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Abstract

Waxy (CDC Alamo), normal (CDC Dawn), and high-amylose (SB 94893) hull-less barley (HB) starches were isolated and their
susceptibilities to porcine pancreatic a-amylase (PPA), Bacillus species a-amylase (BAA), and Aspergillus niger amyloglucosidase
(AAG) were determined. Scanning and transmission electron micrographs showed that the patterns of enzyme hydrolysis (surface
erosion, endoerosion, and the erosion at the equatorial groove plane) were dependent on the enzyme source and starch types. The
outer layers of normal and high-amylose HB starch granules were more resistant to enzyme hydrolysis. The hydrolysis rate of waxy

HB starch by the three amylases at 37 �C was significantly higher than those of normal and high-amylose HB starches. The degree
of hydrolysis by PPA, after 72 h, reached 91–97% in all three starches. However, BAA and AAG showed significantly lower degrees
of hydrolysis in normal (<30%) and high-amylose (<37%) HB starches than in waxy HB starch (>67%). Glucose, maltose, and

maltotriose contents of the hydrolysates, collected at different time intervals, were determined by HPLC. The concentration and
composition of soluble sugars in hydrolysates varied with enzyme source, starch types, and condition of hydrolysis. The study
suggested that both morphological and ultrastructural features influence in-vitro hydrolysis and the ultrastructure of waxy HB

starch may be more open than those of normal and high-amylose HB starches.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In-vitro enzyme hydrolysis of starches is not only an
important industrial process for production of sweet-
eners, syrups, and chemicals (e. g. ethanol, acetone, and
lactic acid) (Nigam & Singh, 1995), but also as a
probe for studying starch ultrastructure (French, 1984;
Gallant, Bouchet, & Baldwin, 1997). Numerous
researchers have investigated enzyme hydrolysis of star-
ches from cereals, roots, tubers, and legumes in terms of
enzyme adsorption, action pattern, extent of hydrolysis,
degree of crystallinity, and hydrolysis products. The
susceptibility of starch to hydrolysis by amylases has
been shown to vary with enzyme source and starch ori-
gin (Colonna, Leloup, & Buléon, 1992; Gallant, Bou-
chet, Buléon, & Pérez, 1992; Gérard, Colonna, Buléon,
& Planchot, 2001; Hoover, 2001; Hoover & Sosulski,
1991; Koba, Saha, & Ueda, 1986; Lauro, Suortti, Autio,
Linko, & Poutanen, 1993; Leach & Schoch, 1961; Plan-
chot, Colonna, Gallant, & Bouchet, 1995; Rasper,
Perry, & Duitschaever, 1974; Rickard, Asaoka, &
Blanshard, 1991).
Electron microscopy (Evers & McDermott, 1970;

Fuwa, Sugimoto, & Takaya, 1979; Fuwa, Sugimoto,
Tanaka, & Glover, 1978; Gallant, Mercier, & Guilbot,
1972; Helbert, Schülein, & Henrissat, 1996; MacGregor
& Ballance, 1980; Valetudie, Colonna, Bouchet, & Gallant,
1993; Planchot et al., 1995) has revealed that a-amylase pits
the granule surface first and then penetrates through
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pinholes/internal channels and then hydrolyzes the
granule from inside-out. The A-, B- and C-types of
starches (as classified according to X-ray diffraction
pattern), show different susceptibilities to a-amylase
hydrolysis. Generally, A-type (most cereals and tapioca)
starches are more readily hydrolyzed by a-amylase than
B-type (amylomaize and potato) starches (Gallant et al.,
1972; Planchot et al., 1995). Waxy starches are hydro-
lyzed by a-amylase faster than non-waxy starches
(Leach & Schoch, 1961; MacGregor & Ballance, 1980).
For a given starch, the rate of hydrolysis is dependent
on enzyme type (Planchot et al., 1995; Valetudie et al.,
1993), condition of hydrolysis (e.g. concentration, pH,
and temperature) (Franco & Ciacco, 1987), and physical
(Kurakake, Tachibana, Masaki, & Komaki, 1996;
Lauro et al., 1993) and chemical (Tharanathan &
Ramadas Bhat, 1988; Wolf, Bauer, & Fahey Jr., 1999)
modification of starch prior to hydrolysis. Kimura and
Robyt (1995) have shown that variations in susceptibility
of cereal and tuber starches towards amyloglucosidase can
be partly explained by differences in their ultrastructure.
The ultrastructural features of granule organization
include inter-chain association (e.g. amylose-amylose
and/or amylose-amylopectin) (Vasanthan & Bhatty,
1996), type and degree of crystallinity (double helical
packing) (Gérard et al., 2001), the number of the crys-
talline and amorphous lamellae in each growth ring
(Gallant, Bouchet, & Baldwin, 1997; Li, Vasanthan,
Hoover, & Rossnagel, 2003), and amylose-lipid inter-
action (Anger, Richter, Kettlitz, & Radosta, 1994;
Appelqvist & Debet, 1997; Lauro, Forssell, Suortti,
Hulleman, & Poutanen, 1999; Morrison, 1995). Colonna,
Buléon, and Lemarié (1988) have shown, by iodine
binding study, that there is no preferential hydrolysis of
either amylose or amylopectin by a-amylase. X-ray
diffraction has also shown that both amorphous and
semi-crystalline regions of barley starch granules are
hydrolyzed simultaneously by a-amylase at the initial
stage of hydrolysis and lipid-complexed amyloses were
retained in the residue of starches even after about half
of the starch was solublized (Lauro et al., 1999). Gérard
et al. (2001) further reported that amorphous material
co-exists with B-type crystallites in hydrolysis (a-amy-
lase) residues of maize mutant starches (with a wide
range of crystallinity levels and various ratios of A-, B-,
and V- crystalline types) although the ultimate extent of
hydrolysis were highly correlated with the amount of
B-type crystallites. These studies suggest that there is a
strong molecular association in the residue (mainly in
the semi-crystalline regions) of the starch granule.
Starch from hull-less barley (HB) has comparable

properties with maize starch (Li, Vasanthan, Rossnagel,
& Hoover, 2001a, 2001b; Vasanthan & Bhatty, 1996).
There is a great potential for HB starch to replace
industrial applications of maize starch, which is widely
used currently in North America. However, studies on
enzyme hydrolysis of HB starches by various amylases
and visualization of structural changes during hydro-
lysis have not been well documented. The objective of
this study was two fold: (1) a comparison of the suscept-
ibilities of starches fromHB genotypes (waxy, normal and
high-amylose) toward a-amylases and amyloglucosidase
and, (2) to obtain an understanding of how HB starch
ultrastructure influence the rate and extent of amylase
hydrolysis.
2. Materials and methods

2.1. Starch sources

Waxy (zero-amylose, CDC Alamo), normal (CDC
Dawn), and high-amylose (SB 94893) HB grains (grown
at the same location and harvested at Saskatoon in
1998) were obtained from the Crop Development Center,
University of Saskatchewan, Saskatoon, Canada. Barley
grains were dry ground in a UDY cyclone sample mill
equipped with a 0.5 mm screen. Starch was isolated
from ground barley grains as described previously (Li et
al., 2001a).

2.2. Enzymes

a-Amylase (suspension in 2.9M NaCl solution con-
taining 3 mM CaCl2, 37 mg protein/ml) from porcine
pancreas (EC 3.2.1.1) (PPA), a-amylase (crystallized,
lyophilized powder, 2150 units/mg solid) from Bacillus
species (EC 3.2.1.1) (BAA), and amyloglucosidase (lyo-
philized powder containing less than 0.02% glucose, 40
units/mg solid) from Aspergillus niger (EC 3.2.1.3)
(AAG) with specific activities of 1020, 2880, and 42
units/mg protein, respectively, were purchased from
Sigma Chemical Co. (St. Louis, MO).

2.3. Enzyme hydrolysis

Duplicate samples of starch (120�0.1 mg) were sus-
pended in 10 ml of 0.1 M phosphate buffer (pH 6.9)
containing 0.006 M NaCl. The screw cap tubes con-
taining the starch samples were placed in a constant
temperature shaking water bath at 37 �C. Then, PPA
(16.5 ml, 5 units/mg starch) and BAA (45 ml, 5 units/mg
starch) for PPA and BAA hydrolysis, respectively, were
added to the starch slurry. Hydrolysis was conducted
for 72 h. For AAG hydrolysis, starch (120�0.1 mg) was
suspended in 0.05 M acetate buffer (pH 4.5) followed by
the addition of 0.1 ml of buffered AAG (2.5 units/mg
starch). Hydrolysis was conducted for 72 h at 55 �C.
For all three enzymes, 1 ml of aliquots were removed at
specified time intervals and centrifuged (1700�g) for 5
min. Aliquots of the supernatant were analyzed for
soluble carbohydrates (Bruner, 1964). Percentage of
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hydrolysis was calculated as the amount (mg) of maltose
released per 100 mg of dry starch. The residue was
washed with distilled water (�3) and 100% ethanol
(�2), then dried at 40 �C. The dried samples were used
for electron microscopy.

2.4. Quantification of glucose, maltose, and maltotriose

The soluble products of hydrolysis (glucose, maltose,
and maltotriose) were analyzed by high performance
liquid chromatography (HPLC) with a Supelcosil LC-
NH2-5um column (Supelcosil, Bellefonte, PA, USA),
following the method of Vasanthan, Yeung, and Hoover
(2001). Standard solutions of fructose, glucose, sucrose,
maltose, and maltotriose were used for calibration.

2.5. Scanning electron microscopy

The dried starch sample from enzyme hydrolysis was
directly mounted on circular aluminum stubs with
double-sided sticky tape, coated with 12 nm gold, then
examined and photographed in a JEOL (JSM
6301FXV) scanning electron microscope (JEOL, LTD,
Tokyo, Japan) at an accelerating voltage of 5 kV.
Fig. 1. Scanning (A, C & E) and transmission (B, D & F) electron micrographs of HB starch granules of waxy (CDC Alamo) (A & B), normal

(CDC Dawn) (C & D), and high-amylose (SB 94893) (E & F) types.
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2.6. Transmission electron microscopy

The periodic acid-thiosemicarbazide-silver reaction
(PATAg) method (Garcia, Colonna, Bouchet, & Gal-
lant, 1997) was used to reveal ultra-structure of starch
granules. Heavy metal ions (silver) can bind to oxidized
(by periodic acid) starch molecules after specific oxidation
of a-glycols at C2–C3 of the anhydro-glucose units of
starch and thiosemicarbazide fixation, which gives good
contrast on ultra-thin sections of granules under trans-
mission electron microscope. Since oxidation is more
efficient in the starch amorphous regions, the silver ions
preferentially bind to the amorphous regions of oxidized
starch granules, resulting in dark regions in transmis-
sion electron microscopy images, whilst semi-crystalline
regions appear lighter.
Native starches and starch samples from enzyme

hydrolysis were fixed in 3% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.2) for 2 h at room tem-
perature and then for 6 h at 4 �C. Fixed samples were
pre-embedded in agar aqueous solution (3%), cut into
small cubes (1 mm3), and re-fixed for 1 h. After fixation,
the sample cubes were washed in buffer (�2) and in
distilled water (�2) for 20 min. For blocking residue
free aldehyde, the washed sample cubes were immersed
in a saturated 2,4-dinitrophenylhydrazine in 15% acetic
acid solution for 1 h at room temperature. After washing
(�4) in distilled water for 15 min, the sample cubes were
oxidized in a 1% aqueous periodic acid solution for 45
min, washed again as above, and then immersed in
saturated aqueous thiosemicarbazide solution for 24 h.
The sample cubes were washed again and stained in 1%
aqueous silver nitrate solution for 3 days in darkness,
with daily changes of the staining solution. The stained
cubes were rinsed with distilled water, dehydrated in an
ethanol series (30–100%), and then embedded in
EMbed 812 resin (EMS Inc., Fort Washington, PA).
Controls of oxidative reaction were performed in parallel
by substituting the periodic acid with 10% H2O2
(bleaching reagent). The embedded sample blocks were
randomly cut into 90–100 nm thin sections with a dia-
mond knife in an RMC (Tucson, AZ, USA) MT 4000
ultramicrotome. The ultra-thin sections collected on
collodion-coated copper grids were observed and photo-
graphed with a Philips CM12 transmission electron
microscope (F.E.I. Company, Tacoma, WA) at 60 kV
without further staining.
3. Results and discussion

3.1. Granule morphology of native HB starches

Scanning and transmission electron micrographs of
granules from native HB starches are presented in Fig. 1.
The granule size of the three HB starches (Fig. 1A, C &
Fig. 2. Hydrolysis of HB starches of waxy (CDC Alamo), normal

(CDC Dawn) and high-amylose (SB 94893) types by PPA (A), BAA

(B) and AAG (C).
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E) ranged from 2 to 30 mm in diameter. Granules were
round to oval in shape with smooth surfaces. High-
amylose HB starch showed smaller granules than waxy
or normal HB starches. Numerous pinholes (up to 0.9 mm
in diameter) were observed on larger waxy HB starch
granules (Fig. 1A). A number of tiny pinholes were visible
on the surface of normal HB starch granules (Fig. 1C);
however, pinholes were rarely visible on the surface of
high-amylose HB starch granules (Fig. 1E). Under the
transmission electron microscope, the alternating
growth rings (amorphous regions appeared as dark
rings and semi-crystalline regions appeared as light
rings) of waxy, normal and high-amylose types of HB
starches were seen to vary in number and size (Fig. 1 B,
D & F). Some internal channels were also occasionally
observed in the thin-sections of waxy (Fig. 1 B) and
normal (Fig. 1 D) HB starch granules.

3.2. Hydrolysis kinetics

The hydrolysis by a-amylase from porcine pancreas
(PPA), a-amylase from Bacillus species (BAA), and
amyloglucosidase from Aspergillus niger (AAG), in all
three starches, was bi-phasic, a relatively rapid rate at
the initial stage, followed by a progressively decreased
rate thereafter (Fig. 2). The rate of hydrolysis at the
initial stage varied with enzyme and starch types. During
the time course of hydrolysis, waxy HB starch was more
Fig. 3. Scanning electron micrographs of HB starch granules of waxy (CDC Alamo) (A & B), normal (CDC Dawn) (C & D), and high-amylose (SB

94893) (E & F) types hydrolyzed by PPA at 37 �C for 1 h.
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readily hydrolyzed (by all three enzymes) than those
from normal and high-amylose HB starches (Fig. 2A, B
& C), while normal HB starch showed the lowest
hydrolysis rate toward all three enzymes. After 72 h,
waxy, normal and high-amylose HB starches were
hydrolyzed to the extent of 97, 94, and 91%, respec-
tively, by PPA, whereas, during the same time interval,
the degrees of hydrolysis by BAA and AAG reached 78
and 67% in waxy HB starch, 29 and 30% in normal HB
starch, and 37 and 33% in high-amylose HB starch,
respectively.
Amylase hydrolysis involves an enzyme in solution

acting on a solid starch substrate. Thus, the surface area
accessible to enzyme and the efficiency of adsorption of
enzyme onto this surface are critical kinetic parameters
(Bertoft & Manelius, 1992). However, a wide variation
occurs between enzyme adsorption and hydrolysis rate
among starches of various origins and different types
(Bertoft & Manelius, 1992; Kimura & Robyt, 1995).
The rate of hydrolysis may be influenced by both the
surface features and internal structure of starch granules.
Knutson, Khoo, Cluskey, and Inglett (1982) studied the
PPA hydrolysis of maize starch granule fractions
according to granule size. They found that the hydro-
lysis rate for waxy, normal, and high-amylose maize
starches was proportional to the surface area of granules,
which may be closely related to the adsorption of
enzyme onto the granule surface (MacGregor, 1979).
Fig. 4. Scanning electron micrographs of HB starch granules from waxy (CDC Alamo) (A & B), normal (CDC Dawn) (C & D), and high-amylose

(SB 94893) types (E & F) hydrolyzed by PPA at 37 �C for 3 h (A, C & E) and 6h (B, D & F).
626 J.H. Li et al. / Food Chemistry 84 (2004) 621–632



Pinholes/internal channels, which are naturally occurring
features of many starch granules (Huber & BeMiller,
2000), may create preferential sites and specific areas on
the granule surface and in the interior for enzyme dif-
fusion and adsorption. Thus, the initial high hydrolysis
rate shown by waxy HB starch (Fig. 2) may be partly
due to the presence of pinholes and internal channels. Both
normal and high-amylose HB starches have generally
similar average granule size (6.7–6.8 mm in diameter) (Li et
al., 2001a). However, high-amylose HB starch showed a
higher rate of hydrolysis by amylases than normal
starch at the initial stage (Fig. 2). This is perhaps due to
the high proportion of small granules (410 mm in dia-
meter, 38% of total weight) in high-amylose HB starch
compared to normal HB starch (11% in total weight)
(Li et al., 2001a). Higher proportion of smaller granules
lead to larger granule surface area to volume ratios. Also,
microscopic observation (Valetudie et al., 1993) has
shown that polyhedric shaped granules of tropical tuber
starches (tannia, sweet potato and cassava) are hydro-
lyzed to a greater extent than spherical granules by a-
amylases. Thus, granule morphology may influence the
degree of susceptibility of starches towards to a-amylases.
The composition and concentration of hydrolysis

products may also have an inhibitory effect on the rate
of hydrolysis. Gradual reduction of the rate of hydro-
lysis may be partly caused by the inhibition, by oligo-
saccharides, of a-amylase activities (Colonna et al.,
1992). Colonna et al. (1992) reported that, in the oligo-
saccharide–enzyme complex, the molar ratio between
oligosaccharide and enzyme influences the adsorption
equilibrium. The concentration increase, during amylo-
lysis, in maltose and maltotriose, rather than in glucose
or maltotetraose, influences the adsorption equilibrium.
However, if amyloglucosidase is used in combination
with a-amylases, amyloglucosidase can hydrolyze maltose
and maltotriose into glucose and thereby continuously
transform the reaction products of a-amylolysis
(Colonna et al., 1992, Planchot et al., 1995).

3.3. Scanning electron microscopy

Scanning electron micrographs of the residues left
after hydrolysis of waxy, normal and high-amylose HB
starches by porcine pancreatic alpha-amylase (PPA) and
amyloglucosidase (AAG) are presented in Figs. 3–6.
The granule surfaces of all three HB starches showed
roughened surfaces (Fig. 3) after 1 h hydrolysis by PPA.
In waxy HB starch granules, many of the granules dis-
played highly perforated surfaces. The erosion areas
were roughly circular to oval to elliptical ranging from
0.3 to 3 mm in diameter and penetrated through several
Fig. 5. Scanning electron micrographs of HB starch granules from waxy (CDC Alamo) (A & B), normal (CDC Dawn) (C), and high-amylose (SB

94893) types (D) hydrolyzed by PPA at 37 �C for 21 h.
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layers of the granule into the interior (Fig. 3A). How-
ever, some granules were less eroded. Erosion areas with
layered structure were less pronounced in granules of
normal (Fig. 3C) and high-amylose (Fig. 3E) HB star-
ches. The extent of erosion was higher in waxy HB
starch. Some hollowed granules were present in high-
amylose HB starches (Fig. 3 E). In all three starches,
some granules were split open, revealing their internal
layered structure (Fig. 3 B, D & F). This may have been
due to structural weakness of the granule, resulting
from hydrolysis along the equatorial groove plane, or
due to mechanical damage during starch isolation. The
internal layered structure showed, that in all three star-
ches, the semi-crystalline growth rings gradually became
closer (from the interior) to the surface (Fig. 3B, D &
F). Furthermore, the size of central region of hydro-
lyzed HB starch granule followed the order: waxy
<normal <high-amylose (Fig. 3 B, D & F). Split
granules were more frequently observed in waxy HB
starch than in normal and high-amylose HB starches.
A similar erosion pattern has been reported in wheat
starch (Evers & McDermott, 1970; Smith & Lineback,
1976) and legume starches (Bertoft, Manelius, & Qin,
1993; Tharanathan & Ramadas Bhat, 1988) hydrolyzed
by alpha-amylase and glucoamylase. Kimura and
Robyt (1995) also reported that the number of barley
starch granules significantly increased (almost doubled)
initially and then decreased during glucoamylase
hydrolysis.
After 3 h of hydrolysis by PPA, erosion was more

pronounced in the size and depth of erosion areas rather
than increasing the number of erosion areas in all three
HB starches (Fig. 4A, C & E). Some granules in waxy
HB starch were fragmented (Fig. 4A). However, gran-
ule fragmentation was limited in normal (Fig. 4C) and
high-amylose (Fig. 4E) HB starches. Most of the gran-
ules of normal and high-amylose HB starches retained
their granular shape and showed a dense shell of vary-
ing thickness (Fig. 4C & E). After 6 h of hydrolysis,
waxy HB starch was fragmented and deformed
(Fig. 4B). However, in normal HB starches, many
granules were deformed (Fig. 4D). The extent of defor-
mation became more pronounced after 21 h of hydro-
lysis (Fig. 5C). Granules of high-amylose HB starch
showed thin, granular shells with large hollows during 6
h (Fig. 4F) to 21 h of hydrolysis (Fig. 5D). However, in
waxy HB starch, only a small amount of sponge-like
residue was left after 21 h of hydrolysis (Fig. 5A). Under
higher magnification (�25,000), the above residue
appeared as clustered spherical particles (approximately
100nm in diameter), showing a layered structure
(Fig. 5B). This suggests the presence of amylopectin crys-
tals (cluster structure) in the semi-crystalline regions of
the granule. The thin shell structure in hydrolyzed
granules of normal and high-amylose HB starches sug-
gests that the peripheral regions of these granules are
resistant (due to a strong association between amylo-
pectin molecules) to enzyme hydrolysis.
BAA hydrolysis showed a similar action pattern to

that of PPA (micrographs not shown). However, AAG
hydrolysis showed some different features, as depicted
in Fig. 6. After 21 h of hydrolysis, wide, shallow and
circular pits with internal layered structures were seen in
the erosion areas of all three HB starches (Fig. 6A, B &
C). The granules of waxy HB starch hydrolyzed by
AAG were completely deformed and fragmented (Fig. 6
A), whereas, most granules in normal and high-amylose
HB starches were less fragmented and deformed (Fig. 6B
& C). Granules with thin shells and large hollows
Fig. 6. Scanning electron micrographs of HB starch granules from

waxy (CDC Alamo) (A), normal (CDC Dawn) (B), and high-amylose

(SB 94893) types (C) hydrolyzed by AAG at 37 �C for 21 h.
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were frequently observed in normal and high-amylose
HB starches (Fig. 6B & C). Compared to PPA hydro-
lysis, AAG hydrolysis was confined to the tangential
direction of the granule (Fig. 6).

3.4. Transmission electron microscopy

Transmission electron micrographs of the residues left
after hydrolysis of waxy, normal and high-amylose HB
starches by PPA and AAG are presented in Fig. 7 and
Fig. 8, respectively. After 3 h of hydrolysis by PPA,
hydrolyzed HB starch granules showed large cavities in
their central regions (Fig. 7A, B & C), suggesting that
rapid hydrolysis may have occurred in the central
region. Channels in the peripheral regions of the granule
were present in all three native HB starches (Fig. 7A, B
& C). These were more pronounced in waxy HB starch
(Fig. 7A). A number of studies (Leach and Schoch,
1961; Valetudie et al., 1993; Herbert et al., 1996) have
shown that channels in the granule periphery provide a
pathway for the entry of enzymes into the granule
interior. These channels may be derived from inherent
surface pores/internal channels in starch granules and
enlarged by enzyme hydrolysis (Kimura and Robyt,
1995). Several outer layers of granules were left with a
sharp saw-toothed structure on the edge of fragments
Fig. 7. Transmission electron micrographs of HB starch granules

from waxy (CDC Alamo) (A), normal (CDC Dawn) (B), and high-

amylose (SB 94893) types (C) hydrolyzed by PPA at 37 �C for 3 h.
Fig. 8. Transmission electron micrographs of HB starch granules

from waxy (CDC Alamo) (A), normal (CDC Dawn) (B), and high-

amylose (SB 94893) types (C) hydrolyzed by AAG at 37 �C for 21 h.
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(Fig. 7A, B & C). These observations suggests that a
relatively faster hydrolysis (along the tangential direc-
tion of the granule) occurs in the amorphous region
(dark rings) than in the semi-crystalline region (light
rings). The hydrolysis patterns of HB starches by PPA
and BAA are similar to those of other cereal starches
(Gallant et al., 1972, 1992; Planchot et al., 1995), but
differed with respect to some tuber starches (Gallant et
al., 1992; Planchot et al., 1995; Valetudie et al., 1993).
Valetudie et al. (1993) reported a difference, in enzy-
matic action on yam starch, between bacterial and pan-
creatic a-amylases. A sponge-like structure (numerous
radial pores/canals) with bacterial a-amylase was
formed in yam starch granules at the initial stage of
hydrolysis, and fragmentation occurred at the final
stage, whereas, a filamentous structure was retained,
with resistant outer layer of granule, in the residue of
starch hydrolyzed by pancreatic a-amylase.
After 21 h of hydrolysis of three HB starches by

AAG, erosion areas were present in all three HB starch
granules in the form of channels/pits, varying in width
and depth and central cavities (Fig. 8A, B & C). Chan-
nels/pits were present to a greater extent in waxy
(Fig. 8A) than in normal and high-amylose HB starches
(Fig. 8B & C). Channels in waxy HB starch granules were
vertical to the granule surfaces (Fig. 8A). Furthermore,
Fig. 9. The contents of glucose, maltose, and maltotriose produced during HB starch hydrolysis by PPA (A, C & E) and BAA (B, D &F). A and B:

waxy (CDC Alamo); C and D: normal (CDC Dawn); E and F: high-amylose (SB 94893).
630 J.H. Li et al. / Food Chemistry 84 (2004) 621–632



the saw-toothed edges observed during hydrolysis of
HB starches by AAG were not as clearly visible
(Fig. 8) as those of PPA and BAA. The above
observations suggest that amorphous (dark rings) and
crystalline (light rings) regions of all three HB starch
granules were hydrolyzed in a similar fashion by AAG.

3.5. Hydrolysis products

The contents of glucose, maltose, and maltotriose in
the hydrolysates of HB starches were determined by
HPLC at different time periods of hydrolysis (Fig. 9).
The composition and concentration of soluble products
during hydrolysis differed with starch and enzyme types
and with the duration of hydrolysis. At the onset of
hydrolysis, no sugars were detected by HPLC.When PPA
and BAA hydrolysis of three HB starches progressed,
glucose, maltose, and maltotriose were produced,
whereas, only glucose was detected during AAG
hydrolysis. In all three starches, AAG hydrolysis (48 h)
produced at least 2.8 times more glucose from waxy HB
starch than from normal HB starch and 3.3 times more
from in high-amylose HB starches. Hydrolysis (1 h) of
three HB starches by PAA produced more maltotriose
(0.23–0.31 mg/mg starch, db) than glucose (0.01–0.03
mg/mg starch, db) and maltose (0.11–0.21 mg/mg
starch, db) (Fig. 9A, C & E). With extensive hydrolysis
of three HB starches, the amount of maltose increased
significantly, and glucose increased slightly, while malto-
triose content decreased greatly. After 72 h of hydro-
lysis, the maltose content (0.52–0.54 mg/mg starch, db)
was 2.3–4.3 times more than those of glucose (0.12–0.23
mg/mg starch, db) and maltotriose (0–0.03 mg/mg
starch, db). These three sugars accounted for 68–75% of
total starch from each starch source. During BAA
hydrolysis (Fig. 9B, D & F), the contents of glucose,
maltose, and maltotriose increased gradually, from all
three HB starches. However, the amount of maltose
increased faster than that of maltotriose from waxy HB
starch, whereas, the content of maltose was lower than
maltotriose from normal and high-amylose HB starches.
After 72 h of hydrolysis, the contents of glucose, maltose,
and maltotriose were in the range of 0.01–0.07, 0.17–0.26,
0.17–0.25 mg/mg starch (db), respectively. These three
sugars accounted for 40–51% of total starch in each HB
starch. In general, the concentration and composition of
hydrolysis products (predominantly glucose, maltose,
and maltotriose) depend on enzyme sources, origin and
types of starches, and conditions of hydrolysis.
4. Conclusions

In-vitro hydrolysis patterns of HB starches were
dependent on enzyme source and starch types. Trans-
mission electron microscopy showed the pathway of
starch hydrolysis by a-amylase and amyloglucosidase.
The rate of hydrolysis, by PPA, BAA and AAG, of
waxy HB starch, was higher than those of normal and
high-amylose HB genotypes. The outer layers of normal
and high-amylose HB starch granules were more resistant
to enzyme hydrolysis. The concentration and composition
of soluble sugars (glucose, maltose and maltotriose) in
hydrolysates varied with enzyme source, starch types
and the duration of hydrolysis. The study suggests that
both morphological and ultrastructural features influ-
ence in-vitro hydrolysis of HB starches.
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characteristics of starch granules and susceptibility to enzymatic

degradation. European Journal of Clinical Nutrition, 46, S3–S16.

Garcia, V., Colonna, P., Bouchet, B., & Gallant, D. J. (1997). Struc-

tural changes of cassava starch granules after heating at inter-

mediate water contents. Starch/Stärke, 49, 171–179.
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