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ABSTRACT
The nutritional properties of starch and dietary fiber (DF) were studied
in barley genotypes containing different amylose contents: Waxy Campana
(-8%amylose); Alva, Lina, and Glacier normal (normal varieties, 25-27%
amylose); and Glacier high (-35% amylose). On an equivalent starch
basis, all barley varieties showed a somewhat higher availability to aamylase than a wheat reference. Among the barley flours, starch in the
waxy variety was most available to a-amylase when tested raw. With
excess water (90% H2 0), the gelatinization was completed at about 80 C,
as measured with differential scanning calorimetry, irrespective of
amylose content. At lower moisture (50% H2 0), the temperature interval
for gelatinization was considerably broadened. However, the differences
in gelatinization behavior between the barley varieties were small. No

The bioavailability of starch is at present an issue of much
nutritional concern. Different starchy food items differ considerably in the rate and extent of starch uptake in the human small
intestine (Jenkins et al 1981, 1987a). A reduced rate of starch
uptake is particularly beneficial to diabetics, because a lowered
postprandial glucose response lowers the insulin demand (Jenkins
et al 1983). A somewhat incomplete total digestibility may also
be nutritionally advantageous; malabsorbed starch reaching the
colon could exert physiological effects similar to those of dietary
fiber (DF) (Jenkins et al 1987b).
Differences in starch bioavailability among products have been
attributed to several factors. One mechanism is the chemical composition of the starch, that is, the amylose/amylopectin ratio
(Thorne et al 1983). The starch in normal varieties of cereals
contains only moderate levels of amylose, about 25%, whereas
that in legumes may amount to 75% (starch basis) (Guilbot and
Mercier 1985). It has been suggested that the high amylose content
in legume starches is responsible for the extremely low postprandial glucose and insulin responses to lentils or beans, for
example, compared with responses to most cereal products (Jenkins et al 1983). The hypothesis concerning amylose/amylopectin
ratio as an important determinant of starch bioavailability focused
interest on certain genotypes of rice and maize where the amylose
content may vary over a broad range.
According to Goddard et al (1984), in healthy subjects, the
postprandial levels of glucose and insulin following ingestion of
different rice varieties increased with decreasing amylose content
(0-25% amylose). The beneficial effect of high-amylose varieties
was attributed to a reduced rate of enzymic digestion due mainly
to formation of complexes between amylose and lipids. Formation
of such complexes is known to considerably reduce the enzymic
susceptibility of the amylose component (Holm et al 1983). Furthermore, in a recent study by Behall et al (1989), long-term intake
of a high-amylose diet improved fasting triglyceride and
cholesterol levels in healthy subjects more than a corresponding
high-amylopectin diet. The beneficial effect on blood lipids was
discussed in terms of a flattened insulin response following ingestion of the high-amylose diet. However, available data on the
impact of amylose on nutritional properties of starch are by no
means clear cut. Thus, in an investigation on rice, a slightly higher
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differences in rate of starch hydrolysis were seen between boiled barley
flours. In contrast, autoclaving produced a slower course of amylolysis
in Glacier high, despite complete gelatinization. This material also
contained a somewhat higher level of retrograded enzyme-resistant starch,
3% (starch basis). The content of soluble DF was lower in Alva and
Lina (4.8%) compared with 6.5% in the other genotypes (dwb). The
viscosity of suspensions of isolated DF (1.6%, w/v) correlated to the
proportion of soluble DF and was in decreasing order: Waxy > Glacier
high > Alva. When added to a starch suspension, isolated barley DF
preparations were equally effective in reducing the rate of gastric emptying
in rats.

amylose content (22 vs. 15%) was accompanied by an increased
rate of in vitro a-amylolysis and an increase in postprandial glucose in healthy subjects (Srinivasa Rao 1971).
Reports on the effect of amylose/amylopectin ratio on total
starch digestibility are also somewhat contradictory. In a study
by Wolf et al (1977), an appreciable amount of starch (11%)
was malabsorbed in healthy subjects following ingestion of
amylomaize muffins, whereas no starch appeared in the stool
when reference muffins were baked from a normal corn meal
variety. The malabsorption of the high-amylose starch (-70%
amylose) was explained in terms of incomplete gelatinization
during baking of amylomaize muffins. In contrast, although highamylose varieties of maize were less digestible in the rat than
normal maize, no obvious correlation was found with the amylose
content in a study on raw flours by Borchers (1962).
It is known that the gelatinization behavior of the starch granule
is affected by its amylose content. According to several reports,
the gelatinization temperature of maize and pea starches is generally increased at a higher amylose content (Colonna and Mercier
1985, Eliasson et al 1988). Recently, it was demonstrated that
a close correlation exists between the degree of starch gelatinization and the rate of enzymic hydrolysis both in vitro and in
vivo (Holm et al 1988). Thus, provided a higher amylose content
restricts granule swelling at conditions used during food processing, a reduced enzymic availability would be expected. A
higher amylose content also increases the probability for complex
formation with lipids. In addition, during heat treatment at high
moisture levels, starch may retrograde so firmly that it becomes
totally resistant to amylases both in vitro and in vivo (Englyst
et al 1985, Bjorck et al 1987, Ring et al 1988). This resistant
starch is believed to consist of retrograded amylose, as the amount
formed increases with increasing amylose content (Berry 1986).
Maldigestion of high-amylose starch in heat-treated food items
could thus be related not only to the presence of undigestible
raw granules but also to formation of resistant starch.
Barley is a common crop grown in Sweden and can be obtained
in varieties that cover a comparatively broad range of amylose
content. Despite a high DF content, in particular a high proportion
of soluble viscous DF components, its use for human consumption
is limited. The purpose of the present investigation was to evaluate
some nutritional properties of starch and DF in different genotypes of barley. Special emphasis was put on starch bioavailability
and in particular, the impact of the amylose/ amylopectin ratio.
The content of starch and DF was determined and compared
with that of normal barley varieties. The rate of a-amylolysis
of starch in raw and heat-treated samples was evaluated as was
Vol. 67, No. 4,1990

327

the gelatinization behavior at different moisture levels. The formation of resistant starch during heat treatment was determined.
Furthermore, the viscosity of suspensions of DF isolated from
three different samples was recorded. The effect of these fiber
preparations on the rate of gastric emptying was also evaluated
by using a rat experimental model.
MATERIALS AND METHODS
Materials
Five barley genotypes harvested in 1986 were obtained from
Svalov AB, Sval6v, Sweden. The following varieties were studied:
Waxy Campana (-8% amylose); Lina, Alva, and Glacier normal
(normal varieties, 25-27% amylose); and Glacier high (-35%
amylose). The intrinsic amylase activity, measured as described
by Olered and Jonsson (1968) was low in Alva, Lina, Glacier
normal, and Glacier high (Ka 0.6-1.7) and somewhat higher (Ka
12) in Waxy Campana. The grains were milled to pass a 0.5mm screen.
Chemical Analysis
Starch content was analyzed as glucose released following incubation with a thermostable a-amylase (Termamyl 120L, Novo
A/ S, Copenhagen, Denmark) and amyloglucosidase (Aspergillus
niger, suspension 10 mg/ml, 14 units (U)/mg, Boehringer
Mannheim, W. Germany). Liberated glucose was quantified with
glucose-oxidase-peroxidase reagent, and starch content was expressed on a polysaccharide basis. The procedure has been described in full previously (Holm et al 1986). For comparison,
starch was also analyzed following an initial solubilization of
the raw granules in NaOH according to Ostergard et al (1988).
The ,B-glucanase activity in the amyloglucosidase preparation was
evaluated by analyzing "starch content" in a pure /3-glucan fraction
isolated from barley (Grindstedt A/ S, Brabrand, Denmark). Only
1.4% of the f3-glucan was recovered as starch. The contribution
of /3-glucans during analysis of starch in barley flour must therefore be considered negligible.
Quantification of amylose was done as described by BeMiller
(1964).
The contents of total, soluble, and insoluble DF were determined according to the enzymic gravimetric method developed
by Asp and co-workers (Asp et al 1983).
Resistant starch content (RS), that is starch resistant to amylases
in vitro unless solubilized in alkali, was analyzed as previously
reported (Bjorck et al 1986). The total amount of starch remaining
in the DF residue obtained with the enzymic gravimetric method
was determined by dissolving the residue in 2M KOH followed
by neutralization and incubation with amyloglucosidase as above.
Residual starch was determined by omitting the KOH step. RS
was calculated as the difference between total and residual starch.
The lipid content was analyzed gravimetrically following hydrolysis in 7.7N HCl and extraction in di-ethyl ether and petroleum
ether according to a recommended procedure by Nordisk Metodikkommite (1974).
In Vitro Starch Hydrolysis with Pancreatic a-Amylase
The susceptibility of starch to a-amylolysis was evaluated as
described by Holm et al (1985). An equivalent amount of sample
(starch basis) was incubated with pancreatic a-amylase at 37°C.
TABLE I
Gross Nutrient Composition in Barley Genotypes (%, dwb)
Crude
Proteina

Barley
Waxy Campana
Alva
Glacier normal
Lina
Glacier high

14.5
12.2
13.8
10.4
13.6

Starchb
53.9
59.3
57.9
59.2
52.5

± 0.2
± 0.5
+ 0.3
± 0.3
± 0.2

Dietary
Amylosec
(% of starch) Fiber Ash

Fat

2.3
2.4
2.1
2.3
2.2

4.4
4.4
4.6
4.4
5.6

7.9
25.2
27.1
27.7
34.9

21.0
20.1
20.4
20.3
23.3

aCalculated as 6.25 X N.

bEnzymic method according to Holm et al (1986).
'Amylose content determined as described by BeMiller (1964).
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Samples were withdrawn at time intervals for determination of
reducing sugars with a dinitrosalisylic acid reagent. Maltose was
used as standard, and the extent of hydrolysis was expressed
in maltose equivalents and calculated on the basis of starch content
(100 X maltose equivalents [mg] X 0.95/mg of starch). In some
experimental series, the samples were preincubated with pepsin
prior to incubation with a-amylase (Holm et al 1985). In addition,
in the case of raw materials the a-amylase level was increased
5- or 10-fold over that normally used. Barley samples were tested
raw, after boiling in water (4% w/v), or after autoclaving at an
added pressure of 1.45 bar (-1270 C) for 60 min (30% starch
basis, w/v). For studying pure barley starch, the starch was
isolated as described by Karlsson et al (1983). Whole meal wheat
flour or isolated wheat starch were included in some experiments.
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) thermograms of raw
barley flour (90 or 50% H2 0, w/w), autoclaved and freeze-dried
flour (90% H2 0 w/ w), or boiled flour suspensions (4% w/ v, starch
basis) were recorded with a Perkin-Elmer DSC-2 instrument. The
samples were heated from 21 to 1370 C at a scanning rate of
100C/min. The onset of gelatinization (TO), the temperature at
peak maximum (TG) and the conclusion of gelatinization (Tc)
were determined for the gelatinization endotherm. In the transition
due to the amylose-lipid complex, the temperature at peak maximum (TCx) was recorded. The transition enthalphy was calculated
from the peak area and denoted as AHG for the gelatinization
endotherm and AHcx for the complex endotherms. The values
given are the means of three to four independent measurements.
All AH values are expressed as joules per gram of dry matter.
Isolation of DF
DF in barley was isolated for viscosity measurements and
animal experiments using the enzymic gravimetric method
essentially as described above for determination of total fiber.
However, the incubation with the thermostable a-amylase
Termamyl was omitted. Total DF was obtained after ethanol
precipitation and centrifugation. Furthermore, in order to improve rehydration properties, the DF residue was not washed
with acetone.
Viscosity Measurements
The viscosity of suspensions prepared from isolated DF (1.6%
DF basis, w/v) was recorded on a rotary viscometer (Bohlin
Rheometer System, Lund, Sweden) at 370C. After 30 min of
gentle agitation at 370C, the samples were transferred to the cup
of the rotary viscometer, and measurements were taken at a
variable shear rate ranging from 1.5 to 146.5/sec.
Rate of Gastric Emptying of Starch
After an overnight fast, male Sprague Dawley rats (140 g) were
given suspensions (2.5 ml) by orogastric intubation under light
anesthesia. The reference suspension contained 100 mg of starch
only (soluble starch "nach Zulkowsky," Merck, Darmstadt, W.
Germany), whereas isolated barley DF was added to the test suspensions (3% DF basis, w/v). NaCl was added to a final concentration of 0.9%, w/v. The animals were killed with CO2 after
15 min. Their abdomens were cut open and clamps were placed
at the cardia and pylorus. The stomachs were removed and
immediately frozen on solid CO2 and stored frozen until analyzed
(Tovar et al 1989). All the tissue was homogenized, diluted, and
analyzed for remaining starch content as described above. DF
preparations from Waxy Campana, Glacier high, and Alva were
studied. Guar gum (0.8%, w/v) was used as a reference substance.
RESULTS AND DISCUSSION
Content and Composition of DF and Starch
The gross composition of nutrients in five barley varieties is
shown in Table I. Protein content ranged from 10 to 14%, starch
content from 53 to 59%, and DF from 20 to 23% (dwb). The
amylose content varied from 7.9% in the waxy barley to 34.9%

in the high-amylose variety. Thus, the amylose content covered
the range in most ordinary starchy foods, the highest level being
similar to that reported in normal varieties of legumes or highamylose varieties of rice (Goddard et al 1984, Guilbot and Mercier
1985, Hoover and Sosulski 1985, Eliasson 1988). However, the
amylose/amylopectin ratio was considerably lower in the barley
genotypes than in, for instance, high-amylose maize or wrinkled
pea starch. Both methods for starch analysis produced similar
results (data not shown). That is, pretreatment with alkali prior
to amylolytic digestion (Ostergard et al 1988) did not improve
the analytical yield compared with the method employing
solubilization with Termamyl (Holm et al 1986). Consequently,
pretreatment with alkali is not a prerequisite despite a comparatively high amylose content in Glacier high.
The total DF content was similar in the normal varieties (Lina,
Alva and Glacier normal), about 20%, and also similar to that
reported in a previous study on barley flour (Ostergard et al
1989). The highest DF content was seen in Glacier high. This
variety also contained a higher lipid content. A concomitant increase in amylose and lipid content is also known from studies
of barley starch covering a similar range of amylose content
(Morrison et al 1984).
Waxy Campana, Glacier normal, and Glacier high contained
a considerably higher level of soluble DF components, 6.5% (dwb)
compared with about 4.8% (dwb) in Alva and Lina (Table II).
Due to a concomitant increase in insoluble DF, the differences
in distribution of soluble to insoluble DF were less pronounced.
However, the proportion of soluble DF averaged 24% in Alva
and Lina and ranged from 28 to 32% in the other varieties.
Obviously, it is possible by plant breeding to affect not only the
content of DF and starch but also the chemical composition of
these polysaccharides.
Viscosity and Nutritional Properties of Isolated DF Preparations
The viscous properties of suspensions of isolated barley DF
are shown in Figure 1. The viscosity at different shear rates was
in decreasing order: Waxy Campana > Glacier high > Alva.
That is, the DF components in two of the genotypes were more
viscous than in a normal barley variety. The proportion of soluble
DF was 31, 28, and 23% in Waxy Campana, Glacier high, and
Alva, respectively. Hence, there appeared to be a correlation
between the viscous properties and the proportion of soluble
components.
The effect of adding isolated barley DF on the rate of gastric
emptying of starch suspensions in rats is shown in Table III.
All DF preparations significantly increased the amount of starch
remaining in the stomach 15 min after intubation. Suspensions
containing barley DF (3% total and 0.7-0.9% soluble DF) reduced
the rate of gastric emptying similar to the reduction produced
by guar gum (0.8% DF). No significant difference was obtained
between the different DF preparations or between barley DF
and guar gum. Hence, the physiological properties of DF were
similar within the narrow range of soluble DF studied.
Availability of Starch for Enzymic Digestion
Enzyme susceptibility of raw flours and isolated starches
following 60 min of incubation with a-amylase only or in combination with a pepsin pretreatment is shown in Table IV. The
degree of hydrolysis in wheat was used as reference. Incubations
of flours with a-amylase only indicated higher availability of starch
in barley than in wheat. Starch in waxy barley was most susceptible

to hydrolysis. Experiments with isolated starches revealed a similar
pattern. The waxy barley starch still displayed the highest enzyme
susceptibility, and all barley samples were hydrolyzed somewhat
more rapidly than wheat. However, the differences between barley
and wheat were much less attenuated in isolated starches. The
higher availability of starch in the waxy flour persisted even when

it was pretreated with pepsin before incubation with an excess
of a-amylase (Table IV). Waxy barley might thus be advantageous
in feed for animals where a high energy utilization and feed conversion ratio usually is requested.
The gelatinization temperature of starch in the different barley
varieties was evaluated by DSC measurements of raw flours (90%
H20, w/ w) (Fig. 2 and Table V). Despite the differences in amylose
content, TG varied within a comparatively narrow range 62-690 C.
Although the broadest gelatinization interval was obtained with
Glacier high, no obvious correlation was seen with amylose content. The endothermic transitions corresponding to the amyloselipid complex were most prominent in Glacier high, whereas no
transition could be detected in the waxy variety. DSC scans were
also recorded at a higher dry matter content (50% H2 0, w/ w)
in order to simulate conditions during low moist-heat treatment
of cereal products (Fig. 2 and Table V). The gelatinization
endotherm was considerably broadened, particularly in the case
of Glacier high. However, all barley flours were completely
gelatinized at about 950C.

TABLE III
Starch Remaining in the Rat Stomach 15 min After Intubationa
Suspensions
%of Intubated Amounta
Reference
Soluble starch "nach Zulkowsky"
(4%, w/v)
Test suspension
Soluble starch "nach Zulkowsky" with
added dietary fiber (DF)
3%, w/v, Waxy Campana DF
3%, w/v, Alva DF
3%, w/v, Glacier high DF
0.8%, w/v, Guar gum
a

30.8 ± 10.8 a

59.1
50.8
55.6
51.1

± 7.9 b

± 13.2 b
± 10.3 b
± 11.7 b

Figures followed by different letters are significantly different at P
< 0.05 (Student's t test).
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TABLE II
Dietary Fiber Contenta (%, dwb)
Barley
Waxy Campana
Alva
Glacier normal
Lina
Glacier high

Insoluble
14.5 + 0.3
15.5 + 0.2
13.9 ± 0.2
15.5 ± 0.4
16.7 ± 0.5

Soluble
b
a
b
a
b

6.5
4.7
6.5
4.8
6.5

± 0.1
+ 0.4
± 0.6
+ 0.7
± 0.7

Total
b

a
b
a
b

21.0 ± 0.4 c
20.1 ± 0.3 a
20.4 + 0.5 ac
20.3 + 0.4 ab
23.3 ± 0.9 d

followed by different letters are significantly different at P <
0.05 (Student's t test).

aFigures

0

50
100
150
Shear rate 1/sec
Fig. 1. Viscous properties (viscosity versus shear rate) of suspensions
of isolated dietary fiber components (1.6%, w/v) from three barley
varieties: Waxy Campana (e), Alva (A), and Glacier high (0).
Vol. 67, No. 4,1990

329

The shift towards gelatinization temperatures exceeding 1000 C,

TABLE IV
Starch Hydrolysis (%) in Raw Flour or Starch Isolated from Barley
After 60 min of Incubation with a-Amylase Only
or in Combination with Pepsina

seen for instance in high-amylose genotypes of maize and pea
starch (Colonna and Mercier 1985), was not present in the amylovariety of barley containing approximately 35% amylose (Table
V). Thus, inclusion of Glacier high in food items such as bread
will probably not affect the degree of gelatinization to any
appreciable extent. In contrast, in a study of maize products,
baking and even boiling of flours was not sufficient for complete
gelatinization of the high-amylose genotype containing about 70%
amylose (Wolf et al 1977). It is possible, however, that swollen
granules with a considerable amount of RS may show birefringence, thus leading to false conclusions regarding the degree
of gelatinization.
Gelatinization by boiling in water (4%, w/v, starch basis) rendered the starch in all barley flours equally available to aamylolysis (Fig. 3). Pretreatment with pepsin slightly increased

Raw Flours Pretreated

Source
Wheat reference
Glacier high
Glacier normal
Lina
Alva
Waxy Campana
aAll

Raw Flour
a-Amylase
(100 U)

Raw Starch
a-Amylase
(100 U)

6.2
22.9
24.8
25.4
28.5
37.2

18.1
23.5
23.5
21.7
23.5
36.2

with Pepsin
a-Amylase
a-Amylase
(500 U)
(1,000 U)
42.7
47.0
47.0
47.0
51.2
68.3

51.1
56.2
56.2
51.1
61.3
76.7

a-amylase concentrations expressed as units (U) per 500 mg of starch.
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Fig. 2. Differential scanning calorimetry of three barley varieties containing different amylose levels at 90 and 50% H20.
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TABLE V
Differential Scanning Calorimetry of Raw Barley Flours
Gelatinization Transitiona
TO
Barley
90% (w/v) water
Waxy Campanac
Alva
Glacier normal
Lina
Glacier high
50% (w/v) water
Waxy Campanac
Lina
Glacier high

(TC)

~~TG
(TC)

TCAHG
(TC)

Amylose-Lipid Complex Transitionb
TX
(OC)

(J/g dry matter)

48
50
50
48
48

64.9
63.2
62.4
63.3
69.4

± 0.2
± 0.4
+ 0.8
+ 0.4
+ 0.4

77
76
78
76
83

5.5
6.6
5.6
6.2
3.8

43
46
44

67.8 ± 0.6
65.1 0.4
69.3 ±0.1

93
89
93

6.8 + 0.4
7.5 1.0
4.0 +0.1

± 0.2
+ 0.7
+ 0.4
+ 0.3
± 0.2

zAHCX
(J/g dry matter)

...
94.3 ± 0.5
1.36 ± 0.03
94.4 ± 0.5
1.05 ± 0.1
not determined
93.7 + 1.0
2.22 ± 0.46
...
105.5 + 0.5
105.5 + 0.3

...
1.1 ± 0.3
1.4 ± 0.3

aEndothermic transition corresponding to gelatinization transition temperature (To at onset; TG at peak maximum;
Tc at conclusion) and transition
enthalphy (AHG)bEndothermic transition corresponding to transformation of the amylose-lipid complex transition temperature
(Tcx at peak maximum) and transition
enthalphy (AHcx).
cNo endothermic transition was detected in Waxy Campana.

the course of amylolysis but no differences between the barley
varieties could be detected (data not shown). Thus, the amylose
content had no impact on the rate of enzyme digestion in boiled
flours within the interval tested. The absence of differences in
enzyme susceptibility is in accordance with a complete gelatinization of boiled barley flour suspensions (4%, w/v) irrespective
of amylose content. Hence, in DSC measurements, no endothermic transition corresponding to the melting of raw starch could
be detected in any of these samples. In contrast, the availability
to a-amylase of boiled maize starches has been reported to be
affected by amylose content (Azemi and Wotton 1984). The rate
of hydrolysis decreased in the following order: waxy maize >
normal maize > high-amylose maize. In studies by Fuwa et al
(1977), it was demonstrated that differences in digestibility of
maize starches containing different levels of amylose disappeared
following alkali treatment. It is known that complete solubilization
of starch can be obtained at alkaline conditions suggesting that
the barrier towards enzyme digestion is not related to the chemical
structure of the starch molecules as such, but rather to the degree
of crystallinity.
It should be noted that although a higher amylose content
has been associated with a higher gelatinization temperature, the
temperature interval for gelatinization of amylomaize starch, for
example, varies considerably in different studies employing DSC.
According to Colonna and Mercier (1985) the intervals range
from about 58 to 1250 C (>60% amylose), whereas in other reports
gelatinization appears to be completed below 1000C (-70%
amylose) (Russel 1987, Eliasson et al 1988). This might result
from real differences in granular structure not related to the amylose content as such. However, it has been pointed out that the
gelatinization range as measured with DSC may be overestimated
in certain high-amylose varieties due to overlapping with the endothermic transition for the amylose-lipid complexes (Russel 1987).
In the present work no such overlapping existed, and the comparatively low gelatinization temperatures obtained for all barley sampleE (700C) are in accordance with the high enzyme susceptibility
observed following boiling.
The RS yield during autoclaving of barley suspensions (30%,
w/w, starch basis) was strongly related to the amylose content
(Fig. 4). No RS was formed in waxy barley, which is in agreement
with studies on waxy maize starch by Berry (1986). With increasing
amylose content there was an increase in RS formation. Approximately 3% of the total starch in Glacier high was rendered resistant
due to autoclaving. This RS fraction can be expected to withstand
enzymic digestion even in vivo (Bjorck et al 1987). The lack of
RS formation during autoclaving of waxy barley strongly suggested that RS consists of firmly retrograded amylose. The RS
yield with Glacier high was, however, considerably lower than
that obtained in a previous work with pure wheat starch (6%
dwb) autoclaved at equivalent conditions, suggesting that amylose
retrogradation is facilitated in a pure system (Bjorck et al 1987).

100o

SO

(n
>1

0

_0
-o
0)
0)

a)
0)

5

15

30

60

Time (min)
Fig. 3. Rate of a-amylolysis of starch in boiled barley flour suspensions:
Waxy Campana (A), Lina (A), Alva (*), Glacier normal (0), and Glacier
high (A).

In a study by Fleming and Vose (1979) using rats, autoclaving
of cereal, tuber, and legume starches resulted in an apparent
digestibility close to 100%. However, the digestibility of wrinkled
field pea starch was significantly lower, 97%. Consequently, an
incomplete digestibility of starch in autoclaved high-amylose
varieties has been observed also in vivo.
The rate of a-amylolysis of starch in autoclaved barley flours
is shown in Figure 5. Similar results were obtained following
a pretreatment with pepsin (data not shown). The course of amylolysis was most rapid in the case of Waxy Campana. As judged
from the high initial level of hydrolysis, this was probably due
to its high level of intrinsic amylases capable of hydrolyzing starch
before reaching elevated temperatures in the autoclave. Starch
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Fig. 4. Formation of resistant starch (RS) as a function of amylose content
in autoclaved suspensions of barley flours.

in autoclaved flours from wheat, Alva, Lina, and Glacier normal
were hydrolyzed at a similar rate. In contrast, the degree of
hydrolysis with Glacier high was significantly lower at all time
intervals. DSC measurements of autoclaved and freeze-dried
materials indicated complete gelatinization. The somewhat lower
susceptibility might be related to a more prominent retrogradation
reducing the rate of hydrolysis of the amylose component despite
the fact that only a minor fraction was rendered resistant. Thus,
in a previous work on autoclaved suspensions of wheat starch
(-25% amylose), formation of RS was accompanied by a decrease
in the over-all rate of a-amylolysis compared with a boiled wheat
starch reference containing no RS. Another plausible explanation
is the formation of amylose-lipid complexes (Holm et al 1983).
Whether this phenomenon occurring in autoclaved samples is
similar to that described by Goddard et al (1984) following boiling
of intact rice kernels remains to be elucidated. However, in that
study, postprandial levels of glucose and insulin were affected
within a similar range of amylose content as that used in the
present work with barley.
It is concluded that the amylose/ amylopectin ratio in different
barley genotypes had only a marginal influence on gelatinization
behavior. Waxy barley showed the highest susceptibility to aamylolysis when tested raw, whereas no differences were seen
following boiling. However, with increasing amylose content there
was a concomitant decrease in in vitro digestibility of autoclaved
flours due to retrogradation. Autoclaving also produced a somewhat slower rate of hydrolysis in Glacier high than in the other
varieties. Finally, addition of isolated barley DF to a starch
solution significantly delayed the rate of gastric emptying in rats,
the effect being similar to that with an equivalent amount of
guar gum (soluble DF basis).
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