionized water, bring the final volume to 100 ml.

With

Keep no longer

than two weeks and protect from CO^.
B) Maltose standards.
deionized water to 100 mg/ml.

Dissolve dry maltose hydrate in
Then make a series of at least six

dilutions from 1 mg/ml to 15 mg/ml.
Procedure (in duplicate).
of maltose standard.
5 minutes.

Add 1 ml of color reagent to 1 ml

Incubate all tubes in a boiling water bath for

Cool in an ice-water bath.

Add 10 ml deionized water.

Shake and read at 540 nm (Gilford spectrophotometer) versus a blank.
Calculate the K-value or slope from the linear regression analysis.

High Pressure Liquid Chromatographic Method (McGinnis and Fang, 1980;
Brando, 1980; Conradand Palmer, 1976)
Reagents:

A) acetonitrile/water (76/24) solution
B) maltose and glucose standards

Prepare solutions of dry D-glucose anhydrous and dry maltose hydrate in
deionized water (100 mg/ml).

Make a series of at least six dilutions

from 1 mg/ml to 15 mg/ml.
Procedure (in duplicate).

A 20 yl standard is injected into

the HPLC (Waters Associates, Model Alc/GPC 201) after filtering.

The

solvent is acetonitrile/water (76/24); flow rate is 2 ml/min; detector
is refractive index; attenuation is 8x; recorder at 0.2 in/min;
column is a Micro-Bondapack/carbohydrate column (Waters Associates).
Calculate the peak areas of standards and K-value or slope from the
linear regression analysis.

Beta-Amylblysis (Lee and Whelan, 1966; Banks and Greenwood, 1967;
Marshall and Whelan, 1970; Hood and Mercier, 1978; P. Colonna, 1981)
Reagents:

A) 0.025 M acetate buffer, pH 4.8
B) 0.025 M acetate/glycerol buffer (50/50), pH 4.8
C)

Acetonitrile/water (76/24)

D) DMSO (dimethyl sulfoxide)
Procedure (in duplicate):

I.

Purity of beta-amylase.

weigh two sets of 50 mg maltose trials.

Accurately

One set is dissolved in 5 ml

of 0.025 M acetate buffer; the other is dissolved in 5 ml of 0.025 M
acetate/glycerol buffer.

To each set add 4000 units of beta-amylase

(Sigma Chemical Co., sweet potato Type 1-B, Lot 109C-8100) and cover
with toluene.

Incubate samples for 48 hours at 37°C.

Analyze for
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glucose by the HPLC method.
II.

Determination of maltose equivalents.

To 50 mg samples

of amylose or amylopectin add 1 ml of DMSO and incubate in a shaking
water bath to 37°C overnight.
incubate for one hour.

Add 4 ml of acetate/glycerol buffer and

Add 4000 units of beta-amylase, cover with a

layer of toluene and incubate (shaking) at 37°C for 48 hours.

Transfer

samples into clean test tubes with caps and heat in boiling water for
30 minutes.

Centrifuge test tubes at 2000-3000 rpm for 20 minutes and

decant supernatant into another clean test tube.

After mixing well

determine maltose equivalents by HPLC or the reducing value method
using 3,5-dinitrosalicylic acid.
III.

Determination of glucose equivalents.

Identical with the

procedure for maltose equivalents except for the addition of 4 ml of
acetate buffer (instead of acetate/glycerol buffer) and 35 units of
glucose amylase enzyme (Sigma Chemical Co., No. A3514, Lot 109Cr0346).
After centrifugation and decanting supernatant, glucose equivalents
are measured by either HPLC or glucose oxidase method.
Calculation:
,
maltose equivalents
4 beta-amylolysis = glucose equivalents

,

X 100

Periodate Oxidation (Potter and Hassid, 1948; Anderson, et al., 1955;
Shasha and Whistler, 1964; Hat, et al., 1965) Reagents:

A) DMSO
B) 0.15 M sodium periodate (NalO^)
C) Methyl red indicator (0.5 g/100 ml ethanol)
D) 0.01 N sodium hydroxide (NaOH).
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This should be standardized with potassium acid phthalate and phenolphthalein indicator.
E) Ethylene glycol
Procedure (in duplicate).

To 125 ml Erlenmeyer flasks weigh

accurately about 0,3 to 0.5 g of amylose on dry weight basis (or
equivalent wet weight).

Add 10 ml of DMSO and stir overnight.

Add

20 ml of cool NalO^ solution while stirring, then store the samples in
the dark at 4°C for about 48 hours.
well.

Add 1 ml ethylene glycol and mix

Allow the samples to remain in the dark at room temperature for

one hour.

Titrate the samples with the standardized NaOH using indi

cator (nitrogen gas and stirring are also applied).

Average unit

chain length is given by:
(

c =

dry weight of^sanple

)
(1Q3 mllllmole/molej
(3)

(ml of standardized NaOH)(NaOH normality)

Enzymatic Chain Length Determination of Amylopectin (Lee and Whelan,
1966; Banks and Greenwood, 1970; Lee, et al., 1970; Hood and Mercier,
1978)
Reagents:

A) DMSO
B) 0.05 M acetate buffer, pH 4.8
C) 0.05 M acetate/glycerol buffer (50/50, pH 4.8
D) Toluene

Into a 10 ml Erlenmeyer flask add approximately 15 mg of
amylopectin and 1.5 ml of DMSO.

Allow to shake well overnight at 37°C.

From this sample take two 0.5 ml aliquots and add to separate 10 ml
flasks (label flasks A, B, C).

Add 4.5 ml of acetate/glycerol buffer
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to flasks A and B; to the C flask add 4.5 ml of acetate buffer.
samples to shake one hour at 37°C in water bath.

Allow

Add eight units of

pullulanase (Sigma Chemical Co., A. aerogenes, No. P-2138, Lot 88C0470-1), to flasks A and B.

To flask C add 35 units of glucoamylase.

To, all flasks, A, B, and C, add a layer of toluene and incubate at 37°C
for 48 hours.

Transfer samples to test tubes with caps and heat in

boiling water for 30 minutes.

Centrifuge samples at 2000-3000 rpm and

decant supernatant into clean test tubes.

From flasks A and B pipet

1 ml aliquots into test tubes (duplicate) for determination of glucose
by glucose oxidase method.

Dilute sample C 1:10; pipet duplicate 1 ml

aliquots into test tubes for glucose determination.

Use sample B as

blank for sample A and acetate buffer as a blank for sample C.
Calculations:
CL = average unit chain length =
glucose equivalents (glucose formed by glucoamylase)
(2)(glucose liberated by beta-amylase and pullulanase)
OCL = average outer chain length =
(average unit chain length)(% beta-amylolysis + 2)
ICL = average inner chain length =
average unit chain length - OCL - 1

RESULTS AND DISCUSSION

Roots
The roots of the wild perennial xerophytic plants, Apodanthera
undulata and Cucurbita digitata have been studied.

The moisture, pro

tein, lipid, ash, fiber and starch content are given in Table 7.

Based

on freshly harvested gourds, they were comparable to Solanum tuberosum
(potato), Manihot utilissima (tapioca) and Impomoea batatas (sweet
potato).
High lipid content in A_^ undulata was observed, but C^_ digitata
was comparable to tapioca.

Both subject roots contain more protein

than other standard roots.

A_^ undulata contains more fiber than C.

digitata and other standard roots except tapioca.
parable to other standard roots.

Ash content was com

Values for standard roots are given

in Table 8.

Starches
The composition of subject starches is shown in Table 9.
Moisture content of A^ undulata and ^ digitata starches was comparable
to standard starches.

A^ undulata starch showed consistently higher

lipid content than potato.

CL_ digitata starch lipid content was simi

lar to corn starch.
No detectable protein or fiber was observed.

However, Berry,

et al., (1978) reported 0.24% protein for A. undulata and 0.45% pro
tein for

digitata.

This possibly indicates that the absorbed
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TABLE 7

Root Composition
(dry weight basis)

Moisture

Starch

Lipid

Protein

Fiber

Ash

A. undulata

67.8

63.8

3.95

11.4

7.3

2.6

C. digitata

76.3

61.3

1.7

17.6

5.32

2.6

(fresh weight basis)
A. undulata

67.8

20.49

1.27

3.67

2.35

0.84

C. digitata

76.3

14.53

0.40

4.17

1.26

0.62

VO
^1

TABLE 8

Composition of Standard Roots3
(dry weight basis)

Moisture

Starch

Protein

Lipid

Fiber

Ash

%
Sweet potato

56-71

9.8-29

0.2-0.7

0.95-2.4

0.6-4.5

0.88-1.38

Tapioca

60-75

12.0-33

0.2-0.6

0.70-2.6

3.8-7.3

2.80-4.00

Potato

75-78

0.2

1.10-2.3

0.3-0.6

0.80-1.20

19

Brautlecht. 1953: Bemis. 1975: Birch. 1973

TABLE 9

Composition of Starches
(dry weight basis)

Moisture

Lipid

Protein

Fiber

Ash

- %

0.17

A. undulata

11.47

2.17

C. digitata

10.91

0.80

a

Potato^

12.88

0.15

0.42

0.23

0.34

9.12

0.67

0.05

0.39

0.07

10.13

0.99

0.18

0.42

0.10

Cornb
rp .
b
Tapioca

a:

0.17

None detectable

Lyne, 1976; Dreher, 1979

vo
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protein and fiber can be removed by repeated water washing.
The values for iodine affinity for whole starches are presented
in Table 10 and were determined potentiometrically after removal of ad
sorbed fatty acids.

A^_ undulata showed a higher value than

digitata,

potato and corn starches, but lower than the Shoti tuber starch (7.0)
from Pakistan (Schoch, 1963).

This high affinity of A. undulata starch

is consistent with high amylosfe content of the plant.
Native starches contain variable amounts of phosphorus.

In

cereal starches most, but not all, are bound loosely to the poly
saccharide.

On the other hand, phosphorus in tubers such as potato,

Shoti (0.18%) and buffalo gourd may be found to be esterfied with some
of the glucose units (Ohta, 1967).

A. undulata and

digitata showed

intermediate values between cereal and potato starches.

Most of the

phosphorus was concentrated in the amylopectin fraction.
Results from several analyses indicated that A^ undulata starch
had higher amylose content (blue value and calculated) than potato or
buffalo gourd but a much lower content than Shoti tuber starch (35-40%).
Water binding is attributed to association of water with starch
polymers.

Several factors affect the phenomenon including morphology

and maturity of the plant, and atmospheric pressure.

Buffalo gourd

starch showed a high value compared to corn and potato.

However, A.

undulata and particularly C^_ digitata did not show the high value for
water binding capacity which had been previously postulated for
starches of xerophytic plants.

TABLE 10

Properties of Starches
(dry weight basis)

Phosphorus

Iodine
Binding
Capacity

Amylose Content
Blue
Calculated
Value
Value

Alkali
Number

pH

Inherent
Viscosity
(dl/g)

Water
Binding
Capacity

Granule
Diameter
Range
(um)

o/
Zo

A. undulata

0.031

5.04

25.3

26.0

7.36

7.21

2.40

99.1

9.73-25.70

C. digitata

0.027

4.60

22.7

23.1

4.95

7.10

2.48

100.9

4.87-24.82

Potato^

0.071

4.61

22-23

6.3

7.46

2.8

93

35-40

Corn'3

0.017

4.02

24-26

11.0

4.9

1.8

97

10-30

Buffalo Gourd*5

0.020

4.22

21-24

5.6

5.6

3.0

110

7.30-22

m .
b
Tapioca

0.010

4.43

19-20

6.0

5.3

2.5

92

5-35

a„
,
Iodine binding capacity of starch
% amylose =
20 0

X

k(Gracza, 1965; Lyne, 1976; Brautlecht, 1953; Dreher, 1979; Spalding, 1979)
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Measurement of the number of terminal aldehyde groups in
starches of A^_ undulata and C^_ digitata gave values in the range of
7.36-10.4 and 3.22-4.40, respectively, which indicated similarity to
potato and tapioca.
Values of pH for starches show variation due to the source and
also maturity.
matures.

There is generally a decrease in pH as the plant

A;_ undulata and C^_ digitata showed similar values to sweet

potato (6.8), white potato and higher values than corn.
The average granule size can differ considerably with plant
species.

The average diameter of potato starch granule is 35-40 pm.

There can, however, be considerable variation in size and shape of the
granule within the plant species.

The granule diameters of A^ undulata

and C^_ digitata resemble tapioca.

Figure 6.

In contrast to tuber starches like potato and tapioca which at
6% suspension showed sag test values of 44% and 62%, respectively,
A. undulata and CL_ digitata showed much lower values of 15% and 13%
which are similar to corn starch with a value of 10%.

In this respect,

the gelatinization temperatures show that both starches have the same
orderly arrangement as corn starch.

Table 11.

In order to understand the nature of associative bonding forces
within the granule, the properties such as swelling and solubility of
A. undulata and

digitata were investigated.

Highly associated

starch with strongly bonded micellar structure appears to be relatively
resistant to swelling.

Swelling power for A. undulata and C_._ digitata

starches were intermediate between corn (9.23) and tapioca (42.4)

AP- U

C. DIG

range 9.7-25.7
average 16.8

range 4.8-24.8
average13.2

4o

a

c

a>
o

•

•

24 27

Granule Diameter

r
~r~1

3

6

9

1!

(MICRON)
o

Fig. 6.

Granule Diameter Distribution for Apodanthera undulata and
Cucurbita digitata Starches.

w

TABLE 11

Gelatlnization and Gel Properties of Starches
Swelling
power
pH6

Solubility
85°C

Gelatlnization
Temp Range

Suspension
Sag%
Clarity

A. undulata

20.8

17.9

63-67

15

opaque

C. digitata

20.9

8.2

65-68

13

opaque

28.9

56-66

44

9.8

17.6

62-72

Buffalo Gourd^

26.5

15.6

59.5-68.5

29

b
Tapioca

42.4

31.2

58.5-70.0

62

Potato*3
Corn^

119

9.4

1.5 g sample
(Spalding, 1979; Dreher, 1979)

O
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starches.

Potato starch (120) and the unfamiliar starch of Shoti were

higher than tapioca (possibly because of high ionic charges).
Solubility of C^_ digitata was the same as finger millet
starches (6%), and A. undulata was similar to corn starch.

This sug

gests that digitata starch may have stronger bonding forces.

Table 11.

Rheology
Many rheologically interesting materials consist of a mixture
of solid and liquid phases as is the case with starch-water system
known as pastes (Radley, 1976).

The most frequently determined Theo

logical property of starch pastes is viscosity.

The viscosity of a

paste changes continuously with heating and stirring.

When starch

gelatinizes, the viscosity begins to increase with swelling of granules
and continues until a maximum is reached; it then decreases in a
manner dependent on the variety of starch.

This type of rheological

behavior is not only influenced by the arrangement of molecules in the
granule and amylose and amylopectin ratio, but also by the average
molecular weight, distribution of amylose and amylopectin, the length
of the outer chains of amylopectin, and the non-starch compounds of
the granule, particularly fat and protein (Spalding, 1979).
The 4% paste viscosity of A^_ undulata, C. digitata, potato and
corn are compared in Figures 7 and Table 12.
hybrid 185 is also compared to A;_ undulata and

Buffalo gourd starch
digitata in Figure 8.

The most important features of these curves are as follows:
1.

The temperatures of initial pasting for

undulata and C.

digitata show very close similarity to corn but are higher than those

Temp e rature(°C)
25

90

90

50

50

•—.Potato
.—. AP-u
Dig

20

frCorn

</>
09
</>

</>

o
to

0

120

60

Time Lapse
Fig. 7.

18 0

(Minutes)

Paste Viscosity Curves for Apodanthera undulata and Cucurbita digitata and Standard
Starches (4% Suspension; pH 5.5; Spindle #3:20 rpm)
M
O
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TABLE 12

Paste Viscosities of Starches at 4% Suspension, pH 5.5, Spindle #3:20 rpm

Starch Source

Pasting temp
(°C)

Pasting
Peak 90°C

Viscosity at
90^C after 1 hr

Pasting
Peak 50°C

Viscosity at
50°C after 1 hr

poises
A. undulata

84

13

Cl digitata

82

15.5

Potato

55

31

Corn

82

4

13.5

12

19

19

7

5

5

4

11

10

9
15.5 .

Temperature (°C)
25

90

90

50

50

AP-u
20

Dig

0

120

60

180

Time Lapse (Minutes)
Fig. 8.

Comparison of Paste Viscosity Curves of Cucurbita foetidissima and Apodanthera
undulata and Cucurbita digitata Starches (4£ Suspension; pH 5.5; Spindle #3:20 rpro).
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of potato and buffalo gourd starches.
2.

The peak viscosities of all gourd starches are very similar

and intermediate between corn and potato swelling character.
3.

There is no breakdown of paste viscosity in C^_ digitata

starch during cooking and only a slight decrease in A^ undulata starch.
C. digitata showed similar characteristic behavior to corn.
cates that

This indi

digitata starch is very stable with little change in the

paste viscosity after cooking for one hour at 90°C.
4.

Paste viscosity changes during the cooling period; A.

undulata, C. digitata and corn increase, but there is no change in
buffalo gourd (Dreher, 1979) and potato.
5.

A high degree of stability in final paste viscosity is

shown for all starches.
The paste viscosities of A^_ undulata and

digitata at

different starch concentrations were examined (Figures 9 and 10 and
Table 13).

At 2% buffalo gourd, corn and A^ undulata behaved similarly

and paste viscosity was negligible.

digitata showed a higher

pasting peak at 90°C and was very stable during cooling.

For both

starches the paste viscosity was greater as concentration increased,
with C^_ digitata having the slightly higher value.
The properties of food products associated with starch are
•influenced to varying degrees by the ingredients present.

A complete

comparison of the effects of different ingredients at various con
centrations on viscosity of starch pastes in systems is essential to a
better understanding of starch-associated foods.

Because study of

Temperature
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90

25

(°c)
50

50

%5
•<>•

-fr%4

•—--—«%2

/

/

60

120

180
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Fig. 9.

Paste Viscosity Curves for A. undulata Starch at Various Suspensions - (pH 5.5;
Spindle #3:20 rpm)
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0
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60
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Fig. 10.

Paste Viscosity Curves for
Spindle #2:20 rpm)

J

)

digitata at Various Suspensions

(pH 5.5;

TABLE 13

Paste Viscosities of Subject Starches at Various Suspensions, pH 5.5, Spindle #3;20

Starch Source

Pasting Temp
(°C)

Pasting
Peak 90 C

Viscosity at
90°C after 1 hr

Pasting
Peak 50°C

Viscosity at
50°C after 1 hr

poises
C. digitata
2.75

2%

2.75

4

4

4%

82

15.5

14.5

19.25

19.25

5%

65

19

18

36

40

A. undulata
2

2%

4%

84

13.

5%

85

19

1.5
9
17.5

1.5

1.5

13.5

12

39

39
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simpler systems, preferably with only a single ingredient in addition to
starch and water, appears to offer better opportunity for interpreta
tion,

undulata and _C^_ digitata starches at various pHs and also with

added sucrose, sodium chloride, or corn oil were investigated.
The pH of most foods lies within the range of 4-7, and Osm^in
(1967) showed that slight variation in acidity produces only minor
effects on viscosity during cooking of starch.

In the present study

A. undulata and D^_ digitata starches showed no great change in visco
sity in the pH range of 4-9, except at pH 5.5 where an increase in vis
cosity for starches during the cooling period was observed.

At pH 2

there was no significant change in viscosity, but at pH 12, high peak
viscosity, followed by a sharp decrease and a stable period of cooling
time occurred (Table 14).
Small additions of sucrose to corn starch slightly increased
the viscosity; the effect becomes greater as the weight of the sugar
increases.

However, at a concentration of 50% sugar, there is a

reduction in maximum viscosity (Osman, 1966).

Possibly this is due

to high water solubility of sucrose which becomes associated with
water molecules, making them unavailable for starch and thus inhibiting
normal swelling of starch granules (Olkku and Rha, 1978).
Viscosity of A^_ undulata starch was reduced at 25% sucrose,
but at 20%, delay in swelling is not great, so the viscosity increases.
The behavior of A^_ undulata and C^_ digitata starches was intermediate
between potato and corn starches in this respect.
Figures 11 and 12.

See Table 15 and

TABLE 14

Paste Viscosities of Subject Starches at Various pH Values, 5% Suspension, Spindle #4:10 rpm

Starch Source

Pasting Temp
( n c)

Pasting
Peak 90"C

Viscosity at
90°C after 1 hr

Pasting
Peak 50°C

Viscosity at
50°C after 1 hr

poises
A. undulata
pH 2

75

2

1

1

1

pH 4

71

40

6

10

6

pH 7

85

39

29

37

37

pH 9

75

47

47

60

45

pH 12

53

48

27

35

35

78

47

34

85

85

pH 2

72

4

1

0.2

0

pH 4

67

37

2

2

2

pH 7

72

38

31

49

49

pH 9

79

67

33

36

36

pH 12

51

39

22

19

19

70

49

29

63

63

Control pH 5.5

C. digitata

Control pH 5.5

TABLE 15

Paste Viscosities of Subject and Standard Starches, with Addition of Sucrose and NaCl, 5% Suspension;
pH 5.5; Spindle //4:10 rpra

Starch Source

Pasting Temp
(C°)

Pasting
Peak 90°C

Viscosity at
90°C after 1 hr

Pasting
Peak 50°C

Viscosity at
50°C after 1 hr

poises
A. undulata
Control

78

47

34

85

85

20% sucrose

75

91

68

116

116

75

58

25% sucrose
84

34

30

62

61

Control

70

49

29

63

63

25% sucrose

80

106

87

161

160

12

4

15

14

1% NaCl

C. diRitata

1% NaCl

Potato
Control

64

70

58

52

28

25% sucrose

68

149

71

130

130

1% NaCl

72

52

40

37

34

Control

88

26

10

55

54

25% sucrose

88

59

54

154

112

1% NaCl

89

42

35

63

59

Corn

Temperature (°C )
25

20C •

90

• 20/
*25/
°
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90
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Sucrose
Control
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60.

180
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Fig. 11.

Paste Viscosity Curves for A. undulata Starch with Addition of NaCI and Sucrose
(5% Suspension; pH 5.5; Spindle #4:10 rpm)
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Fig. 12.

Paste Viscosity Curves for C. digitata Starch with Addition of NaCl and Sucrose
(5% Suspension; pH 5.5; Spindle #4:10 rpm)

118

The effect of salts on swelling of starch granules and on the
Viscosity of starch pastes has great importance to the food industry
because of the frequent presence of electrolytes in food systems.
Sodium chloride in concentration of 1% showed a depressing effect on
the viscosity of C^_ digitata starch paste during heating.

In marked

contrast, the viscosity of A^ undulata starch paste was affected very
little during heating.
than the control starch.

However, both starches showed lower viscosities
Sodium chloride appears to have the effect of

delaying swelling at higher temperatures and altering the availability
of water for adsorption by starches (Table 15 and Figures 11 and 12).
The effect of additions of increasing amounts of corn oil to A.
undulata and

digitata are given in Table 16.

The addition of oil

had no appreciable effect on the viscosity during the first heating.
However, it appeared to lower the initial temperature of A^_ undulata
but had no effect on C. digitata.

In addition, the oil removed the

characteristic step or hump found in the cooling curve of both starches
(Table 16).

Microscopy
A considerable amount of light microscopic work has been done
on the study of the shape and surface of starch granules.

However,

the application of scanning electron microscopy (SEM) has made itpossible to view complex surface structure and also patterns of growth
in granules of various starches.
Photomicrographs of A^ undulata and
ules are shown in Figure 13.

digitata starch gran

When viewed under the light microscope,

TABLE 16

Paste Viscosities at Subject and Standard Starches, with Addition of Corn Oil (5% Suspension; pH 5.5;
Spindle #4:10 rpm)

Starch source

Pasting Temp
(°C)

Pasting
Peak 90^C

Viscosity at
90°C after 1 hr

Pasting
Peak 50°C

Viscosity at
50°C after 1 hr

poises
A. undulata
Control
2% corn oil
12% corn oil

78
77
67

47
48
49

34
42
46

85
53
64

85
52
56

C. digitata
Control
2% corn oil
12% corn oil

70
70
78

49
59
63

29
38
32

63
53
47

63
53
46

Potato
Control
2% corn oil

64
68

70
30

58
11

52
14

28
14

Corn
Control
2% corn oil

88
90

26
26

10
17

55
39

54
39

vO

120

Fig. 13.

Photomicrographs of Cucurbita digitata (A) and
Apodanthera undulata (B) Starches at 205x.
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they resemble sweet potato and tapioca starches (Brautlecht, 1953).
Variation in size can be observed in both starches.

Some smaller gran

ules show a regular circular outline with distinguishing concentric
rings and hilum inside.
surfaces.

Other granules are angular in shape with flat

In*A. undulata starch, polarization lines cross the granule

in an irregular manner, particularly in larger particles.

However, in

C. digitata, using polarized light, a more symmetrical and well defined
dark cross is observed (Figure 14).
The SEM photomicrographs of A^_ undulata and

digitata confirm

the diverse size of the starch seen with the light microscope.

Some

granules are round and nicely shaped; the smaller the granule, the more
spherical they appear.

A number of irregular granule surfaces, most of

which are large, may be due to interference between neighboring gran
ules during starch growth or some broken granules, which were the re
sult of crushing during processing of starch.

Micrographs of some

starches show well-defined sharp edges on the periphery and some gran
ules with depression or shrunken areas which implies that the inside of
the granule is empty.

Generally, the A^_ undulata and C\_ digitata gran

ules resemble that of cassava (Cardenas, 1980), and the texture of the
granule surface does not appear to be as smooth as in potato starch
granules.

All these possible variations are manifestations of internal

details of A. undulata and C. digitata starch granules (Figs. 15, 16,
and 17).
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Fig. 14. Photomicrographs of Birefrigence Patterns of Apodanthera
undulata (A) and Cucurbita digitata (B) Starches (400x).

I
I'

k
Fig. 15.

SEM Photomicrograph (lOOOx) of Cucurbita digitata (A)
and Apodanthera undulata (B) Starches
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Fig. 16.

SEM Photomicrograph (2000x) of Cucurbita digitata (A)
and Apodanthera undulata (B) Starches

125

Fig. 17.

SEM Photomicrograph (5000x) of Cucurbita digitata (A)
and Apodanthera undulata (B) Starches
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Digestibility
Starch is a valuable ingredient in the food industry and also
forms the major carbohydrate in the diet of humans.

In the search for

new indigenous sources, the nutritional quality of starches from A.
undulata and CL_ digitata were studied in vivo to assess the potential
of these root starches and the possibility of utilization in food
products.
The in vivo digestibility values of ungelatinized starch may
depend on species, strain, age of the experimental animal, duration of
feeding and composition of the experimental diet, especially its con
tent of starch and protein (Sugimoto, 1980).

Starches from potato,

arrow root and sago have been shown to be digested with lower effi
ciency than cereal starches.

Low digestibility is important from a

dietary standpoint particularly where insufficient digestive capacity
is present.
Sugimoto, et al. (1975) fed rats diets containing 59% starch
granules: growth responses were in this order:
< potato < yamanoima < corn.

high-amylose corn

The same authors (1980) demonstrated in

vivo that banana starch was poorly digestible.

Dreher (1981) demon

strated raw potato and C^_ foetidissima starch diets to be less digest
ible than corn and tapioca diets.

When autoclaved, however, their

digestibility increased to that of tapioca and corn.
It appears that digestibility of starches is related to
rheological properties and structural ordering of starch granules •
which may be observed either at the intramolecular level as in x-ray
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crystallinity or at the intermolecular level by birefrigence.
Raw and autoclaved starch granules from
digitata are shown (Fig. 18 and 19).

uridulata and C.

Autoclaving depresses not only

the peak viscosity at 90°C for both starches but gives a stable low
paste viscosity throughout the test pattern.
The loss in supermolecular ordering by elevation of starch
granule temperature is accomplished by the disappearance of birefring
ence is shown in Figure 20.
X-ray crystallinity of A^_ undulata and C^_ digitata starches
changes from

pattern (Fig. 21) to (3 pattern when these starches are

autoclaved as indicated (Tables 17 and 18).

The C structure is simply

a mixture of A and B unit cells (Sarko, 1978), and is related to the
high digestibility of A^ undulata and C. digitata starches when auto
claved.

This is in contrast to the contention of Leach and Schoch

(1961) that x-ray pattern and digestibility are not related.
The results obtained in this study of digestibility of A.
undulata, C. digitata and potato starch diets indicated differences
between starch types as well as raw and processed (autoclaved) diets
as shown in Tables 19, 20 and 21.

Protein, lipid, ash, fiber, iodine

binding capacity, granule diameter and other properties which may
exert minor influence are given in Tables 9 and 10.

Cerelose was used

as a substitute for starch in the control diet.
The effect of processing on digestibility was shown to be
highly significant by analysis of variance.

Digestibilities of raw A.

undulata (40.29%) and C. digitata (39.54%) were intermediate between
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Paste Viscosity Curves for Raw and Autoclaved A^_ undulata Starch (5% Suspension;
pH 5.5; Spindle #3:20 rpm)
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Fig. 19.

Paste Viscosity Curves for Raw and Autoclaved C. digitata Starch (5% Suspension;
pH 5.5; Spindle #3:20 rpm)
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Fig. 20.

Photomicrograph of Birefringence Patterns for Autoclaved
Cucurbita digitata (A) and Apodanthera undulata (B)
Starches.
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•M

Fig. 21.

X-ray

Pattern for Gourd Starches
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TABLE 17

Apodanthera undulata Starch
X-ray Diffraction Pattern
Raw
o
d-spacing, A

Int.

20

.b
Autoclaved
o
d-spacing, A
Int.

20

15.45

m

6.0

9.63

w

9.1

8.58

w

10.5

7.70

w

11.8

7.63

w

11.1

5.93

m

15.4

6.18

m

14.5

4.97

s

18.1

5.15

s

17.0

3.76

s

24.0

4.54

w-

19.8

2.96

w

31.2

4.07

in

22.2

2.70

w

34.6

3.68

m

24.4

2.41

w

39.5

3.09

w

29.2

2.92

w

30.8

aThese

data constitute a typical B-pattern

^These data constitute a typical C-pattern
cIntensity

scale:

strong (s); medium (m); weak (w); less than (-)
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TABLE 18

Cucurbita digitata Starch
X-ray Diffraction Pattern
a
Raw
0
•spacing, A

Autoclaved

Int. C

2

0
d-spacing, A

b

Int.

2

15.45

m

6.0

14.81

w

6.0

9.09

w

10.0

8.10

w

11.0

7.63

w

11.5

5.93

m

15.3

6.18

m

14.5

4.97

s

18.0

5.15

s

17.2

3.76

s

24.1

4.54

w

19.7

2.96

w

31.4

4.18

m

21.5

2.70

2

34.6

3.77

m

23.8

2.40

2

40.0

3.43

w

26.2

2.92

w

30.5

2.81

w

32.0

These data constitute a typical B-pattern
These data constitute a typical C-pattern
°Intensity scale:

strong (s); medium (m); weak (w); less than (-)

TABLE 19

TABLE OF F VALUES

Source

Weight
Gain

Feed/Day

Feed
Efficiency

PER

NPR

Protein
Digestibility

Starch
Digestibility
%

%

126.01**

35.38**

108.06*"

0.25

3.73

490.66**

0.178

10.28**

32.15**

2.93

913.95**

116.48**

1.63

77.7**

0.03

18.04**

Starch Type

7.688**

9.78**

Processing
Effect

78.13**

Interaction

16.5**

*/** F Values significant at P

1.34

0.05/0.01 leyel of significance

to
-P-

TABLE 20
Comparison of Means ^ ^
of Raw Starch Type Diets '

Source-

Number
of Mice

Weight
gain

Feed/Day

Feed
Efficiency

A

PER

NPR

Starch
Digestibilit

Protein
Digestibility
»/

3
100

Cerelose

20

14.35 a "

4.80 3

5.67 a

2.91 b

4.41°

Potato

20

14.70 ab

5.68 C

6.66 b

2.10 3

2.81 a

65.58 a

23.67 a

A. undulata

20

I5.59 b

5. 75°

6.35 b

2.05 3

3.17 ab

66.14 a

40.29 b

C. digitata

18

14.00 3

5.05 b

6.25 b

2.08 3

2.87 a

69.55 a

39-54 a

100 3

1

Comparison of means was made by Duncan's new multiple test at P = 0.05 level of significance

2

Means within columns with identical letter superscripts are not significantly different

3

Cerelose was used as a control and assumed to have 100% digestibility

4

Protein efficiency ratio

5

Net protein ratio

U>
t_n

TABLE 21

Comparison of Means
1.2
of Autoclaved Starch Type Diets '

Source

Number
of mice

Weight
gain
....

Feed/day
•

Feed
Efficiency

PER 4

NPR 5

Starch
Digestibility

Protein
Digestibility
V
/o

«/
/Q

100 3

100 3

Cerelose

20

14.35°

4.80 d

5.67 a

2.91 b

4.42 a

Potato

20

8.67 a

2.90 3

6.15 3

2.30 a

4.29 a

57.81 a

91.05 b

A. undulata

18

9.47 ab

3.33 b

6.18 a

2.20 3

4.48 a

58.44 a

85.25 a

C. digitata

18

12.30 bc

4.19°

5. 83 a

2.48 a

5.12 a

61.64 a

84.98 a

1

Comparison of means was made by Duncan's new multiple test at P = 0.05 level of significance

2

Means within columns with identical letter superscripts are not significantly different

3^

Cerelose was used as a control and assumed to have 100% digestibility
Protein efficiency ratio

5

Net protein ratio

u>
Ov
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potato (23.67%), and corn (96.50%) and tapioca (97.20%) reported by
Dreher (1981).

When starches were processed, digestibility increased

to 85.25%, 84.98% and 91.05% for A. undulata, C. digitata and potato,
respectively.

Raw and autoclaved potato starch diets showed highly

significant reversed interaction, that is, a charge from the lowest
mean in the raw state to the highest when autoclaved.

The effect of

processing was highly significant for weight gain and feed consumption/
day but not for feed efficiency.
for these parameters.

However, starch type was significant

Processing had a negative influence on feed in

take and body weight gain.
The consumption of raw diet has highest for A^_ undulata and
lowest for

digitata.

tata was highest.

After autoclaving the consumption of C^_ digi

The autoclaved potato starch diet showed lowest feed

consumption and body weight gain.

In general, autoclaving reduced the

feed intake and body weight gain in all three starch diets.

This is

possibly due to the high rate of starch degradation by starch hydrolyzing enzymes which increase the blood sugar which in turn curtails
food intake (Fleming, 1979).

No significant difference in means was

observed for feed efficiency for all starches.
The autoclaved A^ undulata diet which produced intermediate
values for body weight gain and feed consumption/day also showed
digestibility intermediate between C^_ digitata and potato starch diets.
The autoclaved C_^ digitata diet which had the highest values for in
take and body weight gain showed the lowest mean for starch digesti
bility.

Autoclaved potato, A^_ undulata and C^_ digitata starches gave
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significant improved performance as indicated by protein efficiency
ratio (PER) and net protein ratio (NPR).
nificant here.

Starch type was highly sig

Interaction was highly significant for NPR but not for

PER.
Processed starch sources are known to affect protein digest
ibility.

In this study potato, A^_ undulata and

showed slightly reduced protein digestibility.

digitata diets
They are similar to

legume starch (Fleming, 1979) which causes a decrease in protein
digestibility, after processing.

However, the same author observed a

slight increase in protein digestibility with a potato starch diet
after processing.
In summary, diets containing starches isolated from A^_ undulata,
C. digitata and potato were evaluated nutritionally
for a period of 17 days.

vivo using mice

Statistical analysis substantiated an in

crease in digestibility of autoclaved starches over raw starches.

Feed

consumption and body weight gain were higher in comparison to an auto
claved potato starch diet.

NPR and PER values were higher for auto

claved and showed improved performance for these subject starch diets.

Fractionation
A. undulata and'd i g i t a t a starches were separated into amylose and amylopectin components using the dimethyl sulfoxide method
which proved to be very effective.

The data for iodine binding capa

city, limiting viscosity and average number of degree of polymeriza
tion are given in Table 24.
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STARCH COMPONENTS
Simple sugars, oligosaccharides and polysaccharides can be
analyzed by different reliable methods.

Qualitative and quantitative

determinations of these sugars based on chemical, enzymatic and chroma
tographic techniques are available.

These methods often involve not

only the determination of the total amount of carbohydrate present in
the sample, but also the identity, configuration and conformation of
the carbohydrate components as well.
The recently developed chromatographic technique of high pres
sure liquid chromatography (HPLC) provides rapid determination of
maltose and glucose equivalents and so is useful in beta-amylolysis
(Dreher, 1979).

Figure 22.

For the purpose of comparison the values for colorimetric and
HPLC methods are presented in Tables 22 and 23.

Even though results

from both methods are reliable, the chromatographic technique is
faster and more convenient.

Characteristic Properties of Amylose
Amylose has been shown to be an essentially linear polymer of
glucose units linked by alpha-1,4 bonds.

The linear nature of amylose

was reported by Hassid and McCredy (1943)- who correlated the degree
of polymerization with the chain length of maize amylose obtained from
methylation.

Other evidence of linearity' was obtained by quantita

tive conversion of amylose to maltose by the action of beta-amylase.
However, degradation of amylose by this enzyme is incomplete (Banks,
et al., 1973).
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ose

Glucose

-i
m

Time (Min)
Fig. 22.

Chromatogram of Standard Glucose and Maltose
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TABLE 22

Comparison of Reducing Sugar Methods in Beta-Amylolysis
of Cucurbita digitata

Maltose
equivalents

Glucose
equivalents
nig

Beta-Amylolysis
(%)

Colorimetric
method
Amylose

45.2

49.42

91.1

Amylopectin

32.1

48.64

65.99

Amylose

45.8

50.5

90.6

Amylopectin

31.74

48.82

65.14

HPLC method
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TABLE 23

Comparison of Reducing Sugar Methods in Beta-Amylolysis
of Apodanthera undulata
Glucose
equivalents

Maltose
equivalents

Beta-Amylolysis

mg
Colormetric
method
Amylose

47.6

51.56

92.32

Amylopectin

32.3

50.66

63.72

Amylose

44.34

48.68

91.08

Amylopectin

30.46

46.02

66.18

HPLC method
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The results from incomplete beta-amylolysis led to the concept
of the presence of two types of amylose in the starch granule:

one

containing a randomly-situated barrier to the action of beta-amylase,
and the other consisting of a linear chain of unmodified glucose units
(Banks and Greenwood, 1975c).
It has been confirmed that the barrier to beta-amylase action
in amylose is widely distributed in nature, so establishing the purity
of amylose is an essential point in the determination of amylose prop
erties and structure.

A suitable method to determine purity is the

measurement of the iodine binding capacity.

Another, and more sensi

tive method, is enzymic characterization of amylose.

However, with

respect to the latter method, Banks and Greenwood (1975c) never ob
tained an amylose which could be completely degraded by beta-amylase
alone.

The values for the enzymic hydrolysis by beta-amylase for

several amyloses are:

tapioca (95%), wheat (72%) and barley (74%).

The partial inaccessibility of the amylose molecule to the action of
beta-amylase may be due to the presence of a small amount of branching
through alpha-1,6 bonds, or to the temperature of the amylase ex
traction process (as temperature increases, beta-amylolysis decreases).
Another factor which may cause incomplete beta-amylolysis is the
maturity of the plant which produced the starch.

All of these

effects, which are not fully appreciated, make it vdry difficult to
compare results from different' laboratories.
The molecular properties of the amylose components isolated
from the fractionation of starches from A^_ undulata and C^_ digitata

144

are shown in Table 24.

These properties are compared to the amylose

of standard tuber potatoes, 2-3 centimeters in diameter.

The linear

ity of these amylose fractions is confirmed by the action of betaamylase (A. undulata (91.9%) and C. digitata (90.6%)).

These values

are similar to potato but lower than tapioca starch and higher than
cereal starches reported by Li and Lineback (1977).
Iodine binding capacity determined initially for several
experimental samples of A^_ undulata amylose were within the range
13-17%.

The consistently high lipid content of native roots, starch

and amylose (1.75% was thought to be responsible for the variation.
After exhaustively defatting the A^_ undulata amylose fraction, the
iodine binding capacity showed a value of 18.1% which is comparable
to that of

digitata amylose.

with a value of 19.5%.

However, both were lower than potato

A possible explanation for this is that per

forming the experiment at 30°C does affect the results (Banks and
Greenwood, 1975).
The limiting viscosities of A^_ undulata and

digitata amy

lose correspond to potato starch but are lower than C^_ foetidissima
amylose (264 ml/g) (Dreher, 1979).
Calculated values for the degree of polymerization (DP) were
very similar to that of potato.

The lower degree of polymerization

for A^_ undulata and C^_ digitata obtained by the periodate method was
possibly due to overoxidation.

Characteristic Properties of Amylopectin
In recent years, the availability of enzymes with known

TABLE 24

Properties of Amylose

Moisture

Iodine
Binding

Phosphorus

Beta-amylolysis
limit

%

Limiting
Viscosity
ml/g

Average DP
(Calculated) 3 Periodate

A. undulata

3.5

18.1

0.007

91.08

195

1443

832

C. digitata

4.0

18.4

0.004

90.60

208

1540

1098

90

185

1400

Potato k

a Limitlng

19.5

viscosity x 7.4

''(Banks and Greenwood, 1973; Marshall, 1974)
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specificity has greatly facilitated the study of the structure of amylopectin.

The use of these enzymes has led to the postulation of a

revised structure of amylopectin, which differs from the traditional
structure of Meyer.

The full details of the fine structure are far

from complete, however.
In an attempt to more precisely describe the structure, amy
lopectin is defined as a population of branched homopolymers of alphaglucose containing 1,4 and 1,6 linkages, with an average chain length
in the range 20-26.

The average chain length may be defined as the

average number of glucose units joined by an uninterrupted sequence of
1,4 bonds (Carter and Lee, 1971).
The use of the pullulanase plus beta-amylase method is critical
for the purposes of this investigation.
by Abdullah, et al., (1966):

The theory is that observed

beta-amylase decreases the surface

density, and pullulanase then penetrates readily into the interior.
It is very difficult to prepare macromolecules in.a state of
complete purity.

Amylopectin is generally supposed to be free from

other polysaccharides, and iodine binding capacity gives a measure of
amylopectin purity (less than 1).
Most amylopectin contains approximately one phosphorus group
per 400 D-glucose units, so this adds another complicating structural
aspect to this branched molecule.
The properties of the amylopectin fractions investigated in
this research are shown in Tables 25 and 26.

The highly branched

nature of- amylopectin is responsible for several differences in

TABLE 25

Properties of Amylopectin

Moisture

Iodine
Binding

Phosphorus
%

Beta-amylolysis
limit

Limiting
Viscosity
ml/g

Average DP
(Calculated)3

A. undulata

5.5

0.85

0.030

66.2

160

1920

C. digitata

7.0

0.63

0.029

65.1

170

2040

64.8

130

1560

Potato k

0.70

a Limiting

viscosity x 12

b (Dreher,

1979)

TABLE 26

Enzymatic Method of Chain
Length Determination

Source

CL

OCL

A. undulata

25

18

C. digitata

26

19

Potato3

26

17
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properties in comparison with the amylose fraction of

undulata and

C. digitata.
The iodine binding capacity is reduced by the branched struc
ture to very low values of 0.85% for A. undulata and 0.63% for C.
digitata.
The extent of beta-amylolysis (66% for Aj_ undulata and 65%
for C^_ digitata) reveals a similar pattern to that reported for potato
(64%) and tapioca (61%) (Hood, et al., 1978), but considerably higher
than that for C. foetidissima (43%) (Dreher, 1979).

These beta-

amylolysis values for amylopectin reflect the enzyme's inability to
hydrolyze the outermost intra-chain linkages.
The average chain length of A^ undulata and C. digitata amylopectins, 25 and 26, respectively, are similar to that of potato
starch but slightly higher than cereal starches reported by Li and
Lineback (1977).

These data, in combination with beta-amylolysis,

may be used to estimate the average outer chain length (OCL) which is
the number of glucose residues removed by beta-amylase plus two.
average OCL values of A^_ undulata and

digitata were found to be

similar to that of potato starch amylopectin.
(ICL) is calculated by:

The

The inner chain length

ICL = CL - OCL - 1, and was 6 for both amy-

lopectins.
Analysis of structural determination data for A.'undulata and
C. digitata reveals longer exterior (outer) layers than inner layers
indicating an asymmetrical structure for subject amylopectins with a
greater extent of multiple branching.
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These amylopectins were observed to have a higher percent
phosphorus than the amylose fractions of these native starches.

Limit

ing viscosity values were much higher than those of potato but were
consistent with data from beta-amylolysis.

Calculated values for the

degree of polymerization were shown to be very low.

This is considered

to be due to the introduction of a certain amount of degradation during
fractionation (Muetgeert, 1961).

As a result, the intrinsic vis

cosities will be found to be lower than the corresponding values would
be for the native state, consequently affecting the DP.

Another con

tributing factor is that the viscosity-molecular weight relations pro
cedure is uncertain and absolute values of molecular weight cannot be
expected (Greenwood, 1964).
In summary, the fine structural studies of amylose and amylopectin isolated from A. undulata and
results:

digitata showed these

beta-amylolysis limits and intrinsic viscosities were simi

lar to potato values and were intermediate between tapioca and cereal
starches.

However, in comparison to C^_ foetidissima, beta-amylolysis

limits for C^_ digitata and A^_ undulata were higher and intrinsic
viscosities were lower.

The iodine affinity for each starch component

was characteristic of standard starches.

When amylopectin fractions

isolated from each starch were subjected to enzymatic analysis, the
average chain length was found to be 25 and 26 with asymmetric mole
cules, comparable to potato amylopectin but higher than the average
chain length of cereal starches.

conclusions

The chemical and physical properties of the root starches of
two xerophytic gourds, Apodanthera undulata and Cucurbita digitata
were evaluated to assess their potential as new sources of starch for
industrial and food use.
The roots of A^_ undulata and
similar to roots of potato and tapioca.

digitata exhibited properties
Starch content, ash, fiber

and moisture .content of subject roots and standard roots were compar
able.

In

undulata, however, a high lipid content was observed.

A. undulata and C^_ digitata starches were found to possess
properties generally intermediate between cereal and root-tuber
starches.

A^_ undulata and CU_ digitata starches showed negligible

amounts of protein and fiber in comparison to standard starches.
A. undulata showed a higher lipid content and a higher iodine binding
capacity (hence a higher amylose content).
and iodine binding capacity of
starches.

However, the lipid content

digitata were similar to standard

The number of terminal aldehyde groups, average granule

size and swelling power of both subject starches were comparable to
tapioca starch.

Gelatinization temperature and percent sag test

values were closer to cereal starches, such as corn, than to tuber
starches.
The paste viscosity behavior of A^_ undulata and C_^ digitata
showed similarities to corn starch with viscosity maxima intermediate
151
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between corn and potato starches.

Little change occurred in C.

digitata viscosity after heating for one hour at 90°C.

During the

cooling period, viscosity for subject starches and corn starch in
creased, in contrast to that of potato and C^_ foetidissima starches
which showed little change.
Starches isolated from A^_ undulata, C. digitata and potato
were evaluated nutritionally be an in vivo study.

An increase in

digestibility of autoclaved starches (85% for A^_ undulata, 85% for C.
digitata and 91% for potato) over raw starches (40% for A^_ undulata,
40% for C\_ digitata and 24% for potato) was confirmed by statistical
analysis.

Improved net protein ratio and protein efficiency ratio

were observed after autoclaving.

Greater feed consumption and body

weight gain were observed for diets containing subject starches than
for the potato starch diet.
The starch components amylose and amylopectin from

undulata

and C!^ digitata were separated by fractionation using dimethyl sul
foxide.

Iodine binding experiments confirmed the purity of these

fractions, and they were found to be similar to standard starches.
Values for the degree of polymerization (DP) were very similar to that
of potato.

The fine structural studies of these components showed

beta-amylolysis limits of approximately 90% for the amyloses and
above 60% for the amylopectins.

These values were similar to potato

and intermediate between tapioca and cereal starches.
chain length of the

undulata amylopectin was 25.

length was 18 and the inner chain length was 6.

The average

The outer chain

The average chain
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length for

digitata amylopectin was 26 with an outer chain length

of 19 and an inner chain length of 6.

These'long exterior layers and

the shorter interior layers show amylopectin of these starches to be
comprised of asymmetric molecules comparable to potato.
The chemical and physical properties of A^_ undulata and C.
digitata starches generally exhibited values and characteristics
intermediate between root-tuber and cereal starches.

These multi-

behavioral properties of starch suggest possible value, particularly
for industrial applications.

These starches could easily be modified

for use in a variety of products.

In contrast to other plant starch

sources, these plants grow in an arid land environment requiring a
minimum amount of rainfall.

By simple isolation of starches from the

roots, these plants could provide a basic foodstuff in these areas.
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