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Abstract:
The ratio of amylose vs amylopectin (waxy) starch in barley grain affects its chemical composition and
biological properties. To investigate the effects of waxy (ww) and high-amylose (amol) starch genes on
chemical composition of barley and the cholesterolemic and glycemic responses in an animal model, a
series of barley isotypes having non-waxy, waxy starch and another series of Glacier barley having
high-amylose (HA) starch in covered, and hull-less lines were tested. Waxy gene increased (P< .01)
total and soluble dietary fiber, total and soluble β-glucans, extract viscosity, free sugars, and reduced
starch content of barley. Extract viscosity was correlated with total β-glucan and free sugars (r=.55 and
.76, P<.001). High-amylose gene increased amylose content (40%-44%) and β-glucan content (7.4%)
over normal barley (29%, 5.2%). Means of postprandial blood glucose levels were not different for
chicks fed uncooked (raw) high-amylose barley flour or red dog (RD) milling fractions compared with
normal barley but were higher (P < .05) compared with com controls. However, total and LDL plasma
cholesterol were lower for chicks fed the HA flours and all barley RD diets compared to com controls.
Starches were purified from barley flours of waxy, normal, and high-amylose cultivars. These starches
were moisture-autoclaved 3 and 12 times with subsequent cooling. Only marginal effects occurred on
hydrolysis rates with no effects on glucose levels in rats when boiled starches of different origins
(amylose vs amylopectin) were tested. However, the effects of starch types on digestibility and blood
glucose responses were significantly altered by autoclaving. Digestibility of waxy starches was not
changed in vitro (P>.05) but glucose in rats was significantly (P < .05) increased after ingestion of
autoclaved waxy barley starch. In contrast, the digestibilities of high-amylose starches were reduced by
14% and 20% after 3 and 12 autoclave-cool cycles, respectively. Autoclaved HA starch significantly
lowered the glucose peaks in rats compared to waxy and normal starches at 30 min (P< .01). The in
vivo results corresponded to that in vitro study which demonstrated that the digestibility of different
cereal starches followed the pattern: waxy > normal > high-amylose starches after heat-moisture
autoclaving, possibly due to the formation of enzyme resistant starch from the amylose component.
Enzyme resistant starch formation was highly (P < .001) correlated with digestibility (r= -.98) and
amylose contents (r= .96) of autoclaved starches. These data indicate that the expression of the waxy
and high-amylose genes in barley is desirable to increase the levels of soluble dietary fiber, particularly
β-glucans and also implied that high amylose barley has potential for specialty food product
development. 
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ABSTRACT

The ratio of amylose vs amylopectin (waxy) starch in barley grain affects its 
chemical composition and biological properties. To investigate the effects of waxy (ww) 
and high-amylose (amol) starch genes on chemical composition of barley and the 
cholesterolemic and glycemic responses in an animal model, a series of barley isotypes 
having non-waxy, waxy starch and another series of Glacier barley having high-amylose 
(HA) starch in covered, and hull-less lines were tested. Waxy gene increased (P< .01) 
total and soluble dietary fiber, total and soluble /3-glucans, extract viscosity, free sugars, 
and reduced starch content of barley. Extract viscosity was correlated with total /3-glucan 
and free sugars (r=.55 and .76, P < .001). High-amylose gene increased amylose 
content (40%-44%) and /5-glucan content (7.4%) over normal barley (29%, 5.2%). 
Means of postprandial blood glucose levels were not different for chicks fed uncooked 
(raw) high-amylose barley flour or red dog (RD) milling fractions compared with normal 
barley but were higher (P < .05) compared with com controls. However, total and LDL 
plasma cholesterol were lower for chicks fed the HA flours and all barley RD diets 
compared to com controls. Starches were purified from barley flours of waxy, normal, 
and high-amylose cultivars. These starches were moisture-autoclaved 3 and 12 times 
with subsequent cooling. Only marginal effects occurred on hydrolysis rates with no 
effects on glucose levels in rats when boiled starches of different origins (amylose vs 
amylopectin) were tested. However, the effects of starch types on digestibility and blood 
glucose responses were significantly altered by autoclaving. Digestibility of waxy 
starches was not changed in vitro (P> .05) but glucose in rats was significantly (P < 
.05) increased after ingestion of autoclaved waxy barley starch. In contrast, the 
digestibilities of high-amylose starches were reduced by 14% and 20% after 3 and 12 
autoclave-cool cycles, respectively. Autoclaved HA starch significantly lowered the 
glucose peaks in rats compared to waxy and normal starches at 30 min (P< .01). The 
in vivo results corresponded to that in vitro study which demonstrated that the 
digestibility of different cereal starches followed the pattern: waxy > normal > high- 
amylose starches after heat-moisture autoclaving, possibly due to the formation of 
enzyme resistant starch from the amylose component. Enzyme resistant starch formation 
was highly (P < .001) correlated with digestibility (r= -.98) and amylose contents (r= 
.96) of autoclaved starches. These data indicate that the expression of the waxy and 
high-amylose genes in barley is desirable to increase the levels of soluble dietary fiber, 
particularly /3-glucans and also implied that high amylose barley has potential for 
specialty food product development.
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CHAPTER I 

INTRODUCTION

Coronary heart disease (CHD) and diabetes mellitus are not only the major causes 

of death in the industrialized counties, but they account for enormous costs for treatment 

and care (Anonymous, 1981; NDDG, 1985; Anderson et al., 1987a). Individuals with 

diabetes die from CHD two to three times more frequently than those who do not have 

diabetes (Anderson et al., 1987b). Hypercholesterolemia and hyperglycemia were 

recognized as significant risk factors for CHD (Connor and Connor, 1984) and for 

diabetes (Anderson et al., 1987b). Reductions in cholesterol and postprandial glucose 

and insulin in the blood are considered to be beneficial in preventing and treating 

hyperlipidemia and hyperglycemia as well as related disorders including obesity and 

hypertension, thereby reducing the risk of CHD and diabetes (Amelsvoort and 

Weststrate, 1992).

Diets high in fiber and starches have been reported to normalize blood glucose 

and lipid levels in carbohydrate-sensitive diabetic and hyperlipidemic individuals (Behall 

and Scholfield, 1989; Jenkins and Jenkins, 1985). Soluble fiber such as /3-glucan in 

barley has been shown to have hypocholesterolemic effects in rats (Klopfenstein and 

Hoseney, 1987; Mori, 1990), chicks (Fadel et al., 1987), and humans (Newman et al.,
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1989a; McIntosh et al., 1991). Bengtsson et al. (1990) concluded that the 

hypocholesterolemic response observed in a waxy barley, but not in a non-waxy barley 

was due to the higher level of /S-glucan and viscosity in waxy barley. Higher levels of 

total dietary fiber (TDF), /3-glucan and relative extract viscosity have been reported by 

Ullrich et al. (1986), Mori (1990) and Han and Froseth (1992). Soluble fiber, including 

iS-glucan was demonstrated to flatten glucose curves in humans (Jenkins and Jenkins, 

1985) and in rat (Vachon et al., 1988).

The bioavailability of starch, especially the effect of amylose/amylopectin ratio, 

has recently been an issue of nutritional concern. Research reports on the glucose

lowering response of high-amylose corn starch (Behall and Scholfield, 1989; Amelsvoort 

and Weststrate, 1992) and rice starch (Goddard et al, 1984; Panlasigui et al, 1992) have 

been reported.. Behall and Scholfield (1989) also reported a lowering of blood 

triglycerides and cholesterol in subjects consuming high-amylose corn starch.

Few nutritional studies on barley starch have been reported although some barley 

cultivars are known to have widely varying ratios of amylose to amylopectin. An 

amylose level of 44% was discovered in a mutant of Glacier. In addition to the starch 

ratio, high-amylose Glacier barley also contains relatively high /3-glucan, indicative of 

hypocholesterolemic responses.

The objectives of these studies were to (I) determine if increased levels of 13- 

glucans, TDF and extract viscosity in waxy barley are consistent in more than one 

genotype grown in different environments; (2) evaluate the effects of hull-less and short- 

awned genes on other nutrient components in addition to the effects of the waxy gene;



(3) investigate glucose and cholesterol responses of broiler chicks fed two uncooked 

barley milling fractions from three different Glacier barleys; (4) estimate the formation 

of enzyme resistant starch during the autoclaving process with different ratios of amylose 

and amylopectin in barley and corn; (5) determine in vitro digestibility and hydrolysis. 

rate of barley and com starches with different amylose and amylopectin content and heat 

treatments, (autoclaved vs non-autoclaved); and (6) evaluate the glucose responses of 

autoclaved barley starch compared to wheat starch in rats.
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CHAPTER 2 

LITERATURE REVIEW

Barley is an important agricultural crop in the world, and particularly in the 

Northern Plains States. The grain is used mainly as an animal feed and for malt but 

there is a growing interest in barley for food and industrial use (Aman and Newman, 

1986). A better understanding of the relationship between grain chemical composition 

and physical characteristics as well as the nutrition value would be helpful in successful 

utilization of barley for new uses (Henry, 1988). A knowledge of the contribution of 

genetic and environmental factors for grain composition is also required. Carbohydrates, 

major components of the kernel, have a significant influence oh grain quality. ' The 

carbohydrates are generally subdivided into starch, sugar and dietary fiber (DF). This 

review will focus on aspects of carbohydrate nutrition related to barley starch genotypes.

Starch

Starch Structure and Composition

Starch makes up about 50 to 68% of barley grain (Aman and Newman, 1986), 

occurring as water insoluble granules. The shape and size of the granules are markedly 

different in plants, dependent on. the botanical source. For example, normal Glacier



barley starch exhibits bimodal distribution (Banks and Muir, 1980). In these starch 

granules, there is a population of large lenticular granules, ranging in diameter from 15 - 

35 /mi, which comprise some 90% by weight but less than 10% by number of the total 

starch, and a separate population of small spherical granules ranging from I to 10 /im. 

However, high-amylose Glacier barley is quite different from the normal Glacier, having 

smaller sized granules with less regular shaping and no clear evidence of the bimodal 

distribution.

Starch granules are semicrystalline and exhibit birefringence in polarized light. 

Starch granules can give a number of distinct types of X-ray patterns (designated A, B, 

and C). Information on the organization of the starch granule has been obtained from 

different microscopy techniques (Lineback, 1984; Zobel, 1992). X-ray diffraction of 

crystalline amylose helical inclusion compounds results in the V amylose pattern 

(Hoseney, 1986).

Starch granules consist of a mixture of amylose and amylopectin in proportions 

which vary from one starch to another. Amylose is essentially a linear polymer 

composed of a-(l->4)-linked D-glucose while amylopectin is highly branched with a- 

(l->4), a -(1^*6)-linkages (Briggs, 1978). In normal barley, about 22-30% of the starch 

is amylose and 70-78% is amylopectin (Morrison et al., 1986). However, the genetic 

variation in the amylose/amylopectin ratio is varied, including both high amylose and 

high amylopectin (waxy) genotypes. A high amylose level of 41-44% has been found 

in a mutant of Glacier (Cl 9676) barley, which is designated Glacier Ac38 (Merritt, 

1967). This character was shown to be under a single recessive gene (amol) which is



located on chromosome 3 (von Wettstein-Knowles, 1992). Walker and Merritt (1969) 

reported this gene with a dose effect of allele. Endosperm which are triploid, were 

accordingly produced representing 0, 1,2,  and 3 doses of mutant allele by reciprocal 

hybridization between the mutant (Ac38) and the its parent, Glacier (CI9676). The high- 

amylose gene from high-amylose Glacier differs fundamentally from the amylose extender 

(ae), dull (du) and sugary (su) genes that increase the proportion of amylose to 

amylopectin in maize. In contrast, waxy starch, with amylose content as low as 0-8 % 

(Morrison et al., 1986), is controlled by the recessive waxy endosperm gene ww in maize 

(Nakao, 1950) and barley (Goering and Eslick, 1976). The waxy barley was native to 

Asia (Banks et al., 1970), and the waxy gene in it was shown to be located on 

chromosome I (Hockett and Nilan 1985). This gene was introduced into two parent 

barley cultivars, Compana and Betzes (Goering and Eslick, 1976). Various other traits 

such as nude and short awn were also introduced, resulting in isogenic series. Aman and 

Newman (1986) first suggested that waxy barleys contain less starch and a greater 

quantity of sucrose, but did not measure maltose. Therefore, the waxy gene may affect 

not only the starch type but also other components of the waxy barleys, such as free 

sugar, jS-glucan and dietary fiber (Newman and Newman, 1992).

Amylopectin in the starch granule constitutes the crystalline region, whereas 

amylose is mainly amorphous, filling the spaces between the clusters of amylopectin 

branches (Eliasson et al., 1987). The waxy varieties of starch give the same X-ray 

diffraction patterns as the normal starch, whereas high amylose varieties exhibit very low 

crystallinity. Further, amylose can be leached from the intact starch granule without



affecting the crystal state of the granule (Zobel, 1992). The consequence of the 

differences in structure between the two major constituents of starch is that their 

properties are quite different, as described by Marshall (1972).

Some Properties of Starch

Starch granules are insoluble in cold water, but by heating above 50°C in excess 

water, the structure of the granule is altered by swelling, hydration and solubilization. 

French (1984) has theorized that the swelling of the amorphous phase contributes to the 

disruption of the crystalline regions by tearing molecules from the crystallites. This 

process called gelatinization involves melting of the crystallites that are present in the 

native granule. 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 (135°C to 150°C) at a higher 

amylose content (50% to 80%) as compared that of 75°C to 85°C in normal starches 

(Colonna and Mercier, 1985; Manners, 1985; 1988). 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). When gelatinized amylose 

starch is cooled, retrogradation may occur, causing a return from a solvated dispersed, 

amorphous state to an insoluble, aggregated or crystalline state. Retrogradation is partly 

reversible by heating the retrograded starch, which dissolves the crystalline nuclei. 

However, starch may retrograde so firmly that it becomes irreversible and totally 

resistant to a-amyIolysis and thus it can escape digestion both in vitro and in vivo 

(Englyst and Cummings, 1985; Bjorck et al., 1987; Ring et al., 1988). This enzyme
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resistant starch (ERS) is generally defined as the component of native or processed starch 

that is able to survive exhaustive digestion with amylolytic enzymes, but which 

nevertheless can be measured as a-glucan after solubilization with alkaline dimethyl 

sulfoxide (Berry, 1986). Processed foods such as bread, breakfast cereals and biscuits 

(Englyst and Cummings, 1985; Bjorck et al., 1986; Crawford, 1987;) or cooked 

amylomaize starch (Berry, 1986) contain appreciable quantities of ERS. The formation 

of this ERS is influenced by the amylose content, processing temperature and water 

content. The association between the amylose content and yield of ERS suggests that the 

linear components of starch and the heating process are involved, hence debranched 

amylopectin yielded 32-46% ERS by autoclaving and drying (Berry, 1986). Twenty 

cycles of autoclaving at 1210C-1340C with excess water and subsequent cooling increased 

the ERS formation up to 25 % in high-amylose barley starch and 40 % in amylomaize 

(Sievert and Pomeranz, 1989; Szczodrak and Pomeranz, 1991). Under these conditions, 

waxy maize starch yielded less than 1% resistant starch (Berry, 1986; Sievert and 

Pomeranz, 1989). This ERS is believed to consist mainly of retrograded amylose, as the 

amount formed increases with increasing amylose content (Russell et al., 1989; Berry, 

1986; Ring et al., 1988; Siljestrom et al., 1989; Szczodrak and Pomeranz, 1991). Since 

ERS is reported to have reduced bioavailability in the human gastrointestinal tract and 

to exert physiological effects similar as those of dietary fiber (Bjorck et al., 1987; 

Jenkins and Jenkins, 1985; Schneeman, 1989), it has been proposed that it be considered 

part of the total dietary fiber (Englyst and Cummings, 1987).
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Nutritional Implications of Starch

A wide variation in the digestibility of starch granules both in vitro and in vivo, 

depending on starch source, structure and food processing and storage conditions, have 

been reported (Dreher et al., 1984). The efficient digestion of starch has been shown 

to be critical for formula-fed infants 6 months of age or younger (Auricchio et al., 1967) 

as well as elderly people or those with medical disorders who have reduced digestive 

capacity (Sugimoto et al., 1980). In animal feedstuffs, maximum efficiency of feed 

utilization is needed to reduce production cost, and starch is the most important source 

of energy (Hale, 1973). On the other hand, a somewhat incomplete starch digestibility 

may be nutritionally advantageous in certain conditions. Malabsorbed starch reaching 

the colon could physiologically function like dietary fiber as mentioned above and have 

therapeutic applications such as blood glucose control in diabetics or as an aid in weight 

control (Jenkins et al., 1987).

Starch digestibility and absorption can be measured by different methods, each 

having its own advantages and limitations and each providing specific information. Both 

the rate and extent of starch hydrolysis in vitro are regarded as predictors of metabolic 

responses to complex carbohydrate in vivo (O’Dea and Holm, 1988). A commonly used 

method for the investigation of rates of starch hydrolysis in foods is simulated digestion 

in vitro. It has been well established that such differences correlate with postprandial 

blood glucose changes in humans under experimental conditions (Lund and Johnson, 

1991; Brand et al., 1985; Bornet et al., 1989). The glucose tolerance test monitors the 

rise in plasma levels of glucose and insulin following oral ingestion of carbohydrate



10

meals. The rapidity, duration and the degree of rise of plasma glucose and insulin 

represent the end result of gastric emptying, digestion, absorption and also that of 

glucose utilization. Over the years, it has frequently been demonstrated that the ingestion 

of various types of starchy foods has various effects on the postprandial glucose and 

insulin responses in healthy and diabetic humans. These observations led to the 

development of the glycemic index which is defined as the ratio of the area under the 

incremental blood glucose response curve after 2 h for healthy subjects and 3 h for 

diabetics (Jenkins et al., 1981) . The standard was originally pure glucose and later white 

bread was used (Wolever et al., 1986). The glycemic index obtained for the various 

starchy foods clearly shows that this index is affected by many factors including the 

source of the food, particle size and type of preparation dietary mixtures (Thorne et al. 

1983). The chemical composition of the starch (amylose vs amylopectin ratio) appears 

to be an important influence (Bjorck et al., 1990).

Waxy starch from maize, barley and sorghum in the uncooked state has been 

shown to be more readily digested by a-amylase in vitro than normal starch or high 

amylose starch (Sandstedt and Hites, 1968; Goering et al., 1973; Sullins and Rooney, 

1974; Bjorck et al., 1990). However, this has not been observed in vivo when waxy 

barley starch was fed to rats (Calvert et al., 1976) or when whole grain waxy barleys 

were compared with normal barleys for ruminants (Moss et al, 1980), rats and swine 

(Calvert et al, 1977) and broiler chickens (Moss et al, 1983). The data from these 

studies varied with experiments and therefore left an open question about waxy starch 

digestibility.
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High-amylose barley (HAG) and amylomaize starch were less susceptible to a- 

amylase than normal starch (Pomeranz et al., 1972; Dreher et al., 1984). Calvert et al. 

(1976) reported that rats consumed less of a purified diet prepared with HAG starch than 

a similar diet containing Glacier starch and as a consequence gained at a slower rate. 

Amylomaize starch has lower blood glucose and insulin levels in humans (Behall et al., 

1988; Behall and Scholfield, 1989; Amelsvoort and Weststrate, 1992) and high-amylose 

rice has similar effects (Goddard et al., 1984; Panlasigui, et al., 1992). Behall and 

Scholfield (1989) also reported a lowering of blood triglycerides and cholesterol in 

subjects consuming amylomaize starch and concluded that long-term intake of high- 

amylose starch may benefit hyperlipidemic individuals as well as those with adult-onset 

diabetes.

Available data on the nutritional properties of amylose starch are not consistent. 

Calvert et al. (1981) found that barley starch type did not significantly affect gain or feed 

consumption of swine. Rubin et al. (1974) demonstrated HAG to be nutritionally 

superior to five other barleys including Glacier as measured by growth of weanling rats. 

In a study with rice, a slightly higher amylose content (22 vs 15%) resulted in an 

increased rate of in vitro a-amylolysis and an increase in postprandial glucose in healthy 

subjects (Srinivasa Rao, 1971).

Bjorck et al., (1990) reported that the amylose/amylopectin ratio in different 

barley genotypes (waxy, normal and high-amylose starch) produced no differences in in 

vitro digestibility when the barley flour was boiled even though results were significantly 

different when the raw starches were tested. Autoclaving the barley flour, however,
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produced a concomitant decrease in in vitro digestibility with increased amylose content. 

This was explained by an increased amount of ERS (3%) and the formation of amylose- 

lipid complexes, which did not occur in autoclaved waxy barley or in any of the flours 

when boiled (Bjorck et al., 1990). Little is known about the long-term effects of 

amylose starch and the contribution of resistant starch to the total level of non starch- 

polysaccharides to human nutrition.

Dietary Fiber

Composition of Dietary Fiber in Bariev

Dietary fiber (DF) has been defined as non-starch polysaccharides (NSP) plus 

lignin (Theander et al., 1989) or plant materials resistant to hydrolysis by digestive 

enzymes of mammals (Hipsley, 1953). Plant cell wall materials are the major source of 

DF. Three main NSP were found in barley seed cell walls: arabinoxylans, cellulose and 

mixed linked (1-^3), (l->4)-/3-glucans (Henry, 1988). Arabinoxylans are polysaccharides 

containing (l->4)-j6-xylan chains with arabinose residues attached through (l->2) or 

(l-»3)-linkages. Cellulose is composed of linear (1^4)-/3-glucans. The /3-glucans are 

also linear polymers and consist of jS-cellotriosyl and jS-cellotetraosyl residues separated 

by (l-»3) linkages arranged in an independent or random way along the chain (Staute et 

al., 1983).

The composition of cell walls of barley seed can be quite different depending on

the botanical tissue. Husk of barley grain consists of approximately equal amounts of

arabinoxylans (50%) and cellulose residues (46%) (Salamonsson et al., 1980).
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Arabinoxylans and /3-glucans are concentrated in the aleurone and endosperm cell walls 

but the ratio between the two are different (Henry, 1988). Aleurone cell wall contains 

about 60% arabinoxylans and 20% /3-glucans (Bade and Stone, 1981) whereas 

endosperm cell walls contain 25% arabinoxylans and 70% /3-glucans (Ballance and 

Manners, 1978).

The total jS-glucan content of barley grain has been extensively studied and is 

shown to vary, depending on genotype or cultivars and the growing environmental 

conditions (Bourne and Pierce, 1970; Aastrup, 1979; Andersson et at., 1978; Newman 

and McGuire, 1985; Ullrich et al., 1986; Henry, 1986). Aman et al (1989) demonstrated 

an interaction of genotype x environment effect on j3-glucan content of barley. Aman 

and Graham (1987) showed the average for Scandinavian barleys was 4.4% with a range 

of 3.0 - 5.6% of total /3-glucan, of which 50-70% are soluble in water. Hockett et al. 

(1987) found a range in /3-glucan of 4.9 - 6.2% with a mean of 5.5% in 12 North 

American cultivars over a 3-year period.

Powell et al. (1985) reported that the /3-glucan content of barley is controlled by 

a simple additive genetic system. Waxy isotypes of Titan (Cl 7055), Betzes (Cl 6398) 

and Compana (Cl 5438) barley contained 7.1, 7.3 and 4.7% /3-glucan compared with 

those of 4.7, 5.7 and 3.8% /3-glucan in non-waxy types (Ullrich et al., 1986). Azhul (a 

waxy hull-less six-rowed barley) was found to contain 10 -11% /3-glucan while the non- 

waxy parent barley contains 6-7% (Mori, 1990). The mechanism of the waxy gene 

effect on barley /3-glucan content is currently unknown.

Total dietary fiber and soluble dietary fiber (SDF) in barley can be concentrated



in a fraction by milling and pearling (Newman and Newman, 1991). Mori (1990) 

reported that a milling fraction, red dog from barley was concentrated in TDF and SDF 

and had a marked hypocholesterolemic effect in rats. Up to 36% of TDF and 20% of 

SDF were obtained in a milling and air-classification fraction (Danielson et al., 1990).

Nutritional Implications of Dietary Fiber

The human health benefits of DF have been well documented and reviewed 

(Vahouny and Kritchevsky, 1986). Epidemiology studies have shown a relationship 

between inadequate consumption of DF and cancer of colon, hypercholesterolemia, 

atherosclerosis, and complications of diabetes, diverticulosis, constipation, hypertension, 

gallstones and obesity. Recently increased emphasis has been placed on the importance 

of soluble dietary fiber and its role in nutrition. Soluble fiber, primarily soluble (3- 

glucans in barley, has hypocholesterolemic effects in rats (Klopfenstein and Hoseney, 

1987; Mori, 1990), chicks (Fadel et al., 1987), and humans (Newman et al., 1989a; 

McIntosh et al., 1991). Bengtsson et al. (1990) reported that the hypocholesterolemic 

response observed in a waxy barley, but not in a non-waxy barley was due to the higher 

level of /3-glucans and viscosity. Newman et al. (1991) demonstrated that /3-glucans play 

a major role in the hypocholesterolemic effect of barley by showing that /3-glucanase 

partially or completely eliminates the effect. Other soluble fiber components in barley 

such as soluble arabinoxylans may function like /3-glucans (Newman and Newman, 

1992). In addition, ce-tocotrienol of barley oil was reported to lower serum cholesterol 

levels by inhibiting HMG-CoA reductase activity in the chick liver (Qureshi et al., 

1986). However, factors other than /3-glucans need to be further verified.
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Studies have shown a beneficial effect of DF on the postprandial glucose 

responses in diabetes patients (Anderson et al., 1987b; Jenkins and Jenkins, 1985; 

Hagander, et al, 1988;). Soluble fiber was demonstrated to be more effective in humans 

(Jenkins et al., 1976; 1978; Canon et al, 1980; Ebihara and Kiryiama, 1982) and in rats 

(Vachon et al., 1988). One hypothesis suggests that the beneficial effect of increased 

fiber consumption in diabetes might result from its ability to reduce (I) the rate of 

carbohydrate absorption; (2) the rate of gastric emptying; (3) the rate of digestion of 

foods and (4) to increase the effective thickness of the so-called unstirred water layer 

(Jenkins and Jenkins, 1985). Dietary fiber is therefore one factor which may influence 

glycemic responses.

The importance of barley as a food grain has declined during the last 100 years 

when compared with other cereal food grains, particularly wheat (Munck, 1981). 

However, because of the renewed interest in DF, high amylose starch and oil as 

important factors in health and disease, the future for barley as a food grain has bright

prospects.
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CHAPTER 3

INFLUENCE OF THE WAXY, HULL-LESS AND SHORT-AWNED

GENES ON THE COMPOSITION OF BARLEYS: A 3-YEAR STUDY

Introduction

Waxy (ww), hull-less (mi) and short-awned (Iklk) genes are recessive characters 

located on chromosome one in barley (Hockett and Nilan, 1985). The three genetic 

characters were introduced as a series into several of barley cultivars, through a back 

crossing breeding program at the Montana Agricultural Experiment Station (MAES). 

The waxy gene produces starch that is 96-100% amylopectin (branched chain as opposed 

to that in "normal" barley which has a 3:1 ratio of amylopectin and amylose (straight 

chain) starch (Banks et al., 1970). As indicated by the terms, the hull-less gene produces 

kernels without adhering hulls (hull-less barley) and the short-awned gene produces awns 

that are approximately 50% shorter than normal. Nutritional evaluations of waxy barley 

have shown no advantage Or disadvantage over normal barley as a feed for swine 

(Calvert et al., 1977; Han and Froseth, 1992) or ruminants (Moss et al., 1980). Studies 

with broiler chicks, however, indicate that waxy barley is inferior to normal barley as 

a feed grain for poultry (Moss et al., 1983; Newman and Newman, 1987; Fadel et al., 

1987; Wang et al., 1992). In these studies, supplemental /3-glucanase in the waxy and
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non-waxy barley diets improved the performance of the birds to near that of those fed 

maize based diets. The beneficial effect of supplemental /3-glucanase was most 

pronounced in barleys having both waxy and hull-less characteristics.

Analyses of waxy and waxy hull-less barleys in our laboratory have generally 

indicated increased total dietary fiber (TDF), /3-glucans and relative extract viscosity 

compared to covered and non-waxy barleys (Mori, 1990; Xue et al., 1991). Similar 

findings have been reported by Ullrich et al. (1986) and Han and Froseth (1992). In 

some instances in our studies, short-awned waxy barleys appear to have an even further 

increase in TDF and j6-glucans. This was first inferred by Fox (1981) who reported 

increased extract viscosity of short-awned compared to long-awned isotypes. Studies 

with hypercholesteremic chicks and rats have shown that the j8-glucan component of 

barley is as effective as oats in lowering serum cholesterol (Fadel et al., 1987; Mori, 

1990; Newman et al., 1989b). Three studies have Confirmed these findings with barley 

in human subjects (Newman et al., 1989a; McIntosh et al., 1991).

The main objective of this study was to determine if increased levels of j8-glucans, 

TDF and extract viscosity in waxy barley are consistent in more than one genotype 

grown in different environments. In addition, the effects of the waxy, hull-less and 

short-awned genes on other nutrient components were evaluated.



Materials and Methods

A series of barleys developed from Compana (Cl 5438) and Betzes (Cl 6398) 

regarded as parents with varying combinations of the non-waxy (WW), waxy (ww), 

covered (NN), hull-less (nn) and long (LKLK) and short-awned (Iklk) genes were obtained 

from Dr. E. A. Hockett, USDA-ARS barley breeder at the MAES. These barleys were 

developed in a backcross barley breeding program by Dr. Hockett and Professor emeritus 

R. F. Eslick and are illustrated in Table I.

Table I. Isotype Series of Waxy and Non-waxy, Covered and Hull-less, Short-awned 
and Long-awned Barleys in Compana and Betzes Barleys

Genotype Phenotype

Starch Hull Awn

WWNNLKLKa Non-waxy Covered Long

WwNNLKLKb Waxy Covered Long

WWnnLKLKc Non-waxy Hull-less Long

WwnnLKLKd Waxy Hull-less Long

WWnnlHke Non-waxy Hull-less Short

WwnnlHkf Waxy Hull-less Short

a Derived parent barleys, Compana (Cl 5438) and Betzes (Cl 6398). 
b Wapana and Wabet. 
c Nupana and Nubet. 
d Wanupana and Wanubet.
6 Shonupana and Shonubet. 
f Washonupana and Washonubet.
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The covered types were long-awned and the hull-less types were expressed in both long 

and short-awned lines.

The barleys were grown in small plots in 1987, 1988 and 1989 at the MAES 

agronomy farm west of Bozeman, MT. Irrigation was provided as needed to prevent 

drought stress. The barleys were harvested with a small plot combine and seed cleaned 

of foreign material prior to chemical analyses. Analyses were made for protein, ether 

extract, ash (AOAC, 1984), starch (Aman and Hesselman, 1984), non-starch 

polysaccharide residues including TDF and SDF and Klason lignin (Theander and 

Westerlund, 1986) and total and soluble mixed-linked /3-glucans (Aman and Graham, 

1987). Cellulose was calculated as the difference between non-starch glucose residues 

and arabinoxylans as the sum of arabinose, xylose and uronic acid residues. Soluble 

sugars including fructose, glucose, sucrose, and maltose, were quantified by HPLC 

(Wade and Morris, 1982). Physical characteristics (kernel weight and test weight) were 

also measured in the MAES Cereal Quality Laboratory. Alkaline extract viscosity of the 

kernels was measured by the falling ball technique of Bendelow (1975) using a model 

No. B/H 72102 Haake viscometer.

Data were analyzed by the General Linear Models procedure (SAS, 1988) for 

analysis of variance (ANOVA). Main effects and interactions for year, cultivar 

background, hull and starch type were tested. The effects of awn type were tested in 

separate analyses, comparing the long-awned barleys with the short-awned barleys 

within the hull-less type. Differences between means were analyzed by Least-Squares 

Means. Pearson’s correlations were determined for each measurement of chemical



composition and physical characteristics of barleys using COKR Procedure (SAS, 1988).

Results and Discussion

Analysis of variance mean square and significance for the effects in the model for 

hull, starch type, cultivar background (parent), year and the two- and three-way 

interactions on composition and physical characteristics of Compana and Betzes derived 

barleys are shown in Table 2. The analysis showed no significant effects for protein and 

phosphorus contents or percentage of thin kernel in the model, therefore these 

measurements will not be discussed. Means and the standard error of means for each 

measurement and the probability values for the effects of the hull-less gene, waxy gene, 

cultivar background, year and awn type are reported in Tables 3 through 9, respectively. 

Pearson’s correlation coefficients are shown in Table 10 for each measurement.

Hull-less Gene Effects

The hull-less gene had significant effects on most of the measurements reported 

(Tables 2 and 3). The most obvious and important effects of the hull-less gene were the 

reduction (P < .001) of TDF and increase (P < .001) in starch. All components of 

TDF, with the exception of jS-glucans, were significantly decreased in the hull-less 

barleys. This was to be expected since Klason lignin, arabinoxylans and cellulose are 

concentrated in the hull and /3-glucans are found in principally in endosperm cell walls 

(Henry, 1988). The high correlations (P < .001) between TDF and Klason lignin, 

arabinoxylans and cellulose, confirmed these results (Table 10). The increased (P < 

.003) level of /3-glucans in the hull-less types was partially responsible for the increase



Table 2. Analysis of Variance Mean Squares of Chemical Composition for Different Years, Parents, Hull and Starch 
Types of Barleys3

Mean Square

Source df Protein EEb Starch Total sugar Sucrose Maltose Hexoses

Model 23 110.14 18.04** 1853.05*** 493.01*** 12.78** 352.66*** 2.30™*
Hull= I 276.12 14.22* 28520.68*** 210.12* 14.22* 100.34* 0.50
Waxyd I 177.34 186.88*** 11275.01*** 5425.34*** 84.50*** 3916.12*** 2.72*
Parent= I ■ 351.12 1.38 316.68 78.12 3.55 105.12* 0.05
Yearf 2 398.62 4.66 42.12 1781.51*** 56.26*** 1197.68™* 17.05™*
HullXwaxy I 7.34 8.00 316.68 3.12 0.50 2.34 1.38
HullXparent I 8.68 29.38** 0.12 36.12 8.0 7.34 0.05
HullxYear 2 48.79 20.22* 114.34 24.12 3.43 14.18 2.16*
WaxyXparent I 0.68 0.05 23.34 45.12 1.38 23.34 0.50
WaxyXyear 2 14.93 0.38 21.18 241.76** 4.29 215.29*** 0.72
ParentxYear 2 155.04 .11.72 303.43 10.04 0.01 10.79 0.05
Hull X waxy Xparent I 23.34 0.05 6.12 1.12 4.5 0.68 0.05
HullXwaxyXyear 2 69.09 0.16 215.84 9.04 0.12 8.34 0.72
Hull X  parent X year 2 90.09 22.72** 57.54 4.54 2.62 2.51 0.05
waxy X  parent X  year 2 6.34 5.38 0.26 5.79 0.26 4.51 0.16
Hull X  waxy X parent X  year 2 10.51 2.38 156.37 10.29 0.87 3.01 0.38
Experimental error 12 52.29 3.00 130.29 22.95 3.00 11.54 0.33

Total 
C.V. %

35
4.43 7.53 1.97 12.2 17.22 12.72 23.09

a Mean Squares o f each source o f variation and the significant effect is shown, *> **- *"*• at 5%, 1%, 0.1% levels. 
b BE =  ether extract. 
c Hull-less gene effect. 
d Waxy gene effect.
° Compana vs Betzes barley series as cultivar background effects. 
f Year effects of 1987, 1988 and 1989.



Table 2. (Continued I)

Mean Square

Source df TDF SDF 13-glucan Sol-13-g K Lignin Arabinoxylans Cellulose

Model 23 1007.21™ 213.78* 102.29™ 46.44™ 48.75™ 207.50*** 173.83™
Hullb I 18400.01™ 19.36 150.22" 9.41 953.38™ 3173.38™ 3528.00™
Waxyc I 2652.34™ 970.1 r 1250.00™ 467.77™ 0.00 93.38 32.00
Parentd I 268.34* 398.45* 440.05™ 29.21* 6.72 4.5 10.88
YeaY 2 384.05* 1289.51™ 55.93* 178.28™ 42.05™ 574.01*** 45.79
HullXwaxy I 284.01* 75.14 0.88 5.84 0.22 ' 29.38 128.00*
Hull Xparent I 7.34 86.00 2.72 1.62 0.05 16.05 26.88
HullxYear 2 46.05 203.30 3.10 10.37 13.72* 0.68 9.12
WaxyXparent I 48.34 43.32 40.50 4.41 0.22 12.50 8.00
Waxy X  Year 2 17.05 45.36 2.54 3.10 4.50 1.84 11.29
ParentxYear 2 38.22 136.81 11.68 17.97 11.72* 1.29 4.18
Hull X  waxy X  parent . I 147.34 14.56 0.50 0.40 3.55 2.70 72.00
Hull X  waxy X year 2 9.05 11.42 3.93 2.49 7.38. 2.18 7.62
Hull Xparent X year 2 6.2 69.63 4.51 0.37 1.05 7.51 6.51
Waxy Xparent X  year 2 193.05 21.61 2.62 0.85 2.72 58.62 38.79
Hull X waxy X parent X  year 2- 40.38 7.60 0.12 0.92 2.38 15.18 6.125
Experimental error 12 56.20 77.22 11.08 5.16 2.58 20.00 21.50

Total
C.V. %

35
4.87 16.71 6.10 7.42 12.71 8.70 17.53

a Mean Squares of each source of variation and the significant effect is shown, *•**>***> at 5 %, I %, 0.1% levels. 
b Hull-less gene effect. 
c Waxy gene effect.
d Compana vs Betzes barley series as cultivar background effects.
6 Year effects o f 1987, 1988 and 1989.



Table 2. (Continued 2)

Mean Square

Source df Ash Ca P Kernel WT Test WT Thin Kernel Plump Viscosity

Model 23 21.54*** .014* 0.07 94.29*" 48.26* 644.75 1117.55" 6.00"*
Hullb I 440.05*" .094" 0.50 190.45*** 361.80*** 2907.03" 7381.12*** 15.17*"
Waxyc I 0.00 .008 0.07 14.13 14.40 0.28 90.22 16.59*"
Parentd I 1.38 .005 0.14 1265.88" 1.86 4391.40" 9189.16*** 2.30
Yearc 2 1.16 .001 0.13 213.78*** 170.73*" 1230.50* 826.36 20.98*"
Hullxwaxy I 5.55" .020 0.05 3.08 0.02 0.33 118.06 4.64*
HullXparent I 2.72 .005 0.04 8.6 0.32 1148.00 1452.60* 1.87
HullXyear 2 0.38 .037" 0.01 6.85 56.97* 138.19 108.97 3.29*
WaxyXparent I 3.55* .000 0.05 2.17 0.04 36.83 12.00 0.62
WaxyXyear 2 2.16 .001 0.05 19.26 8.90 57.96 24.67 3.93*
ParentXyear 2 0.72 .023* 0.11 29.62 0.50 110.57 95.60 0.05
Hull X  waxy X parent I 2.00 .002 0.01 7.93 5.78 81.70 7.09 '0.11
Hull X  waxy X  year 2 9.38*** .016 0.03 7.77 3.67 30.44 14.15 1.50
Hull Xparent X year 2 5.05" .. .020* 0.01 1.09 16.41 50.44 124.43 0.67
W axy X  parent X  year 2 1.38 .003 0.02 5.22 10.84 92.35 87.46 0.14
Hull X  waxy X parent X  year 2 2.16 .001 0.01 6.30 1.71 9.40 11.14 0.01
Experimental error 12 0.58 .01 0.07 10.39 12.76 294.23 225.51 0.72

Total
C.V. %

35
3.30 37.99 . 6.15 8.06 4.94 63.06 31.04 21.17

a Mean Squares of each source of variation and the significant effect is shown, * ”  ***’ at 5%, 1%, 0.1% levels. 
b Hull-less gene effect. 
c Waxy gene effect.
d Compana vs Betzes barley series as cultivar background effects. 
c Year effects of 1987, 1988 and 1989.
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Table 3. Effect of the Hull-less Gene on the Chemical Composition and Physical
Characteristics of Barleysa

Item Covered Hull-less P <

Protein, g/kg 159.0 + 2.7 164.9 ±  1.8 NS
Ether extract, g/kg 22.1 + 1.0 23.4 + 0.7 .05
Starch, g/kg 537.1 + 7.0 596.8 ±  4.1 .001

Free sugars, g/kg 
Total 35.8 ± 5.2 41.0 +  3.8 .01
Hexosesb 2.3 ± 0.4 2.6 ±  0.3 NS
Sucrose 9.2 ± 0.8 10.5 ±  0.7 .05
Maltose 24.3 + 4.3 27.9 ±  3.2 .02

Dietary Fiber, g/kg
Total 185.8 ± 4.4 137.8 +  2.3 .001
Soluble 51.5 ± 4.6 53.1 + 2.3 ' NS

/J-Glucan, g/kg 51.9 ± 2.2 56.3 ±  1.7 .003
soluble 29.9 ± 1.6 31.0 ±  1.2 NS

Klason lignin, g/kg 19.9 + 0.9 9.0 + 0.4 .001
Arabinoxylans, g/kg 64.6 + 2.2 44.8 + 1.5 .001
Cellulose, g/kg 40.5 + 1.6 19.5 ±  0.8 .001

Minerals, g/kg
Ash 28.1 ± 0.5 20.6 + 0.2 ■ .001
Calcium .3 ± 0.0 .2 ±  0.0 .001
Phosphorus 4.1 + 0.1 4.4 ±  0.1 NS .

Kernel wt, mg 43.3 ± 2.5 38.4 ±  1.5 .002
Test wt, kg/hl 67.8 ± 0.8 74.5 ±  1.2 .001
Thin kernels, % 14.5 ± 3.6 33.6 +  5.0 .01
Plump kernels, % 68.6 ± 3.8 38.3 ±  5.9 .009

Viscosity, cP° 3.1 ± 0.3 4.5 ±  0.5 .001

a Each mean and SEM represent duplicate analyses of 12-24 samples.
b Glucose and fructose.
c Centipoise units.
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(P < .001) in extract viscosity as indicated by the significant correlation of these two 

measurements (r = .55, P < .001, Table 10). Total free sugar was increased in hull

less barleys (P< .01) which was primarily due to an increase in maltose content(P < 

.02) as the other components were principally unchanged. A high correlation (r = .76, 

P <  .001) was observed between extract viscosity and total free sugar content. This was 

principally due to the high correlation between extract viscosity and maltose (r = .78, 

P < .001) as the other free sugar components were less related to extract viscosity 

(Table 10). It may be hypothesized that the cause of the increased viscosity may not be 

due the maltose but to some unidentified component that is associated with increased 

maltose, such as a-amylase or dextrins occurring from the hydrolysis of starch.

Most of the effects of the hull-less gene, such as higher starch, ether extract (P 

< .05), free sugar (P < .01) levels in the hull-less barleys, can be explained by the 

removal of the fibrous hull that has a dilution effect on nutrients as reported earlier by 

Bhatty et al. (1986a), McGuire and Hockett (1981). These data support the conclusions 

of Bhatty (1986b) that hull-less barleys have greater concentrations of digestible nutrients 

than covered barleys. With the exception of the higher levels of jS-glucans (P < .003), 

also reported by Bhatty (1986b), hull-less barley has greater potential for feed and food 

than covered types.

Waxy Gene Effects

The most dramatic effect of the waxy gene observed in this study was the 

reduction of starch content and increase (P < .001) in free sugar, especially the maltose 

and sucrose levels (Table 4). Maltose content was increased by 240% in waxy barleys



compared to the non-waxy types. According to Macleod et al (1953), maltose is only 

produced in barley during germination and Henry (1988) stated that maltose in barley is 

produced by the action of amylases. Aman and Newman (1986) first .suggested that 

waxy type barleys contain less starch and greater amounts of sucrose, but did not 

measure maltose. The significant increase in sucrose in waxy types may be a reflection 

of altered starch synthesis; however, the presence of relatively high levels of maltose is 

possibly due to a high level of a-amylase activity in the waxy types such as that reported 

by Goering and Eslick (1976) in a hull-less, short-awned, waxy Compana barley. 

Additionally, Harlan (1957) stated that waxy barleys deposit amylodextrin instead of 

starch during the final stage of carbohydrate deposition. This may be a partial 

explanation of the phenomenon as amylodextrin is possibly more susceptible to amylase 

activity than starch in the intact kernel.

Total and soluble dietary fiber were increased in waxy types (P < .001 and .004) 

compared to non-waxy barleys, respectively. The increased TDF and SDF were 

associated with increases (P < .001) in total and soluble /3-glucans, as other fiber 

components were not different between the two starch types (Table 4). Means of TDF, 

SDF, total, soluble j6-glucan and extract viscosity of each of six isogenic barley pairs in 

Compana and Betzes cultivar background with normal or waxy starch are shown in Table 

5. TDF, total, soluble j6-glucan and viscosity were consistently higher in waxy barleys 

than in normal barleys. These results confirm the earlier findings of Ullrich et al. (1986) 

with waxy and non-waxy isotypes of Compana, Betzes and Titan barleys and that of Han 

and Froseth (1992) with Steptoe barley and a waxy mutant of Steptoe. Han and Froseth
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Table 4. Effect of the Waxy Gene on the Chemical Composition and Physical
Characteristics of Barleys3

Item Normal Waxy P <

Protein, g/kg 160.7 ± 2.3 165.1 ± 2.1 NS
Ether extract, g/kg 20.4 ± 0.5 25.6 + 0.7 .001
Starch, g/kg 594.6 + 6.5 559.2 + 8.1 .001

Free sugars, g/kg
Total 26.3 + 2.0 52.2 + 3.8 .001
Hexosesb 2.3 + 0.3 2.7 + 0.3 .02
Sucrose 8.4 ± 0.5 11.7 ± 0.7 .001
Maltose 15.7 ± 1.4 37.7 ± 3.2 .001

Dietary Fiber, g/kg
Total 145.7 ± 5.2 161.9 ± 6.6 .001
Soluble 47.6 + 2.8 57.6 + 2.9 .004

/8-Glucan, g/kg 48.5 + 1.1 61.1 ± 1.5 .001
soluble 26.6 ± 0.9 34.6 + 1.0 .001

Klason lignin, g/kg 12.7 ± 1.3 12.6 ± 1.4 NS
Arabinoxylans, g/kg 50.0 + 2.7 52.8 + 3.3 NS
Cellulose, g/kg 26.2 + 2.1 26.8 + 3.1 NS

Minerals, g/kg
Ash 23.0 + 1.0 23.3 ± 0,8 NS
Calcium .2 ± 0.0 .2 ± 0.0 NS
Phosphorus 4.3 ± 0.1 4.3 ± 0.1 NS

Kernel wt, mg 40.6 ± 2.0 49.4 ± 1.9 NS
Test wt, kg/hl 73.0 + 1.5 71.6 + 1.3 NS
Thin kernels, % 27.3 ± 4.9 27.1 ± 6.0 NS
Plump kernels, % 46.1 ± 6.8 50.7 ± 6.7 NS

Viscosity, cP° 3.2 ± 0.2 4.9 ± 0.6 .001

3 Each mean represents duplicate analyses of 18 samples.
b Glucose and fructose.
c Centipoise units.



Table 5. Effects of the Waxy Gene on the /S-glucan, Dietary Fiber Content and Extract Viscosity of Six Isotypes of 
Compana and Betzes Barleys3

Genotypeb TDF SDF Total j6-glucan Soluble jS-glucan Viscosity (cP)c

Normal/Waxy NWxd Wxd NWx Wx NWx Wx NWx Wx NWx Wx

CompanaAV apana 17.03 19.63 4.08 5.16 4.37 5.33 2.58 3.16 2.82 3.33

NupanaAVanupana 13.23 13.47 4.83 4.82 4.70 5.63 2.60 3.21 3.15 4.46

Shonupana/Washonupana 13.10 13.97 4.69 6.09 4.66 6.90 2.65 3.64 2.97 5.28

BetzesAVabet 17.70 19.93 4.78 6.56 4.80 6.27 2.72 3.49 2.70 3.55

Nubet/Wabet 12.83 15.47 5.03 6.69 5.13 6.90 2.64 3.61 3.21 5.85

Shonubet/W ashonubet 13.50 14.67 5.07 5.19 5.43 6.63 2.80 3.63 4.17 6.71

Overall Mean 14.57 16.19" 4.76 5.76" 4.85 6.11" 2.67 3.46" 3.17 4.86"

a Percentage o f dry matter. Each value is mean of 1987, 1988 and 1989. 
b Wa- =  waxy, Nu- =  hull-less, and Sho- =  short-awned. 
c cP, centipoise.
d NWx =  non-waxy, Wx =  waxy.
** Significant (P <  .01) difference between NWx and Wx isotypes o f the overall means.
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(1992) also found an increase in TDF in the waxy Steptoe mutant. Bhatty (1992) showed 

that five Canadian waxy barley cultivars had higher /3-glucan than normal barleys but 

higher acid extract viscosity was not consistent with the waxy type. These data and the 

earlier reports (Xue et al., 1991) illustrate the consistent increase in /3-glucans in waxy 

barley having different genetic backgrounds. Starch type was not associated with varying 

levels of Klason lignin, arabinoxylans or cellulose.

Extract viscosity was increased (P < .001) in waxy barleys compared to the non- 

waxy types. The increase in extract viscosity in waxy barleys was related to the 

increased levels of total and soluble jS-glucans and maltose in waxy barleys, as discussed 

earlier in regard to the effects of the hull-less gene. Major differences were not apparent 

in the ash and calcium contents due to starch type. Physical characteristics (kernel 

weight, test weight, % plump) were not different between the two starch types of barleys.

The interactions between hull-less and waxy genes for TDF, cellulose, ash and 

viscosity were significant (Tables 2 and 6). The hulls of covered barley had an additive 

effect in the TDF of the waxy cultivars. This was mainly due to an increase in the 

insoluble fiber components, cellulose, arabinoxylans and lignin (Henry 1988). 

Therefore, significant increases (P < .05) in cellulose and a greater increase in TDF in 

covered, waxy barley than that in hull-less waxy type were observed. Extract viscosity 

was increased in the waxy barley but the effect was more pronounced in the hull-less (P 

< .001) than in the covered types (P =.05, Table 6). This is more evidence that the 

hull-less gene increases barley viscosity as stated earlier. The ash content of waxy barley 

was higher than non-waxy type within hull-less barley, but not in covered barleys (Table



Table 6. Interaction Effects of Hull-less and Waxy Genes on TDF, Cellulose, Ash and Extract Viscosity

Measurements

Covered Hull-less

NWxa Wxa P< NWx Wx P<

TDFb, g/kg ■ 170.7 197.8 .001 131.7 143.9 .001

Cellulose, g/kg 37.5 43.5 .045 20.5 18.5 NS '

Ash, g/kg 28.5 27.7 NS. . 20.3 21.1 .02

Viscosity, cPc 2.8 3.4 .05 3.4 5.6 .001

a NWx = non waxy, Wx = waxy. 
b TDF — total dietary fiber. 
c Centipoise. units.
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Cultivar Background (Parent') Effects

Betzes barleys contained more ether extract (P < .05) and less maltose (P < .01) 

than Compana barleys while the starch and total free sugars were not different (Table 7). 

Total dietary fiber and SDF were higher in Betzes (P < .05) compared to Compana 

barleys. The increased TDF and SDF in Betzes were associated with increases (P < 

.001) in total, and soluble jS-glucans (P < .04) as other fiber components were not 

different between the two cultivars. This followed the pattern of the waxy gene effects. 

Both cultivars were similar in ash and calcium. Compana genotypes had heavier (P < 

.001) kernel weights with correspondingly greater (P < .001) percentages of plump 

kernels and fewer thin kernels. Test weights were similar between Compana and Betzes 

barleys irrespective of differences in kernel weights and percentage of plump kernels. 

Extract viscosity was not different between the two barleys even though the Betzes types 

contained a higher level of total and soluble |8-glucans. This may be explained by the 

correspondingly lower level of maltose in Betzes barleys as well as smaller kernels. As 

/3-glucans and maltose have major significant effects on extract viscosity as indicated by 

the correlation coefficients, the higher and lower levels of these two components in 

Compana and Betzes types apparently had offsetting effects on extract viscosity.

The hull-less gene had an additive (modifying) effect on Compana barleys in 

percentage of plump kernels and an additive effect on Betzes barleys in ether extract 

(data not shown), which were reflected in the interaction effects of hull x  parent (Table

6 ) .

2).
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Table 7. Effect of the Cultivar Background on the Chemical Composition and Physical
Characteristics of Barleys3

Item Compana Betzes P <

Protein, g/kg 166.1 +  2.1 159.8 ±  2.2 NS
Ether extract, g/kg 22.4 +  0.7 23.5 ±  0.9 .05
Starch, g/kg 580.1 +  8.4 573.7 ±  8.5 NS

Free sugars, g/kg
Total 41.2 ±  4.7 37.3 ± 3.9 NS
Hexosesb 2.6 ±  0.3 2.4 ±  0.3 NS
Sucrose 9.9 ±  0.8 10.2 ±  0.6 NS
Maltose 28.7 ±  3.9 24,7 ± 3.3 .01

Dietary Fiber, g/kg
Total 150.7 ±  6.2 156.8 ±  6.2 .05
Soluble 49.6 + 3.1 55.6 ±  2.9 .05

/3-Glucan, g/kg 51.0 + 1.6 58.6 + 2.0 .001
soluble 29.7 ±  1.1 31.5 ±  L5 .04

Klason lignin, g/kg 12.2 ±  1.3 13.1 ±  1.4 NS
Arabinoxylans, g/kg 52.0 ±  2.7 50.8 + 3.0 NS
Cellulose, g/kg 26.8 ±  2.9 26.2 ±  2.4 NS

Minerals, g/kg
Ash 23.4 + 0.9 22.8 + 0.9 NS
Calcium .2 ±  0.0 .2 ±  0.0 NS
Phosphorus 4.4 + 0.1 4.2 +  0.1 NS

Kernel wt, mg 46.1 + 1.2 33.9 + 1.3 .001
Test wt, kg/hl 72.1 ± 1.4 72.5 + 1.4 NS
Thin kernels, % 13.5 ±  2.5 40.9 ±  5.6 .003
Plump kernels, % 67.6 + 4.0 29.2 +  5.8 .001

Viscosity, cP° 3.6 + 0.4 4.4 1+ O NS

3 Each mean represents duplicate analyses of 18 samples.
b Glucose and fructose.
c Centipoise units.
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Year Effects

Uncontrolled environmental factors which vary from year to year such as rainfall, 

temperature, light and soil fertility, affect plant growth and development. Therefore, 

variation in chemical composition and physical characteristics are expected to be 

significant (Table 2 and 8). The most sensitive components affected by year were all of 

the free sugars (hexoses, sucrose, maltose; P < .001) and all dietary fiber components 

(P < .02) except cellulose. The total free sugar increase was mainly due to maltose 

content increase since total sugar was increased 195% while maltose increased 207% 

from samples taken in 1987 to those of 1989. Extract viscosity was increased in 1989 

compared to 1987 barleys while the total /3-glucan content was not significantly different 

and soluble B-glucans actually decreased. The variation of viscosity can be accounted 

for by the large increase in maltose content of the 1989 barleys. This observation 

confirms the results that were seen with the effects of the hull-less and waxy genes on 

maltose and viscosity. Kernel weight and test weight were different from year to year 

(Table 8). .

Short-awned Gene Effects

Effects of awn type within the hull-less genotypes are shown in Table 9. The 

significant effects of the short-awned gene in these data were an increase (P < .04) in 

extract viscosity, confirming the earlier findings of Fox (1981), and reduced test weight 

(P < .008) and percentage of plump (P < .03) kernels and an increase in thin (P < 

.03) kernels. Fox (1981) concluded that the increased extract viscosity he observed in
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Table 8. Effect of the Years on the Chemical Composition and Physical
Characteristics of Barleysa

Item 1987 1988 1989 P <

Protein, g/kg 169.3+2.1 162.7+2.8 156.8+2.1 NS
Ether extract, g/kg 23.0+0.9 23.2+1.0 22.8+1.2 NS
Starch, g/kg 576.1 + 11.5 579.2+10.4 575.4+9.6 NS

Free sugars, g/kg
Total 27.3+2.9 c 37.1+3.6 b 53.3+5.9 a .001
Hexosesb 1.0+0.0 b 3.3+0.3 a 3.2+0.2 a .001
Sucrose 7.3+0.5 b 11.8+0.8 a 11.1+0.7 a .001
Maltose 18.9+2.5 b 22.0+2.7 b 39.2+5.2 a .001

Dietary Fiber, g/kg
Total 150.8+8.4 a 149.8+6.9 a 160.7+7.5 b .02
Soluble 60.3+2.9 a 56.1+2.4 a 41.3+3.4 b .001

/3-Glucan, g/kg 52.3+2.4 b 57.1+2.3 a 55.0+2.5 ab .009
soluble 34.0±1.3 a 26.3±1.3 c 31.5±1.6b .008

Klason lignin, g/kg 14.6+1.9 a 11.8 +  1.4 b 11.5 +  1.6b .001
Arabinoxylans, g/kg 45.8+3.0 b 48.7+3.1 b 59.7+3.1 a .001
Cellulose, g/kg 27.1+3.5 24.3+3.0 28.1+3.2 NS

Minerals, g/kg
Ash 23.1 + 1.0 23.5 + 1.2 22.8 + 1.1 NS
Calcium .2±0.0 .2+0.0 .2+0.0 NS
Phosphorus 4 .2+ 0 .1 4 .4+ 0 .1 4 .4+ 0 .1 NS

Kernel wt, mg 35.3+2.0 b 41.2+2.6 a 43.6+1.8 a .002
Test wt, kg/hl 67.4+0.9 b 76.4+2.0 a 73.1 + 1.0 a .004
Thin kernels, % 39.7+6.4 a 20.5+5.6 b 21.4+6.7 b .04
Plump kernels, % 40.6+7.5 58.9+9.0 45.7+7.8 NS

Viscosity, cPc 2.9+0.2 b 3.3+0.3 b 5.8+0.7 a .001

a Each mean and SEM represent duplicate analyses of 12 samples. Means in a row
followed by the different letters are significant different at the levels of indication (P).

b Glucose and fructose.
c Centipoise units.
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Table 9. Effect of the Short-awned Gene on the Chemical Composition and Physical
Characteristics of Barleys"

Item Long Short P <

Protein, g/kg 167.7 + 2.6 162.5 + 2.5 NS
Ether extract, g/kg 22.3 ±  1.1 23.5 ±  1.0 NS
Starch, g/kg 597.7 + 6.3 595.9 ±  5.5 NS

Free sugars, g/kg
Total 40.8 ±  5.5 41.1 ±  5.5 NS
Hexosesb 2.7 ± 0.4 2.5 ±  0.3 NS
Sucrose 10.3 ±  1.0 10.8 ±  0.9 NS
Maltose 28.0 + 4.7 27.8 ±  4.6 NS

Dietary Fiber, g/kg
Total 137.5 ±  3.9 138.1 ±  2.6 NS
Soluble 53.4 + 3.2 52.7 + 3.5 NS

/3-Glucan, g/kg 55.9 ±  2.7 56.6 + 2.3 NS
soluble 30.1 ±  1.5 31.8 +  1.8 NS

Klason lignin, g/kg 9.3 ±  0.7 8.7 ±  0.5 NS
Arabinoxylans, g/kg 43.3 ±  2.3 46.2 ±  1.9 NS
Cellulose, g/kg 20.8 + 1.1 18.3 + 1.2 NS

Minerals, g/kg
Ash 20.9 + 0.3 20.4 + 0.3 NS
Calcium .2 ±  0.0 .1 ±  0.0 NS
Phosphorus 4.5 +  0.1 4.2 ±  0.1 .003

Kernel wt, mg 39.3 + 2.1 ■ 37.4 ±  2.3 NS
Test wt, kg/hl . 76.6 ±  1.4 72.5 ±  1.8 .008
Thin kernels, % 25.7 ±  4.9 41.4 ±  8.3 .009
Plump kernels, % 44.6 ±  7.0 31.9 ±  9.4 .03

Viscosity, cP° 4.2 + 0.5 4.8 + 0.8 .04

a Each mean represents duplicate analyses of 18 samples.
b Glucose and fructose.
c Centipoise units.
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the kernels from short-awned barleys was associated with the smaller kernel size which 

was also observed in this study as noted above.

Correlation Coefficients of the Components

As expected, starch had a highly negative correlation with TDF (r = -.91, P < 

.001) and insoluble fiber (r = -.70, P < .01). Total free sugar was correlated to its 

components (hexoses, r = .59, P < .001; sucrose, r = .76 P < .001; maltose, r = .98 

P < .001). Some unexpected r values were also observed (Table VIII). Ether extract 

was correlated with total free sugar (r = .50, P < .01), maltose (r = .51, P < .01), 

total /3-glucan (r = .67, P < .001) , soluble |6-glucan(r = .55, P < .001) and viscosity 

(r = .46, P < .01). The r values between total and soluble /3-glucan (.55 and .47, P 

< .01) and extract viscosity were lower than that reported by Aastrup (1979) and Xue 

et al (1991). Extract viscosity is due to several factors other than /3-glucans. Free 

sugars, especially maltose was highly correlated with extract viscosity in this study. 

Plotting the means of /3-glucan and extract viscosity from the first years data did show 

a higher r value (r = .86 for total /3-glucan and r = .82 for soluble /3-glucan, P < .001) 

(Xue et al., 1991) but with the addition of two more years data, the correlation 

coefficients were much lower, due to other mediating factors, such as maltose or 

unidentified compounds that are related to maltose.



Table 10. Correlation Coefficients (r) of Barley Chemical Composition3

Protein EE Starch ' TOTSUG Hexoses SUCR MALT TDF SDF T-p-G

EE .186

Starch .046 -.238

TOTSUG -.025 .500** -.281

Hexoses -.242 .047 -.033 .593™

SUCR -.150 .397* -.141 .760™ .773™

MALT ' .018 Lu 3 I -.302 .984™ .469** .636™

TDF -.315 .063 -.909™ .204 .044 .032 .231

SDF .380* .283 -.259 -.273 -.505** -,138 -.260 .074

T-g-G .051 .673™ -.249 b\ I
.

.381* .696™ .561™ . .091 .184

S-P-G .253 .552™ -.361* .480** -.248 .157 .556™ .209 .319 .561™

a Pearson’s correlation coefficients. E E = ether extract, TOTSUG=total sugar, Hexoses= glucose+ fructose, SUCR=sucrose, M ALT=maltose, 
TDF =  total dietary fiber, SDF =  soluble dietary fiber, T-/3-G=total /5-glucan, S-^-G=soluble /3-glucan.

*, " ,  Significant at 5%, 1%, 0.1% levels.



Table 10. (Continued l)a

Protein EE Starch TOTSUG Hexoses SUCR MALT TDF SDF T-jS-G S -P -G

KL -.150 -.150 -.784’" . -.248 -.256 -.320 -.209 .8 1 2 " .229 -.233 .028

ARAB -.515" -.104 -.7 0 0 " .280 .200 .088 .298 .8 8 5 " -.232 -.099 .019

CELL -.248 -.179 -.7 7 2 " -.075 -.118 -.282 -.022 .911" .027 -.276 -.024

ASH -.194 -.138 -.7 5 5 " -.116 -.133 -.165 -.095 .7 9 4 " .153 -.243 -.113

CA -.286 -.062 -.372* .027 -.032 -.051 .045 .439** -.018 -.178 -.043

P .313 .096 .297 .397* .490" .446" .341* -.351* -.279 .120 -.177

KWT -.051 -.201 -.129 .203 .383* .160 .176 .184 -.342* -.354* -.333*

TW -.072 -.017 .515" .195 .6 3 0 " .472 .087 -.519" -.358* .233 -.422*

THIN .160 .209 .249 -.213 -.398* -.285 -.161 -.290 .122 .269 .329*

PLUMP .019 -.189 ' -.381* .093 .226 .157 .057 .364* .089 -.279 -.232

VI -.116 .464" -.002 .755" .351* .461* .7 7 5 " -.021 -.396* .5 4 7 " .474"

a Pearson’s correlation coefficients. E E = ether extract, TOTSUG =  total sugar, H exoses=glucose+fructose, SUCR=sucrose, M ALT=maltose, 
TDF =  total dietary fiber, SDF =  soluble dietary fiber, T-/3-G =  total g-glucan, S-^S-G=soluble g-glucan; KL=Klason lignin, 

ARAB =  arabinoxylans, CELL= cellulose, KWT=kemel weight, TW=Test weight, VI=viscosity.
*, " , Significant at 5%, 1%, 0.1% levels.



Table 10. (Continued 2)

KL ARAB CELL ASH CA . P KWT TW THIN PLUMP

ARAB .6 1 2 "

CELL .8 6 5 " .8 1 6 "

ASH .8 4 1 " .7 1 0 " .8 2 2 "

CA .439** .445** .477" .387*

P -.458** -.251 -.356* -.350* -.216

KWT .077 .433“ .251 .319 .262 .216

TW -.5 5 1 " -.407* -.5 6 0 " -.465" -.228 .5 3 5 " .105

THIN -.235 -.454** W C
O -.442" ' -.347* -.241 -.8 4 4 " -.161

PLUMP .374 .434" .402* .5 6 1 " .310 .109 .804" -.059 -.9 0 9 "  .

VI -.398 .098 -.268 -.345* .040 . .110 -.091 .150 .237 - -.344*

a Pearson’s correlation coefficients. KL=Klason lignin, ARAB=arabinoxyIans, CELL=cellulose, KWT=kernel weight, T W =test weight, 
VI=viscosity.
" , " ,  Significant at 5%, 1%, 0.1% levels.



Conclusions

The waxy gene in barley has a major effect on carbohydrate metabolism in the 

developing kernel. It appears that a portion of the starch is shifted to free sugars, 

especially maltose and sucrose, and also to an increase in /3-glucans. The hull-less gene 

reduces TDF and increases other nutrients due primarily to the removal of the dilution 

effect of the fibrous hull. The higher concentration of jS-glucans and maltose in hull-less, 

waxy barleys increases extract viscosity. Major effect of the short-awned gene was to 

increase extract viscosity possibly due to the decrease in kernel size. The highly 

significant positive correlation between extract viscosity and maltose content of the barley 

kernel has not been reported previously. This phenomena is probably an artifact in that 

the cause of the increased viscosity may not be due to the maltose but to some
v .

unidentified component that is associated with increased maltose, such as ce-amylase or 

larger molecular weight oligosaccharides occurring from starch hydrolysis. The 

increased level of /3-glucans in waxy barley, makes this cereal grain type undesirable for 

poultry feed but extremely desirable and useful as a source of soluble dietary fiber in

human diets.
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CHAPTER 4

GLYCEMIC RESPONSES AND HYPOCHOLESTEROLEMIC EFFECTS OF 

GLACIER BARLEYS FED TO BROILER CHICKS

Introduction

Starch and dietary fiber are the major constituents of barley. Starch is a ready 

source of energy to animals and man and can also be used as a substrate for many 

technological processes. Structurally, starch is composed of a mixture of amylose and 

amylopectin, organized into semicrystalline granules (Dreher et al., 1984). Differences 

in structure between the two major constituents of starch affect their biological 

properties. Some of the major differences were described by Marshall (1972). 

Epidemiological studies have shown a relationship between inadequate consumption of 

dietary fiber and cancer of colon, hypercholesterolemia, atherosclerosis and complications 

of diabetes, diverticulosis, constipation, hypertension, gallstones and obesity (Southgate, 

1982). Recently, increased emphasis has been placed on the importance of SDF and its 

role in nutrition.

Wide variations in the digestibility of starch granule both in  v itr o  and in  v iv o ,

depending on starch source, structure and food processing and storage conditions, have

been reported (Dreher et al., 1984). The source and form of carbohydrate given as a



meal in tolerance tests were reported to affect the resultant blood glucose response curves 

differently. Increase in blood glucose levels after consumption of glucose or potatoes 

was similar whereas consumption of fructose, rice, corn, wheat bread or legumes 

produced a much flatter response curve (Behall et al., 1988).

Amylomaize starch digestibility has been extensively studied in vitro and in vivo 

with chicks, rats, mice and humans. Amylomaize starch is less susceptible to amylolysis 

than normal maize (Dreher et al., 1984). High-amylose maize starch has a positive 

lowering effect on blood glucose and insulin levels in humans (Behall et al., 1988; Behall 

and Scholfield, 1989; Amelsvoort and Weststrate, 1992) as well as high-amylose rice 

(Goddard et al., 1984; Panlasigui et al., 1992). Behall and Scholfield (1989) concluded 

that long-term intake of high-amylose starch may benefit individuals who show elevated 

glucose and insulin levels and apparent insulin resistance, as in early adult-onset diabetes. 

Behall and Scholfield (1989) also reported a lowering of blood triglycerides and 

cholesterol in subjects consuming high-amylose maize starch. The flattened insulin 

response observed with amylose may also be beneficial for hyperlipidemic subjects 

because high insulin levels have been implicated in the development of thickened arterial 

walls and lesions.

High-amylose barley starch was also found to be less susceptible to oz-amylase 

than normal barley starch (Pomeranz et al., 1972). Calvert et al. (1976) reported that 

rats consumed less of a purified diet prepared with high-amylose Glacier (HAG) starch 

than a similar diet containing Glacier starch and as a consequence gained at a slower 

rate. However, available data on the nutritional properties of amylose starch are by no



means clear cut. In another study, Calvert et al. (1981) found that barley starch type did 

not significantly affect gain or feed consumption of swine. Rubin et al. (1974) 

demonstrated HAG to be nutritionally superior to five other barleys including Glacier as 

measured by growth of weanling rats. In a study with rice, a slightly higher amylose 

content (22 vs 15%) resulted in an increased rate of in vitro a-amylolysis and an increase 

in postprandial glucose in healthy subjects (Srinivasa Rao, 1971). Bjorck et al. (1990) 

reported that uncooked barley flour (waxy, normal and high-amylose) showed much 

higher availability to a-amylase than a wheat flour reference on an equivalent starch 

basis. Data from our laboratory (Chapter 5) showed the raw in vitro digestibilities of 

normal Glacier and HAG barley starch were similar to normal com starch but that of 

hull-less high-amylose Glacier (HHAG) was lower than com starch.

Dietary fiber is known to flatten glucose curves in humans (Jenkins and Jenkins, 

1985). |S-glucan (a fraction of the SDF) was reported to be a factor in lowering blood 

glucose and insulin in rats (Vachon et al., 1988) and lowering blood cholesterol in 

hypercholesterolemic individuals (Newman et al., 1989b). Certain barley cultivars have 

been shown to lower serum cholesterol in chicks, rats, and humans. /3-glucans and oil 

in barley grain are believed to be two components responsible for the effect. Dietary 

fiber or /3-glucans in barley can be concentrated by milling processing (Newman and 

Newman, 1991).

Glacier barleys are known to have widely varying ratios of amylose to 

amylopectin and should be tested for their glycemic response and the lipid metabolic 

effect in order to enhance the nutritional value of barley. The objective of this study was
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to investigate glucose and cholesterol responses of broiler chicks fed two uncooked barley 

milling fractions from three different Glacier barleys.

Materials and Methods

Barley. Milling Fraction and Chick Diets

Three barley cultivars, normal Glacier (Glacier), covered high-amylose Glacier 

(HAG) and hull-less high-amylose Glacier (HHAG) barleys were grown and harvested 

in Arizona in 1990. Chemical composition of each barley cultivar is shown in Table 11. 3 * * 6

Table 11. Chemical Analysis of Barley Grains3

Item Glacierb HAGc HHAGd

Ether extract 2.28 3.01 2.92
Crude protein 11.24 11.09 12.89

Ash 2.71 2.69 2.27

Starch 64.2 56.99 63.78

Amylosee 29.4 40.3 41.5

Total Dietary Fiber 17.70 20.15 15.16

Soluble 3.08 3.95 4.74

Insoluble 14.62 16.20 10.42

Total /3-glucans 5.19 7.43 7.45

Soluble 1.07 0.93 1.24

Insoluble 4.12 6.50 . 6.21

3 % of dry matter.
b Glacier barley flour.
c HAG = high-amylose Glacier barley flour. 
d HHAG = hull-less high-amylose Glacier barley flour.
6 % of starch.



The barleys were milled through an 8-roller MIAG multomat dry mill (Figure 11) at the 

Western Wheat Quality Laboratory (Washington State University, Pullman WA). Two 

fractions, uncooked flour (2B-4M, 2nd break flour to 4th middling) and red dog (PD) 

from each cultivar were used in this study. Corn was ground through a 1.59 mm 

hammer mill screen. The chemical analysis of barley flour and KD fractions for each 

of the cultivars and corn meal are reported in Table 12 and 13. Three barley flour 

fractions plus a com control diet (com-1) were fed in Trial I  and three barley KD

Table 12. Chemical Analysis of Barley Flour Fraction and Com Meal for Trial I  Dietsa

Item Glacierb HAG6 HHAGd Corn Meal

Ether extract 1.9 2.8 2.5 4.2

Cmde protein 10.08 11.56 12.82 9.9

Ash 1.3 1.6 1.5 1.4

Starch 76.8 73.7 72.7 68.0

Amylose6 29.4 40.2 44.5 27.3

Total Dietary Fiber 4.37 5.91 5.22 11.53

Soluble 1.45 2.10 1.62 0.50

Insoluble 2.92 3.80 3.60 11.03

Total /Lglucans 2.73 . 2.41 2.39 0.13

Soluble 0.66 0.51 0.39 NDf

Insoluble 2.07 1.90 1.80 ND

a % of dry matter. 
b Glacier barley flour.
c HAG = high-amylose Glacier barley flour. 
d HHAG = hull-less high-amylose Glacier barley flour. 
6 % of starch. 
f ND = not determined.
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Table 13. Chemical Analysis of Barley Red Dog Fraction and Corn Meal
for T r ia l I I  Dietsa

Item Glacier RDb HAG RDc HHAGd Corn Meal

Ether extract 2.8 2.8 3.1 4.2
Crude protein 12.55 11.36 12.76 9.9

Ash 2.6 2.2 2.3 1.4

Starch 58.7 60.0 56.3 68.0

Amylose6 29.4 40.2 44.5 27.3

Total Dietary Fiber 19.97 22.20 19.71 11.53

Soluble 6.37 9.85 9.06 0.50

Insoluble 13.60 12.35 10.65 11.03

Total jS-glucans 8.93 10.61 10.73 0.13

Soluble 1.37 1.27 1.88 NDf

Insoluble 7.56 9.34 8.85 ND

a % of dry matter. 
b Glacier barley red dog fraction.
c HAG KD = high-amylose Glacier barley red dog fraction. 
d HHAG RD = hull-less high-amylose Glacier barley red dog fraction. 
e % of starch. 
f ND = not determined.

fractions plus another corn control diet (com-2) were fed in Trial II. Therefore, the 

study was divided into two feeding trials according to treatment diets that were made of 

either barley flour or KD as the major components. All diets were formulated to be 

isonitrogenous using high-protein soybean isolate, containing 23 % crude protein and 5 % 

fat in accordance to Nutrient Requirements of Poultry (NRC, 1984). The formulation 

and chemical analyses of the diets for Trial I  and Trial II are shown in Table 14 and 15. 

The Trial I  flour diets were considered as low fiber diets containing 5 - 6% of TDF and
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Table 14. Composition and Chemical Analysis of Chick Diets for T r ia l T

Ingredient Glacierb HAG6 HHAGd Com-I

Corn meal 0 0 0 50.00
Barley Flour 71.00 74.00 75.00 0
Soybean isolate6 18.33 16.71 15.48 20.88
Supplement 6.38 6,38 6.38 6.38
Soybean oil 2.85 2.13 2.33 2.10
DL-Methionine 0.27 0.30 ■ 0.32 0.30

Corn starch 0.70 0 0 19.84
Cholesterol 0.50 0.50 0.50 0.50

Chemical Analvsis
Ether extract 5.01 6.28 5.12 4.09
Crude protein 19.71 24.57 24.52 24.63
Ash 5.7 ' 6.2 6.0 5.9

Starch 50.3 51.0 49.4 44.8

Total Dietary Fiber 5.33 5.69 5.19 6.22

Soluble 1.32 1.14 1.24 0.48

Insoluble 4.02 4.53 3.93 5.75
Total jg-glucans 2.64 2,60 2.33 0.33

Soluble 1.14 0.90 0.83 ND

Insoluble 1.5 1.7 1.5 ND

a % of dry matter. ND = not determined. 
b Glacier barley flour diet. 
c HAG = high-amylose Glacier barley flour diet. 
d HHAG = hull-less high amylose Glacier barley flour diet.
6 Composition of soybean protein isolate (%) produced by ICN Biochemicals: protein, 

92; moisture, 6.0; ash, 4.0; fat, 0.8; fiber, 0.25; Ca, 0.15; P, 0.8; Na, 1.3; K, 0.05. 
f Supplement contents (%): Ca3(PO4)2, 2.80: CaCo3, 1.50; vitamin diet fortification (ICN 

Biochemicals, Cleveland OH), 1.00; salt, 0.50; trace mineral mixture (ConAgra- 
Westfeeds, Billings, MT), 0:15; choline chloride, 0.20; DL-methionine, 0.125; 
antibiotic, 0.10; biotin, 0.01.
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Table 15. Composition and Chemical Analysis of Chick Diets for T ria l IT

Ingredient Glacier-RDb HAG-RD6 HHAG-RDd Corn-2

Corn meal 0 0 0 64.00
Barley RD 74.00 73.00 75.00 0
Soybean isolate6 15.33 17.01 15.53 19.29
Supplement 6.38 6.38 6.38 6.38
Soybean oil 2.13 2.15 1.89 1.51
DL-Methionine 0.31 0.29 0.30 0.28
Corn starch 0.82 0.67 0.42 0
Cellulose 0 0 0 8.04

Cholesterol 0.50 0.50 0.50 0.50
Chemical Analvsis
Ether extract 4.84 5.31 4.87 4.57

Crude protein 23.82 24.03 23.86 25.05
Ash 6.7 6.7 6.3 6.1

Starch 37.1 36.1 . 33.4 37.2

Total Dietary Fiber 14.48 16.02 14.83 15.17

Soluble 5.11 6.40 6.24 0.42

Insoluble 9.57 9.62 8.58 14.74

Total /3-glucans 6.04 6.43 5.36 0.50

Soluble 1.64 . 0.43 0.86 ND

Insoluble 4.4 6.0 4.5 ND

a % of dry matter. ND = not determined. 
b Glacier-RD = Glacier barley red dog fraction diet. 
c HAG-RD = high-amylose Glacier barley red dog fraction diet. 
d HHAG-RD = hull-less high-amylose Glacier barley red dog fraction diet.
6 Composition of soybean protein isolate (%) produced by ICN Biochemicals: protein, 

92; moisture, 6.0; ash, 4.0; fat, 0.8; fiber, 0.25; Ca, 0.15; P, 0.8; Na, 1.3; K, 0.05. 
f Supplement contents (%): Ca3(PO4)2, 2.80: CaCo3, 1.50; vitamin diet fortification (ICN 

Biochemicals, Cleveland OH), 1.00; salt, 0.50; trace mineral mixture (ConAgra- 
Westfeeds, Billings, MT), 0.15; choline chloride, 0.20; DL-methionine, 0.125; 
antibiotic, 0.10; biotin, 0.01.
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45 -50% of starch while the Trial II RD diets were regarded as high fiber diets 

containing 14 -16% of TDF and 33-31%  of starch on dry matter basis.

Feeding Trials

One hundred ninety-two one-day old male cockerel broiler chicks were obtained 

from Fors Farms Inc., Puyallup, WA and fed a standard corn-soybean based diet for 3 

d prior to initiating the experiment. This diet was then supplemented with 0.5 % 

cholesterol for 7 d to elevate "the plasma cholesterol level. The chicks were randomly 

divided into 8 diet treatments at that time. Birds for each diet were further randomly 

assigned into 3 battery cages with 8 birds per cage. Chicks had light 24 h a day with 

room temperature at 26.7°C and brooder (Petersime Incubator Co. Gettysburg, Ohio) 

temperature at 33.3° C, respectively. The protocol of the experiment was approved by 

Montana State University’s Animal Care Committee.

The chicks had free access to water throughout the entire experiment and were 

fed experimental diets ad libitum except for d 16 and d 17. Glucose tolerance testing 

was performed by allowing the chicks to eat diets for 30 min and taking blood (I ml) at 

30, 60, 120, 150 min after feeding at d 16 for Trial I  and d 17 for Trial II. The 0 min 

blood samples were also removed from fasted chicks before feeding at d 16 and d 17. 

Four chicks were used as duplications for each time interval within each diet treatment. 

Blood for lipid measurements was drawn at d 24 with 22 to 24 chicks for each diet 

treatment. All blood samples for both glucose and lipid studies were taken from the 

branchial veins after a 12 h overnight fast. Feed intake in each cage and individual chick 

weights were measured and average daily gain (ADG) was calculated on a cage basis.
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Chemical Analysis

Dry matter, ash, crude protein and crude fat (AOAC, 1984), starch (Aman and 

Hesselman, 1984), SDF, IDF (Prosky et ah, 1988) and soluble and insoluble /3-glucans 

for barley fractions (McLeary and Glennie-Holms, 1985) and for diet (Aman and 

Graham, 1987) were analyzed. Amylose content of starch was measured by gel filtration 

chromatography (Torneport et ah, 1990). The chemical analyses were carried out in 

duplicates and are reported on a dry matter basis. Plasma was separated from the whole 

blood with EDTA as an anticoagulating factor in vacuum tubes by centrifugation at 2400 

rpm for 20 min. Blood plasma glucose, total, high density lipoprotein (HDL) cholesterol 

and triglyceride concentration were determined on a Kodak DT 60 Blood Analyzer. 

Plasma low density lipoprotein (LDL) cholesterol concentration was calculated 

(Friedwald et al., 1972).

Statistical Analysis

Data were analyzed using SAS General Linear Models Procedure and differences 

between means were analyzed by Least-Squares Means. Correlation coefficients (r) were 

determined by Pearson’s CORK Procedure (SAS, 1988).

Results and Discussion

Chemical Analysis of Barley Grain and Milling Fractions

The most important characteristic of high-amylose barley is the high-amylose 

starch content. High-amylose Glacier and HHAG had 40% amylose starch while normal
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Glacier contained 29% (Table 11), which is similar to the results of Morrison et al. 

(1986). The /3-glucan content in HAG and HHAG was also higher (7.4%) compared to 

that of normal Glacier barley (5.2%). From this point of view, the high-amylose gene 

may have a similar effect to the waxy gene in increasing /3-glucan content (Chapter 3). 

The hull-less gene in HHAG barley reduced the total dietary fiber content (15.2%) and 

increased the starch content (63.8%) compared with covered HAG barley (20.2%, 

57.0%), respectively. Similar results were reported in hull-less Compana and Betzes 

barleys in Chapter 3.

The milling process separated the grain into different milling fractions according 

to particle size which depend on the botanical source and chemical composition of kernel. 

Therefore, uneven distribution of chemical components was found in different fractions. 

TDF, SDF and total /3-glucans were higher in KD and starch content was higher in flour 

(Tables 12 and 13). Mori (1990) found that the KD fractions of Azhul (waxy, hull-less) 

and Azhul sister line (non-waxy) barley cultivars were the highest in TDF, SDF and (3- 

glucan content among the milling fractions. The RD containing higher levels of SDF and 

/3-glucan indicated that it consists of more endosperm cell walls than other milling 

fractions as barley /3-glucan concentration is highest in endosperm cell walls (Fincher, 

1975; Ballance and Manners, 1978; Aman and Graham, 1987). The /3-glucan content 

of high-amylose RD fractions was higher (10.6%) than that of Glacier RD (8.9%). 

However, no difference in /3-glucan content was observed among the three Glacier barley 

flours. These data indicate that high-amylose barley contains not only a higher level of 

amylose starch, but also a higher level of /3-glucan.
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Glucose Responses of Chicks

Postprandial blood plasma glucose responses in chicks after consumption of 

treatment diets over a period of 150 min are shown in Tables 16, 17 and Figs I and 2. 

No significant differences were found in fasting (0 min) blood glucose levels or following 

feed intake or blood glucose at 150 min among the 4 treatment diets within each flour 

group (Trial I) and RD fraction group (Trial 11). Means of blood glucose levels over all 

time intervals were significantly higher (P < .05) for the chicks fed the uncooked barley

Table 16. Chick Glucose Response (mg/dl) and Feed Intake (g) of Trial I  (Barley Flour 
or Corn Control-1 Diets)a

Time Glacierb HAG0 HHAGd Corn-1

0 Min. 168.0+6.0 187.8+6.4 195.8+9.0 188.3+4.3

30 Min. 351.8+37.4 b 379.5 + 13.6 b 412.3+22.8 a 236.3+16.0 c

60 Min 349.8+33.7 344.0+44.0 285.8+21.1 298.0+36.9

90 Min 327.3+43.1 a 326.0+35.8 a 243.5 + 11.0 b 249.5+23.3 ab

120 Min 306.0+58.9 a 247.0+28.2 b 280.0+40.8 ab 211.0+13.9b

150 Min 208.3+20.4 217.3 +  14.5 212.5 +  16.0 228.8 + 13.7

Mean® 285.2+20.0 a 283.6+17.6 a 271.6+10.3 a 235.3+4.0 b

Feed Intakef 4.1±0.4 4.3+0.5 3.8+0.7 4.1 + 1.2

a Numbers in rows are Mean+SEM of 4 replications, following unlike letters 
significantly differing at P < .05. 

b Glacier barley flour diet.
0 HAG = high-amylose Glacier barley flour diet. 
d HHAG = hull-less high-amylose Glacier barley flour diet. 
e Mean of glucose levels of all time internals. 
f Feed intake of per chick allowing to eat for 30 min.
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flour and RD fraction diets compared with com diets but there were no differences 

among barley flour treatments. All barley flour diets produced significantly higher (P 

< .01) blood glucose peaks than the corn control while HHAG flour diet showed the 

highest glucose peak compared to Glacier and HAG flour diets at 30 min (Table 16). 

Differences were not significant in glucose levels among 4 flour treatments at 60 min. 

However, the glucose levels were higher (P < .05) for chicks fed Glacier flour 

compared with that of HHAG flour at 90 min and HAG flour at 120 min.

Table 17. Chick Glucose Response (mg/dl) and Feed Intake (g) of Trial II (Barley Red 
Dog Fraction or Corn Control-2 Diets)8

Time Glacier-RDb HAG-RDc HHAG-RDd Corn-2

OMin. 175.5+4.4 180.0+7.5 163.5+9.1 191.0+4.3

30 Min. 253.8+11.0 be 408.3+22.0 a 297.3+28.8 b 209.8+4.8 c

60 Min 318.0+30.5 a 334.5+34.0 a 369.0+19.0 a 219.8 + 10.3b

90 Min 261.8+28.9 ab 301.8+34.8 a 293.3+33.5 a 219.5 + 8.3 b

120 Min 225.0+4.7 244.5 + 14,1 225.0+17.0 204.0+11.9

150 Min 210.0+8.2 224.0+25.1 236.0+12.9 221.5+9.2

Mean 240.7+11.4 b 282.2+18.2 a 264.0+16.2 a 210.9+3.84 c

Feed Intake6 3.1+0.3 3.1+0.1 2.5+0.2 3.3+0.2

a Numbers in rows are Mean+SEM of 4 replications, following unlike letters 
significantly differing at P < .05. 

b Glacier barley red dog fraction diet. 
c HAG = high-amylose Glacier barley red dog fraction diet. 
d HHAG = hull-less high-amylose Glacier barley red dog fraction diet.
6 Mean of glucose levels of all time internals. 
f Feed intake of per chick allowed to eat for 30 min.
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All barley RD fraction diets produced significantly higher (P < .01) blood 

glucose peaks than the com control at 30, 60 and 90 min while the HAG RD diet showed 

the highest glucose peak compared with Glacier and HHAG flour diets at 30 min (Table 

17). There were no significant differences in blood glucose levels within 3 RD treatment 

diets after 60 min. The HAG and HHAG produced significantly higher (P < .05) 

overall mean blood glucose levels than that of Glacier RD diet (Table 17).

These data demonstrate that chicks fed uncooked high amylose barley flour and 

RD fractions do not have a flattened postprandial glucose curve compared with normal 

barley and corn. These uncooked high amylose barley flour and RD fractions appeared 

to be equally or as easily digested and absorbed by chicks as that of normal Glacier 

barley. The larger particle size of the corn meal, produced through the grinding process, 

could have been the cause of the reduced or slower digestibility of the corn diet which 

resulted in the lowest glucose peaks as reported by Heaton et al.(1988).

Hypocholesterolemic Effects

Table 18 and Fig 3 show the chick blood lipid profiles for barley flour and corn-1 

treatments. Total and LDL plasma cholesterol concentrations were significantly (P < 

.01) lower for chicks fed the HAG and HHAG flour diets compared with Glacier flour 

and corn control diets. The HDL cholesterol values for chicks fed Glacier and HHAG 

flour diets were higher (P < .05) than the corn control but similar to the HAG diet. 

The LDL to HDL cholesterol ratios for chicks fed HAG and HHAG diet were 

significantly lower (P < .01) than the control but similar to the Glacier flour diet. 

Plasma triacylglycerol was significant lower for chicks fed HAG and HHAG flour diets
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compared with the Glacier diet. Average daily gain (ADG) of chicks fed barleys was 

significantly lower (P < .01) than the com control while no differences were found 

among the barley diets. The HAG and HHAG flour diets contained the same amount of 

TDF, SDF and /3-glucans (Table 14) as the Glacier flour diet except for the higher 

amylose content. These results suggest that the hypocholesterolemic effect of HAG and 

HHAG flour may partially be due to the starch structure and its interaction with barley 

SDF. Similar results were reported by Behall and Scholfield (1989), in which blood 

triacylglycerol and cholesterol were lowered in subjects consuming high amylose maize 

starch.

Table 18. Plasma Lipid Concentrations (mg/dl) and Average Daily Gain (ADG) of 
Chicks Fed Barley Flour or Corn Control-1 Diets {Trial I f

Measurements Glacierb HAG0 HHAGd Com-I

Cholesterol

Total 301.5 +  14.7 a 244.1 +  13.9 b 221.2+11.8 b 305.9+12.0 a

LDL 113.6+15.2 a 81.0+11.5 b 56.6+12.0 b 131.7+13.3 a

HDL 190.9+10.0 a 166.8+11.3 ab 192.6+8.5 a 158.5+7.7 b

LDL/HDL 0 .7+ 0 .1 ab 0.6+0.2 b 0 .4+ 0 .1 b 0 .9+ 0 .1 a

Triacylglycerol 120.9+5.7 a 89.3+3.7 c 106.3+5.2 b 79.3+3.9 c

ADG (g) 15.7+0.7 b 17.0+0.5 b 16.1+0.7 b 24.7+0.9 a

a Numbers in rows are Mean+SEM of 22 to 24 observations, following with unlike 
letters significantly differing at P < .05. 

b Glacier barley flour diet. 
c HAG = high-amylose Glacier barley flour diet. 
d HHAG = hull-less high-amylose Glacier barley flour diet.
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Table 19 and Fig 3 show the chick plasma lipid concentrations for the barley KD 

treatments and corn-2 diets. Total and LDL plasma cholesterol were significantly lower 

(P < .001) for chicks fed all barley KD diets compared to the corn control. The HDL 

cholesterol values for chicks fed HHAG barley RD were significantly higher (P < .05) 

while the other two barley diets were the same as the corn control. The LDL to HDL 

cholesterol ratios for chicks fed all barley RD diets were significantly lower (P < .05) 

than the corn control. The blood tiiacylglycerol was not different among barley diets but 

higher (P < .05) in Glacier and HHAG RD diets compared with the control. Chicks 

gained less weight when fed all barley RD diets. Average daily gain of chicks was

Table 19. Plasma Lipid Concentrations (mg/dl) and Average Daily Gain (ADG) of 
Chicks Fed Barley Red Dog Fraction or Com Control-2 Diets {Trial ZZ)a

Measurements Glacier-KDb HAG-RDc HHAG-RDd Corn-2

Cholesterol

Total 209.1+6.7 b 207.2+13.1 b 198.2+9.1 b 385.0+15.9 a

LDL 79.7+8.7 b 74.0+11.5 b 55.8+7.1 b 254.6+16.4 a

HDL 116.3+9.6 ab 130.6+10.7 ab 139.3+7.6 a 112.9+7.5 b

LDL/HDL 0.9+0.1 b 0 .7+0.1 b 0 .5+0 .1 b 2.56+0.3 a

Triacylglycerol 104.1+3.6 a 99.8+5.5 ab 109.9+5.7 a 87.5+5.0 b

ADG 10.5+0,8 6 10.7+0.7 b 9.6+0.4 b 23.6+1.1 a

a Numbers in rows are Mean+SEM of 22 to 24 observations, following with unlike 
letters significantly differing at P < .05. 

b Glacier barley red dog fraction diet. 
c HAG = high-amylose Glacier barley red dog fraction diet. 
d HHAG = hull-less high-amylose Glacier barley red dog fraction diet.
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highly correlated with total and LDL cholesterol (r = 0.69 and 0.72). These results 

confirm that soluble fiber, mainly /3-glucans, in barley may be responsible for the 

hypocholesterolemic effect (Newman et al., 19.89b) because barley KD fraction contained 

much higher SDF and jS-glucans than corn meal (Table 15).

Conclusions

Both HAG and HHAG barleys contained higher levels of amylose starch and /3- 

glucans compared with normal Glacier barley. Total dietary fiber, SDF and /3-glucans 

were concentrated in the barley milling fraction, KD. Significantly higher blood glucose 

levels were found in chicks fed two uncooked (raw) barley fractions (flour and KD) from 

all barleys compared with com. Uncooked high amylose milling fractions did not 

produce lower postprandial glucose curves, but rather, increased blood glucose for chicks 

fed high amylose KD fractions compared with normal Glacier. However, plasma total 

and LDL cholesterol were significantly reduced in chicks fed two high-amylose flours 

and all barley RD fractions while the HDL cholesterol remained the same or higher 

compared with normal Glacier flour or the corn control, respectively. Loss of chick 

body weights were observed from all barley diets. The results suggested that the soluble 

fiber, mainly /3-glucans and starch structure in barley are probably responsible for the 

hypocholesterolemic effect but the mechanism of high amylose barley lowering 

cholesterol needs to be further clarified. The data also demonstrates that the digestion and 

absorption for chicks fed the uncooked high amylose barleys were similar to Glacier 

normal barley in a short term study.
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CHAPTER 5

DIGESTIBILITIES IN VITRO AND GLUCOSE RESPONSES IN RATS 

WITH DIFFERENT TYPES OF BARLEY STARCHES 

SUBJECTED TO HEAT-TREATMENTS

Introduction

Both rate and extent of starch hydrolysis in vitro are regarded as predictors of 

metabolic responses to complex carbohydrate in vivo (O’Dea and Holm, 1988). A 

commonly used method for the investigation of rates of starch hydrolysis in foods is 

simulated digestion in vitro. Marked differences in both the rate and extent of digestion 

of complex carbohydrate foods have been observed. It has been well established that 

such differences correlate with postprandial blood glucose changes in humans under 

experimental conditions (Lund and Johnson, 1991; Brand et al., 1985; Bornet et al., 

1989).

Amylomaize starch digestibility has been extensively studied in vitro and in vivo 

with chicks, rats, mice and humans. Amylomaize starch is less susceptible to amylolysis 

than normal maize (Dreher et al., 1984). High-amylose maize starch has been shown 

to have a positive lowering effect on blood glucose and insulin levels in humans (Behall 

et al., 1988; Behall and Scholfield, 1989; Amelsvoort and Weststrate, 1992) as well as
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high-amylose rice (Goddard et al., 1984). Behall and Scholfield (1989) concluded that 

long-term intake of a high-amylose cereal grain may benefit individuals who show 

elevated glucose and insulin levels and apparent insulin resistance, as in early adult-onset 

diabetes. Behall and Scholfield (1989) also reported a lowering of blood triglycerides 

and cholesterol in subjects consuming high-amylose maize starch. The flattened insulin 

response observed with amylose may also be beneficial for hyperlipidemic subjects 

because high insulin levels have been implicated in the development of thickened arterial 

walls and lesions.

High-amylose barley starch was also found to be less susceptible to a-amylase 

than normal barley starch (Pomeranz et al., 1972). Calvert et al. (1976) reported that 

rats consumed less of a purified diet prepared with HAG starch than a similar diet 

containing Glacier starch and as a consequence gained at a slower rate. However, 

available data on the nutritional properties of amylose starch are by no means clear cut. 

In another study, Calvert et al. (1981) found that barley starch type did not significantly 

affect gain or feed consumption of swine. Rubin et al. (1974) demonstrated HAG to be 

nutritionally superior to five other barleys including Glacier as measured by growth of 

weanling rats. In a study with rice, a slightly higher amylose content (22 vs 15%) 

resulted in an increased rate of in vitro a-amylolysis and an increase in postprandial 

glucose in healthy subjects (Srinivasa Rao, 1971).

Data from our laboratory (Xue et al., 1991) showed that blood glucose levels in 

broiler chicks fed two uncooked (raw) milling fractions (flour and red dog) from HAG 

and HHAG barleys were not significantly flattened compared with normal Glacier barley
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milling fractions and were higher than that of corn control. Plasma cholesterol, 

however, was significantly reduced in chicks fed the high-amylose flour and red dog 

fractions, respectively.

Enzyme resistant starch (ERS) formation in wheat, maize, and barley during 

moisture-heat processing may explain the lowered glucose response to high-amylose 

starch, because ERS is believed to consist of retrograded amylose (Berry, 1986; Ring et 

al., 1988; Siljestrom et al., 1989; Szczodrak and Pomeranz, 1991). Moreover, ERS is 

less bioavailable in the human gastrointestinal tract and exerts physiological effects 

similar to those of dietary fiber (Bjorck et al., 1987; Englyst and Cummings, 1987; 

Jenkins and Jenkins, 1985; Schneeman, 1989).

Bjorck et al., (1990) reported that the amylose/amylopectin ratio in different 

barley genotypes (waxy, normal and high-amylose starch) produced no differences in 

enzymatic hydrolysis when the barley flour was boiled. Autoclaving the flour, however, 

produced a concomitant decrease in in vitro digestibility with increased amylose content. 

This was explained by an increased amount of ERS (3%) and the formation of amyIose- 

lipid complexes, which did not occur in autoclaved waxy barley flour or in any of the 

flours when boiled. However, the flour or starch-containing meal used in past 

experiments contained not only starch, but also dietary fiber, protein, lipid and lesser 

constituents. Dietary fiber is known to flatten glucose curves in humans (Jenkins and 

Jenkins, 1985). /3-glucan (a fraction of the soluble fibers) was reported to be a factor in 

lowering blood glucose and insulin in rats (Vachon et al., 1988) and lowering blood 

cholesterol in hypercholesterolemic individuals (Newman et al., 1989b). In addition to
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the high-amylose content, high-amylose Glacier barley also contains relatively high /3- 

glucan (7%). Therefore, effect of DF and other components in the barley may confound 

starch effects on glucose responses. In order to identify the effect of starch structure 

(ratio of amylopectin to amylose) on the glucose responses, the glucose response test 

must be verified with purified starches in vitro and in vivo.

The objectives of these studies were to (I) estimate the formation of enzyme 

resistant starch during the autoclaving process with different ratios of amylose and 

amylopectin in barley and corn; (2) determine in vitro digestibility and hydrolysis rate 

of barley and com starches with different amylose and amylopectin content and heat 

treatments (autoclaved vs non-autoclaved); and (3) evaluate the glucose responses of 

autoclaved barley starch compared to wheat starch in rats.

Materials and Methods

Barley Flour

Waxbar, Glacier, covered high-amylose Glacier (HAG) and hull-less high-amylose 

Glacier (HHAG) barleys were grown in Arizona in 1990. The barleys were milled 

through a MIAG MULTOMAT 8-roll dry mill (Figure 11) at the Western Wheat Quality 

Laboratory (Washington State University, Pullman WA). Flour was made up of 2nd 

break (B), 3rd B, 1st middling (M), 2nd M, 3rd M and 4th M streams (2B-4M, 2nd 

break flour to 4th middling) from each cultivar.
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Starch Isolation

Starches were isolated from barley flours (2B-4M) by a modification of the 

method of Morrison and Laignelet (1983) and Szczodrak and Pomeranz (1991). After 

steeping briefly in 0.02 M HCl and neutralizing with 0.02 M NaOH at pH 7.6, the starch 

suspensions were incubated for 24 hr at 37°C with protease (Sigma Chemical Co., Type 

XIV, 5 mg/g) and 0.01 % thiomersal. The suspension was filtered through 88 and 61 ^m 

mesh sieves. The residue was homogenized with a Brinkmann homogenizer (Brinkmann 

Instruments, Co. Westbury NY 11590) with water and screened again. The filtered 

suspension was centrifuged at 2000 ipm for 15 min and the supernatant was discarded. 

The brown layer and white layers were combined and purified with 8:1 water:toluene by 

a shaking procedure. As a result of this treatment the protein was denatured and 

concentrated in the supernatant toluene layer while the purified starch granules 

precipitated in the aqueous layer. The toluene layer was separated from the aqueous 

layer and the procedure was repeated until a completely clear toluene layer was obtained. 

All wet starches were air-dried.

Wheat starch (unmodified), corn amylopectin, corn starch and corn amylose were 

purchased from Sigma Chemical Co. St. Louis MO.

Starch Treatment (Formation of ERSl

The formation and determination of ERS were performed according to the 

methods described by Szczodrak and Pomeranz (1991). The starch-water ratio used for 

ERS formation was 1:5. The suspension was autoclaved for I hr at 121°C under 1.46 

b pressure using a thermostatically controlled autoclave and cooled overnight in a
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refrigerator (4°C). Numbers of autoclaving-cooling cycles were 3 and 12, respectively. 

The treated samples were vacuum-dried from -40°C to room temperature (Freeze dryer, 

FTS, Systems Co., Stone Ridge NY). All the material was ground on a .Wiley mill (A. 

H. Thomas Co., Philadelphia PA) to pass a screen with .5 mm diameter openings.

ERS Determination

ERS was estimated by an enzymatic-gravimetric assay as described by Sievert and 

Pomeranz (1989). It was considered as the residue remaining after incubation of the 

sample with a heat-stable a-amylase (A-3306, Sigma Chemical Co. St Louis MO) and 

amyloglucosidase (from Aspergillus niger, A-9913). This assay was a modification of 

the AOAC method for the determination of insoluble dietary fiber (AOAC 1985).

Starch Hydrolysis in vitro with o'-amylase

The amounts of maltose released by treatment with pancreatin were determined
/ ' ■

spectrophotometrically with 3,5 - dinitrosalicylic acid (1% in 0.4 N NaOH containing 

30% sodium potassium tartrate) according to the method as described by Bjorck et al 

(1987) and Wootton and Chandhry (1979) with modifications. About 500 mg (dwb) of 

starch was added to 50 ml 0.05 M K-Na phosphate buffer (pH 6.9), containing 

0.04%(w/v) NaCl. The solution was boiled in a water bath for 10 min and cooled to 

37°C. Porcine pancreatic a-amylase (Product #A-6255, containing 27 mg protein/ml and 

1260 U/mg, (I U liberates I mg maltose from starch in 3 min at pH 6.9 and 20°C), 

Sigma Chemical Co., St Louis MO), was added after dilution to contain 108 U in 0.2 

ml. The starch suspension was incubated at 37°C for up to I hr. Samples (.2 ml) were
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withdrawn at time intervals and analyzed for reducing sugar with a dinitrosalicylic acid 

reagent. Maltose was used as a standard. Percent hydrolysis was calculated (mg of 

maltose from standard curve/ mg of starch x 100). The digestibility of the starches was 

calculated on the basis of % hydrolysis measured after I hr of incubation, at which point 

the rate of increase in reducing power was constant.

Glucose Tolerance Test in Rats

Treatment diets: four starches (Waxbar, Glacier, HAG barley and wheat starches) 

with different heat-moisture treatments (non-autoclaved, autoclaving-cooling 3 and 12 

cycles) were boiled for 15 min with stirring (7.5% starch solution) and cooled overnight 

at room temperature. Wheat starch was used as control and glucose was used as a 

reference.

Sprague-Dawley male rats (8 wk old) from Harlan Sprague-Dawley, Inc. 

Indianapolis, IN (average weight 240 g, n=56) were individually housed, adapted for 5 

days to a 12 h light/ 12 hr dark cycle and fed Purina laboratory chow. Feed was 

withdrawn 24 h prior to the gavaging of starch solution. During the starvation period 

free access to water was provided. Glucose tolerance tests were performed by giving 

glucose or other diets (10 ml of 7.5 starch percent solution, approximately 300 mg dry 

matter/100 g body weight) to rats by stomach tube and taking I ml blood from the tail 

artery of each rat at 0, 30, 60, 120 and 240 min. Blood glucose and insulin levels were 

determined. The rats were then fed Purina rat chow for two weeks and by that time they 

were randomized and the test repeated as described. Eight rats were in each treatment 

group and the glucose reference.
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Chemical Analysis

Analyses were made for protein, ether extract, ash (AOAC, 1984) and starch 

(Aman and Hesselman, 1984). Amylose starch was measured by gel filtration 

chromatography (Tomeport et ah, 1990). Serum glucose was determined on a Kodak 

DT 60 Blood Analyzer (Eastman Kodak Co., Rochester NY).

Statistical Analysis

Main effects were analyzed using SAS General Linear Models Procedure for 

repeated measurement and differences between means were analyzed by Least-Squares 

Means. Correlation coefficients (r) were determined by Pearson’s CORR Procedure 

(SAS, 1988).

Results and Discussion

The experiment was designed to study the effects of starch type on the rates and 

extent of reducing sugars released from starches and glucose absorption in the animal 

model. Several aspects will be discussed. Firstly; purified starch was used for this study 

in order to avoid interference from other components, such as DF, lipid, and protein in 

the flour. Using a purified starch, an in vitro study was conducted, and the ERS was 

measured as the residue after starch was hydrolyzed by a-amylase. In contrast, the 

reducing sugar released from starches by G'-amylolysis was determined and expressed by 

in vitro hydrolysis rates and digestibility. Finally, in vivo, a rat glucose tolerance study 

was completed to confirm the in vitro study.
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Starch Isolation

The yield and chemical composition of purified barley starch are shown in Table 

20. The yields of starches isolated from barley flour were about 50% and were similar 

to those of Szczodrak and Pomeranz (1991). Barley starches isolated in our experiment 

were considered to be pure (>92.3%) compared to that of starch from Sigma Chemical 

Co. (Table 21). By this method it assayed 92.5% starch dry matter basis when soluble 

starch from Sigma Chemical Co. (S-9765) was used as control in starch determination. 

In addition, the crude protein, ether extract and ash contents of each starch were less 

than 0.3%, which was similar to the starches from Sigma Chemical Co. The lower 

starch value (74.3%) of corn amylose starch could be due to the high level of ERS (23 %) 

resulting from the extraction process (Table 22). The amylose content of barley starches 

varied from 7.3% in Waxbar to 40% in HAG and HHAG starches. In contrast, corn 

starches varied from 0% amylose in com amylopectin to 70% amylose in com amylose 

starch reported by Sigma Chemical Co.

Starch granule size and amylose content were considered during starch isolation. 

Szczodrak and Pomeranz (1991) reported that the purified brown starch layer contained 

a higher percentage of small (2-5 /tm in diameter) round granules high in amylose 

content (47.9%) while the white layer contained mainly large lenticular granules with an 

amylose content of 44.5 %. However, Stark and Yin (1986) reported that small granules 

(brown layer) of regular (about 25% amylose) barley contained 4% less amylose than 

large granules (white layer). Based on this information, a combination of brown layer 

and white layer would not change the granule size distribution and amylose content in



Table 20. Yield and Chemical Composition of Starchy Materials Isolated from Barleys3

Source of Starch Yield Starch Amyloseb Protein Lipid Ash

Waxbar 51.3 94.1 7.3 .05 .13 .09

Glacier 56.0 92.6 29.4 .16 .07 .21

HAGc 50.8 92.3 40.3 .25 .07 .25

HHAGd 43.3 92.6 40.5 .19 .04 .22

3 % of dry matter. 
b % of starch.
0 Covered high amylose Glacier. 
d Hull-less high amylose Glacier.



Table 21. Chemical Composition of Starches from Sigma Chemical Co/

Starch Type Product # Starch Amyloseb Protein Lipid Ash

Wheat starch S 5127 90.4 25 .03 .00 .18

Com amylopectin A 7780 93.6 0 .05 .03 .10

Corn starch S 4126 94.2 25 .09 .05 .06

Corn amylose A 7043 74.3 70 .69 .01 .09

a % of dry matter.
b % of starch and information from Sigma Chemical Co.
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our study. The incubation temperature of 37°C for protein degradation during starch 

purification would avoid gelatinization which occurred above SO0C (Szczodrak and 

Pomeranz, 1991).

Formation of ERS

Yields of ERS from the different cereal starches with 0, 3 and 12 autoclaving

cooling cycles are shown in Table 22. Enzyme resistant starch formation varied 

depending on the amylose content and the heat treatments. Greater than I % of ERS 

formation was measured in HAG and HHAG starches that did not undergo the

Table 22. Yield of Enzyme Resistant Starch from Autoclaving-cooling Cycles"

Starch Non-autoclaved 3 Cycles 12 Cycles

Com amylopectinb 0.24 0.34 0.52

Waxbar barley 0.24 0.19 0.31

Corn Starchb . 0.24 8.14 14.07

Wheatb 0.52 8.83 13.98

Glacier barley 0.66 7.40 12.14

HAG barley0 1.16 12.40 18.59

HHAG barley" 1.82 11.34 16.71

Corn amylose0 23.05 33.05 44.17

a % of dry matter. 
b Starch from Sigma Chemical Co. 
c Covered high-amylose Glacier. 
d Hull-less high amylose Glacier.
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autoclaving-cooling process as observed by Szczodrak and Pomeranz (1991). However, 

the extremely high ERS of 23% in native corn amylose from Sigma Chemical Co. was 

found but there is no readily apparent explanation for this ERS. Yield of ERS from 

waxy starches (com amylopectin and Waxbar barley starch) which was less than 0.6% 

even after 12 cycles of autoclaving, was not affected by autoclaving-cooling treatments. 

In contrast, non-waxy starches were strongly affected by the autoclaving heat treatment, 

with the high-amylose starches affected most. The ERS was less than 0.7% in native 

normal starches (corn starch, wheat starch, Glacier barley starch) and increased to 

approximately 8% and 13% after 3 and 12 cycles of autoclaving, respectively. The ERS 

levels from HAG and HHAG barley starches were increased from 1.8% in native starch 

t o l l  and 17% after 3 and 12 cycles of autoclaving. This result was close to the 21% 

of ERS formation from HAG barley with 12 autoclaving-cooling cycles, reported by 

Szczodrak and Pomeranz (1991). Although ERS in native corn amylose was exceptionally 

high, it was still increased from 23% to 44% after 12 cycles of autoclaving.

A significant positive correlation between amylose content and ERS formation was 

found (r = .79, P < .05 for native starch, r = .96, P < .001 for autoclaved starch), 

as earlier reported by Bjdrck et al. (1990), Berry (1986) and Szczodralc and Pomeranz 

(1991). With the number of autoclaving cycles increased, ERS formation increased in 

non-waxy starch, which confirmed the earlier hypothesis that retrograded amylose is 

mainly responsible for the generation of ERS as indicated by several authors who used 

different methods (Berry, 1986; Ring et al., 1988; Berry et al., 1988; Siljestrdm et al., 

1989;, Sievert and Pomeranz, 1989; Sievert et al., 1991; Szczodrak and Pomerahz



75

1991). An amylose-lipid complex should be ignored during the ERS formation since the 

lipid content was less than 0.07% in HAG and 0.01% in com amylose in our study.

In vitro Digestibilities and Hydrolysis Rates of Starches

The in vitro digestibilities of starches with different pre-heat treatment following 

60 min of incubation with a-amylase are shown in Table 23. Raw starches had a much 

lower digestibility value than boiled starches because they were under gelatinization 

temperature. Waxy barley starch showed the highest susceptibility to a-amylolysis when 

tested raw. The degree of hydrolysis in raw wheat was lower than waxy, similar to corn 

amylopectin, but higher than non-waxy barley starches. These results differ from those 

of Bjdrck et al. (1990). The lowest digestibility of raw corn amylose was expected 

because of the higher content of ERS (Table 22).

Hydrolysis rates of all starches subjected to 0, 3, and 12 autoclaving-cooling 

cycles are illustrated in Figs 5, 6 and 7. There were no significant differences in 

hydrolysis rates of boiled starches (except corn amylose) until 60 min incubation (Table 

23). The digestibilities of boiled high-amylose starch suspensions were lower (P < .05) 

than that of waxy and normal starches. Autoclaving significantly changed hydrolysis rate 

and digestibility of non-waxy starches (Figs 6, 7 and Table 23). Hydrolysis rates and 

digestibilities of waxy starches were not affected (P > .05) by the autoclaving-cooling 

treatment (Figs 5 , 6 , 7  and Table 23). In contrast, digestibilities of non-waxy starches 

were significantly lowered by autoclaving (P < . 001). Similar results from barley flour 

have been reported by Bjdrck et al. (1990). The digestibilities of HAG and HHAG 

starches were reduced by 14% after 3 autoclaving-cooling cycles and by 20% after 12



Table 23. Digestibility of Starches in  v itro  with Different Heat-Treatmentsa,b

Starch Rawc Boiledd 3-Cyclese 12-Cyclesf P-valueg

Corn amylopectin 19.7+0.36 bh 76.6+0.31 a 77.5+0.92 a 76.9+0.58 a >.05

Waxbar barley - 24.3+0.28 a 74.9 + 0.76 ab 75.8+0.76 a 73.3+0.56 b >.05

Corn 14.1+0.20 d. 75.5+0.65 a 70.8+0.65 b 64.2+1.02 c <.001

Wheat 18.8+0.44 b 76.8+0.55 a 69.0+0.49 b 64.4+0.20 c <.001

Glacier barley 15.7+0.29 c 73.4+0.78 be 70.4+1.30 b 64.3 + 1.48 c <.01

HAG barley1 13.4+0.21 d 72.1+0.73 c 61.4+0.53 c 57.2+1.11 d <.001

HHAG barley 11.5+0.20 e 72.0+0.56 c 62.4+0.30 c 57.8+0.38 d <.001

Corn amylose 5.3+0.41 f 44.8+0.68 d 49.1+0.80 d 38.6+0.87 e <.001

a Measured as starch hydrolysis rate (%) with a-amylase after 60 min incubation at 37°C. 
b Data are means (+  SEM) of 4 to 14 observations. 
c Native starch without heat-treatment. 
d Boiled before incubation.
6 Autoclaved 3 times, dried and reboiled before incubation. 
f Autoclaved 12 times, dried and reboiled before incubation. 
g Significance levels of autoclaving effects. 
h Numbers in column with superscripts differ at P < .05.
' Covered high-amylose Glacier. 
j Hull-less high-amylose Glacier.
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autoclaving-cooling cycles compared to the starches without autoclaving (Table 23). The 

autoclaving effect on bio-availability of starch depended on the amylose level of starches. 

Therefore, with increasing amylose content, a concomitant decrease occurred in in vitro 

digestibility of autoclaved starch. Digestibility of starch suspension was significantly (P 

< .001) negatively correlated with amylose content and ERS formation (Table 24).

These data demonstrate that the hydrolysis rates of different cereal starches 

followed the pattern: waxy > normal > high-amylose starches after heat-moisture 

autoclaving, possibly due to the formation of ERS from the amylose component.

Table 24. Selected Correlation Coefficients (r) of Amylose Content, Enzyme Resistant 
Starch and Digestibility in vitro

Amylose Dig-Rawa Dig-Boiledb Dig-A3c Dig-A12d

Amylose - 0.92** -0 .83 ' - 0.98*** - 0 .99"'

ERS-NA6 0.79* - 0.99*"

ERS-A3f 0.96*** - 0.97*"

ERS-A128 0.97*** - 0.99'"

a Dig-Raw = Digestibility of starch without heat treatment. 
b Dig-Boiled = Digestibility of starch after boiling.
c Dig-A3 = Digestibility of starch after autoclaved 3 times, dried and reboiled. 
d Dig-A12 = Digestibility of starch after autoclaved 12 times, dried and reboiled.
6 ERS-NA — Enzyme resistant starch formed from native starch without autoclaving. 
f ERS-A3 = Enzyme resistant starch formed from starch after autoclaved 3 times.
8 ERS-A12 = Enzyme resistant starch formed from starch after autoclaved 12 times. 
*, ** and *** denote Statistical significance at P < .05, P < .01 and P < .001, 

respectively.
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Glucose Responses in Rats

Postprandial glucose responses in rats after ingestion of 13 different diet solutions 

are shown in Figs 8, 9 and 10. No significant differences were measured in postprandial 

glucose levels in rats among these boiled starch solutions at all time intervals, while the 

glucose solution showed the highest peaks (P < .05) at 30 and 60 min (Fig 8). After 

autoclaving, Waxbar barley starch resulted in a significantly (P < .05) increased glucose 

peak at 30 min (3 cycles) and 60 min (12 cycles) compared to non-autoclaved Waxbar 

starch in rats (Figs 9 and 10). However, autoclaved HAG barley starch significantly 

lowered the glucose levels in rats compared to Waxbar (at 30 min P < .01, at 60 min 

P < .05) and Glacier starches (at 30 min P < .01) after 3 cycles autoclaving (Fig 9). 

After autoclaving, HAG starch reduced the glucose levels by 20 units at 30 min 

compared to non-autoclaved HAG starch and numerically lowered glucose compared to 

wheat starch at 30 and 60 min. Twelve cycles of autoclaved starches showed the same 

pattern as that of 3 cycles (Fig 10) except that the normal Glacier barley starch 

statistically produced the same glucose curve as HAG starch. Differences were not 

significant (P > .09) among any treatments at times 0, 120 and 240 min. These in vivo 

results corresponded to the in vitro study which demonstrated that glucose absorption in 

rats from non-waxy barley starches was reduced after heat-moisture autoclaving, possibly 

due to the formation of resistant starch from the amylose component. The glucose peaks 

in rats at 30 and 60 min after ingestion of autoclaved starches were closely (P < .05) 

correlated to digestibility in vitro (r > 0.79), amylose content (r > - 0.76) and ERS (r 

> - 0.72) (Table 25).
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Table 25. Correlation Coefficients (r) of Glucose Responses in Rats and Amylose 
Content, Enzyme Resistant Starch, Digestibility in vitro with Autoclaved 
Treatments3

Glucose at 30 min Glucose at 60 min

Amylose content - 0.76* - 0.88**

Enzyme resistant starch - 0.72* - 0.78*

Digestibility in vitro 0.82' 0.79*

3 Combined data from autoclaved 3 and 12 cycles, N = 8.
* and ** denote statistical significance at P < .05 and P < .01, respectively.

Conclusions

From the purified cereal starches, effects were only marginal on digestibility and 

no effects on blood glucose levels in rats when boiled starches of different origins 

(amylose vs amylopectin) were tested. However, the effects of starch types on 

digestibility and blood glucose responses were significantly increased by autoclaving. 

Digestibility of waxy starches was not changed in vitro and blood glucose in rats was 

significantly increased after ingestion of autoclaved Waxbar barley starch. In contrast, 

when autoclaved non-waxy starches were gavaged, digestion rates were reduced, 

producing lower blood glucose levels. The high-amylose starches produced the lowest 

values in this respect. The effects of autoclaving on non-waxy starches were mainly due 

to the ERS formation from amylose components rather than amylose-lipid complexes 

forming since only trace amounts of lipids occurred in these starches. These results also 

implied that high-amylose barley has a great potential for food development for specialty 

markets, such as products for individuals with diabetes.
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CHAPTER 6 

SUMMARY

A series of six barley isotypes having non-waxy (WW) and waxy (ww) starch in 

covered (NN), hull-less (nn) and short-awned (Mk) lines were produced in a backcross 

breeding program. Isotypes were expressed in Compana (Cl 5438) and Betzes (Cl 

6398). These barleys were grown and harvested near Bozeman, MT in 1987, 1988 and 

1989. Analyses were done for protein, fat, Starch, free sugars, total dietary fiber (TDF), 

components of TDF, jS-glucans and extract viscosity. Data were analyzed to test the 

main effects of year, cultivar and isotype using the GLM procedure for ANOVA, The 

nn gene prevents high-fiber hulls from adhering to the kernel, thus reducing TDF. The 

Ik gene had no effect on analyzed traits other than to increase (P < .04) viscosity. TDF 

and soluble dietary fiber (SDF) were increased (P < .02) :n ww barleys, which was due 

to an increase (P < .001) in /3-glucans. Extract viscosity increased with increased 

concentrations of /3-glucans and free sugar. Total /3-glucan, free sugar content and 

extract viscosity were correlated (r= .55 and .76, P < .001) over all genotypes. Total 

starch was lower (P < .001) where the ww gene was expressed; however, a concurrent 

increase (P < .001) in total free sugars (maltose, sucrose, glucose and fructose) resulted 

in near equal amounts of total starch + free sugars in ww and WW barleys with maltose



levels increased (P < .001) the most.

Normal Glacier (Glacier), covered high-amylose Glacier (HAG), hull-less high- 

amylose Glacier (HHAG) and Waxbar barleys were grown and harvested in Arizona in 

1990. The HAG barley was discovered as a mutant of Glacier (Cl 9676) and designated 

Glacier Ac38, which was suggested to be under control of a single recessive gene

(amol). The HHAG barley was an isotype of HAG with the hull-less (nn) gene. The
\

barleys were milled through an 8-roller MIAG MULTOMAT dry mill. Two fractions, 

uncooked flour and red dog (RD) from each cultivar were used. The chemical analyses 

of barley grain, flour and RD fractions for each of the cultivars and corn meal are 

reported.

High-amylose Glacier and HHAG had 40 % amylose starch while normal Glacier 

contained 29%. The jS-glucan content in HAG and HHAG was also higher (7.4%) 

compared with that of normal Glacier barley (5.2%). From this point of view, the high- 

amylose gene could have an effect similar to the waxy gene in increasing /3-glucan 

content. Total dietary fiber, insoluble dietary fiber (IDF) and total /3-glucan were higher 

in RD, and starch content was higher in flour. The /3-glucan content of high-amylose RD 

fractions was higher (10.6%) than that of Glacier RD (8.9%).

These data indicate that the expression of the waxy (ww) and high-amylose {amol) 

genes in barley will increase levels of soluble dietary fiber, a desirable property when 

the end use will be human food products.

The glucose and lipid responses of barleys were investigated with chicks fed diets 

based on either flour or RD from each of three barley cultivars, Glacier, HAG and
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HHAG, with two control com diets. Mean time interval blood glucose levels were 

higher (P < .05) for chicks fed uncooked barley flour or RD, compared with controls. 

Differences among the barleys were not significant. Blood glucose levels were 

significantly higher at 30, 60, and 90 min after consumption of HAG and HHAG RD 

diets compared to controls. Total and LDL plasma cholesterol were lower (P < .05) 

for chicks fed the HAG and HHAG flour and all barley RD diets. HDL cholesterol 

values for chicks fed Glacier and HHAG flour and HHAG RD diets were higher than 

controls. The LDL/HDL cholesterol ratios for chicks fed HAG and HHAG flour and 

all barley RD diets were lower (P < .05) than controls. Lower body weights were 

observed in all chickens fed barley diets. The results suggest that the soluble fiber, 

mainly /3-glucan and starch structure in barley may be responsible for the 

hypocholesterolemic effect. These data also demonstrate that the uncooked high amylose 

barleys were easily digested and absorbed by chicks in a short term study.

Starches were purified from barley flours of Waxbar, Glacier, HAG and HHAG 

cultivars. Wheat starch, corn amylopectin, corn amylose and normal corn starch were 

used for comparative purposes. These starches were moisture-autoclaved 3 and 12 times 

with subsequent cooling. An in vitro study was conducted to measure ERS, hydrolysis 

rates and digestibilities of these samples. Postprandial glucose responses in rats were 

investigated with Waxbar, Glacier, HAG , wheat starches and glucose. Only marginal 

effects were observed in hydrolysis rates, and there were no effects on glucose levels in 

rats when boiled starches of different origins (amylose vs amylopectin) were tested. 

However, the effects of starch types on digestibility and blood glucose responses were
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significantly changed by autoclaving. Digestibility of waxy starches were not changed 

in vitro (P > .05) but glucose in rats was significantly (P < .05) increased after 

ingestion of autoclaved Waxbar barley starch. In contrast, the digestibility of HAG and 

HHAG starches was reduced by 14% and 20% after 3 and 12 autoclaving-cooling cycles, 

respectively. Autoclaved HAG starch significantly lowered the glucose peaks in rats 

compared with Waxbar and Glacier starches at 30 min (P < .01) and numerically 

lowered glucose compared to wheat starch at 30 and 60 min. The in vivo results 

corresponded to that in vitro study which demonstrated that the digestibilities of different 

cereal starches followed the pattern: waxy > normal > high-amylose starches after heat- 

moisture autoclaving, possibly due to the formation of ERS from the amylose component. 

ERS formation was highly (P < .001) correlated with digestibility (R = -.98) and 

amylose content (R = .96) of autoclaved starches. These results also implied that high- 

amylose barley is a potentially useful cereal grain for food product development which 

will be beneficial for health.
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Figure 11

Milling Flow Sheet for MIAG MULTOMAT 8-Roller Dry Mill 
(Sieve Cloth Openings in Microns)
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